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ABSTRACT

This review critically examines recent advancements in green extraction methods for palm oil production,

emphasising their potential to improve sustainability, extraction efficiency and product quality.
P 8 P p Y Y p q Y

Innovative green technologies, including supercritical carbon dioxide (SCCO,) extraction, ultrasound-

assisted extraction (UAE), microwave-assisted extraction (MAE) and deep eutectic solvents (DES),

provide eco-friendly alternatives that maintain or even enhance oil yield and quality. Notably, SCCO,

extraction produces high-purity oils rich in bioactive compounds, while UAE and MAE demonstrate

significant energy efficiency and superior preservation of nutrients. DES, an emerging solvent, enhances

extraction processes with a lower environmental impact. Comparative analysis reveals that these methods

not only reduce environmental risks but also improve product safety and quality. The review concludes

by highlighting the need for further optimisation of these techniques, positioning them as essential for the

future of sustainable and responsible palm oil production.
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INTRODUCTION

Palm oil is one of the most widely produced and
consumed vegetable oils globally, playing a crucial
role in the food, cosmetic, and biofuel industries
(Anggoro et al., 2024; Mah et al., 2024; Yusof et al.,
2023). Its extensive use and economic significance,
particularly in countries like Malaysia and
Indonesia, have made palm oil a vital agricultural
commodity (Khairuddin et al., 2021; Shaari et al.,
2021; Zainal Abidin et al., 2024). However, the
traditional methods of extracting palm oil, such as

mechanical pressing and solvent extraction, have
become less favorable due to their inefficiency in
recovering valuable bioactive compounds and
their inability to meet increasing demands for
high-quality oil (Irianto et al., 2024; Nikolova
et al, 2024). These conventional techniques
often result in lower extraction yields and are
unable to preserve the nutritional and functional
properties of sensitive compounds, which limits
the potential for producing value-added products
(Ayoib et al., 2020; Phan-Tai & Brunner, 2023;
Promraksa et al., 2020; Zain et al., 2020).
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As global awareness of sustainability and
environmental responsibility grows, there is
increasing pressure on the palm oil industry to
adopt more sustainable practices. This has led to
the development and adoption of green extraction
technologies that aim to reduce the environmental
impact of palm oil production while maintaining
or even enhancing the efficiency and quality of
the extraction process (Chan et al., 2018; Iftikhar
et al., 2017; Mulia et al., 2018; Valasques et al., 2018).
Green extraction methods such as supercritical
carbon dioxide (SCCO,) extraction, ultrasound-
assisted extraction (UAE), microwave-assisted
extraction (MAE) and deep eutectic solvents (DES)
are at the forefront of this shift, offering innovative
solutions that align with global sustainability
goals.

Green extraction methods such as MAE,
UAE and SCCO, offer promising alternatives to
conventional extraction processes by minimising
environmental impacts and enhancing extraction
efficiency (Irianto et al., 2024; Rizkiyah et al., 2023).
MAE operates by utilising microwave energy to
rapidly heat both the solvent and sample, leading
to faster extraction and better preservation of heat-
sensitive compounds (Alvi et al., 2022; Siddique
et al,, 2022). It is particularly noted for its energy
efficiency, as the process allows for precise control
of temperature and extraction time. Similarly, the
UAE uses ultrasonic waves to create cavitation,
which improves mass transfer and cell disruption,
making it highly effective at extracting bioactive
compounds while preserving their integrity due
to the mild conditions (Liu et al., 2022; Yusoff
et al., 2022). Both MAE and UAE are recognised
for reducing solvent use and energy consumption,
contributing to more sustainable extraction
practices in industries such as palm oil production
(Rani et al., 2021).

SCCO, extraction, on the other hand, operates
by using carbon dioxide (CO,) in its supercritical
state, where it exhibits both gas-like diffusivity
and liquid-like solvation power (Ahangari
etal., 2021; Arumugham et al., 2021). This method
is particularly valuable for producing high-
purity oils without the need for toxic organic
solvents. SCCO, has been extensively utilised in
palm oil extraction, offering a cleaner and more
selective method that produces high-quality
oils while minimising environmental impact.
Additionally, emerging solvents like DES are
offering biodegradable and non-toxic alternatives,
further enhancing the sustainability of extraction
methods (Guia-Garcia et al., 2022; Saravanakumar
et al., 2023). DES, composed of renewable organic
salts and hydrogen bond donors, represents a new
frontier in green extraction technologies, offering
efficiency and environmental benefits in line with
sustainable development goals. Together, these
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green extraction methods hold great potential
for transforming industrial extraction practices,
making them more environmentally friendly and
resource-efficient (Chew et al., 2024).

This review aims to provide a comprehensive
analysis of these green extraction methods,
comparing their efficiency, yield and impact on the
quality of palm oil against conventional methods.
By examining the advantages and challenges
associated with each technology, this review
seeks to highlight the potential of green extraction
methods to revolutionise the palm oil industry,
making it more sustainable and aligned with global
environmental standards. As the industry continues
to evolve, the adoption of these green technologies
is not only a response to environmental concerns
but also a strategic move towards producing
higher quality, safer and more sustainable palm
oil products.

MAE FOR PALM OIL EXTRACTION

MAE has garnered attention as a green and efficient
technology for palm oil extraction, providing
significant advantages in terms of energy savings,
extraction efficiency and preservation of bioactive
compounds (Kamaruddin et al., 2023; Li et al.,
2023). In comparison to traditional methods, MAE
utilises microwave energy to heat the extraction
solvent and sample simultaneously, leading to
rapid temperature increases that break down cell
structures and enhance mass transfer as shown
in Figure 1. By applying controlled microwave
radiation, MAE can optimise the extraction of
palm oil and its bioactive components, such as
antioxidants and fatty acids, with reduced energy
consumption and environmental impact (Kostas
et al.,, 2017; Mandal et al.,, 2007; Tambun et al.,
2021). This review examines key studies on MAE
for palm oil extraction, focusing on how different
process parameters (solvent selection, temperature,
time and microwave power) affect extraction yield
and product quality (Chemat et al., 2020).

One of the critical parameters in MAE is the
selection of solvents, which plays a crucial role in
determining extraction efficiency and the quality
of the extracted compounds. Several studies have
demonstrated the use of DES as a green alternative
to conventional organic solvents. For instance,
Han and Hadi (2024), and Ng and Nu'man (2021)
employed DES composed of choline chloride and
amino acid (ChCl-AA) with 30% water to extract
ferulic acid, an antioxidant, from palm oil by-
products. At an extraction temperature of 60°C
and times ranging from 6-15 min, these studies
achieved significant yields of ferulic acid with high
radical scavenging activity. The use of DES not only
enhances the sustainability of the extraction process
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With the cell walls broken, the target
compounds (such as oils or bioactive
molecules) are more accessible to the
solvent. The heating also helps improve
mass transfer, meaning the compounds
dissolve into the solvent more quickly
than in traditional methods

B

Heating: This molecular movement
generates heat from within the sample,
increasing the temperature rapidly. As
the sample heats up, the plant cell walls
are disrupted or broken down, allowing
the solvent to access and dissolve the
target compounds more easily.

The solvent, now enriched with the target
compounds, is separated from the solid
plant material. The result is a faster,
more efficient extraction process that
often requires less solvent and energy
compared to conventional extraction
methods.

Figure 1. Mechanism of microwave-assisted extraction (MAE) for palm oil recovery.

but also allows for selective extraction of bioactive
compounds, providing added value beyond palm
oil production.

Temperature is another crucial factor in MAE,
as it affects both the extraction kinetics and the
stability of bioactive compounds. Nuchdang
et al. (2022) studied the extraction of palm oil using
isopropanol as a solvent at 150°C, resulting in an
oil yield of 11.70%. While higher temperatures can
accelerate extraction rates, they can also lead to the
degradation of sensitive compounds. Therefore, it
is important to balance the temperature to optimise
yield without compromising the quality of the
extracted oil. Zamanhuri et al. (2021, 2022) explored
the use of microwave extraction at different power
levels (100 and 300 W) and extraction times (30 min),
resulting in a 64.00% crude palm oil (CPO) yield and
high palmitic acid content. These studies highlight
the need to carefully optimise microwave power
and temperature to achieve maximum extraction
efficiency while preserving the integrity of bioactive
compounds.

Extraction time is also a significant parameter
in MAE. Shorter extraction times can enhance
energy efficiency and reduce operational costs,
making the process more sustainable. For example,
Phatthiya et al. (2024) combined microwave-
assisted pyrolysis with SCCO, extraction to achieve
an oil yield of 63.09%-67.72% within a relatively
short time. This process produced oils enriched
with valuable fatty acids, such as dodecanoic and
octadecanoic acids, demonstrating that integrating
MAE with other extraction technologies can further
improve yields and product quality. Similarly,
Rashid et al. (2023) applied a microwave-assisted
enzyme aqueous (MAEA) extraction method
with a 4 hr incubation period, achieving a 39.48%
oil yield along with high squalene content. This
extended extraction time allowed the enzymes
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to break down the cell walls more effectively,
enhancing the recovery of both oil and bioactive
compounds.

The power of the microwave itself is a critical
parameter, as it directly influences the rate of
heating and the efficiency of cell disruption. Higher
microwave power increases the energy delivered
to the sample, accelerating the extraction process.
However, excessive power can cause localised
overheating, potentially leading to the degradation of
sensitive compounds. For instance, Kanjanapongkul
(2021) found that combining ohmic heating with
microwave pretreatment resulted in a 47% CPO
yield with lower free fatty acid (FFA) content and
reduced energy consumption. This combination of
technologies highlights the potential of using lower
microwave power in conjunction with other thermal
methods to balance efficiency and product quality.
Additionally, Ong et al. (2021) demonstrated that
microwave pretreatment improved the yield of
palm oil from oil palm decanter cake (OPDC) when
followed by Soxhlet extraction, showing that careful
adjustment of microwave power can significantly
enhance extraction outcomes.

The process parameters in MAE (solvent
selection, temperature, time and microwave power)
are critical in determining the success of palm
oil extraction. By optimising these parameters,
MAE can enhance oil yields, improve the recovery
of bioactive compounds, and minimise energy
consumption, making it a highly sustainable
extraction method. The reviewed studies show that
integrating MAE with other green technologies,
such as enzyme-assisted extraction or SCCO,
extraction, can further improve the efficiency and
sustainability of the process. As the demand for
greener extraction methods grows, MAE is well-
positioned to play a key role in the future of palm
oil extraction, offering an environmentally-friendly
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alternative to traditional extraction methods while
maintaining high-quality outputs.

Table 1 provides comprehensive summary of
recent studies on MAE techniques applied to palm
oil recovery, highlighting the diversity of extraction
conditions, yields and outcomes. The reviewed
research spans from enzymatic-assisted MAE and
DES applications to advanced integrations with
ohmic heating and SCCO, processes. The yield of
palm oil and bioactive compounds varies widely
depending on extraction parameters such as
temperature, solvent type and microwave intensity.
Notably, several studies demonstrated improved oil
yield and quality, as well as enhanced recovery of
valuable compounds like ferulic acid and squalene.
In addition, various outcomes such as energy
efficiency, antioxidant activity and compositional
enrichment were reported, underscoring the

potential of MAE as a green and scalable technology
for palm oil processing.

UAE FOR PALM OIL EXTRACTION

UAE has emerged as an effective and
environmentally friendly method for extracting
valuable compounds from palm oil and its by-
products. The studies summarised in Table 2
demonstrate the versatility and effectiveness of
UAE in enhancing extraction yields, reducing
processing times and improving the quality
of extracted products. This technique relies on
ultrasonic waves to create cavitation bubbles in the
extraction medium, which collapse and generate
localised high temperatures and pressures as

shown in Figure 2.

TABLE 1. OVERVIEW OF STUDIES ON MAE FOR PALM OIL EXTRACTION, DETAILING EXTRACTION CONDITIONS,
YIELDS AND OUTCOMES

Authors Extraction condition

Yield

Outcome

Han and Hadi (2024) Deep eutectic solvent (ChCI-AA
with 30% water) and microwave

at 60°C for 6 min

Phatthiya et al. (2024) High-intensity microwave-
assisted pyrolysis, followed by

SCCO, extraction

Microwave-assisted
saponification for MOAH
analysis

MAEA extraction (2% mixed
enzyme, pH 8, 4 hr incubation)

Bauwens and Purcaro
(2024)

Rashid et al. (2023)

Nuchdang et al. (2022) MAE with isopropanol at 150°C

Zamanhuri et al. (2022) Microwave extraction (300 W,

30 min, 80 g mesocarp loading)

Ohmic and microwave heating
pretreatment

Kanjanapongkul (2021)

Ong et al. (2021) Microwave pre-treatment

followed by Soxhlet extraction

Microwave-assisted extraction at
100 W, 64% yield for CPO, 300 W
for PFA distillate

Zamanhuri et al. (2021)

Microwave-assisted DES
extraction (ChCI-AA, 30% water,
60°C, 915 min)

Ng and Nu’man (2021)

Nomanbhay et al. (2018) MAE with enzymatic hydrolysis

Not specified for
oil; 40.3 mg/g
ferulic acid

63.09%—67.72% for
SCCO,-oil extract

Not specified

39.48% oil yield,
961.77 mg/100 g
squalene

11.70% oil yield

Not specified

47% CPO yield

3.289 g of palm oil
from OPDC

64% CPO yield,
high palmitic acid
content in distillate

0.609-1.123 mg/g
ferulic acid

Not specified

Ferulic acid from unsterilised fruitlets showed
higher radical scavenging activity; sterilisation
did not significantly affect ferulic acid content.

SCCO, oil enriched with acids such as
dodecanoic, n-hexadecanoic, and octadecanoic
acids; the production cost of bio-phenol was
estimated.

Reduced variability in MOAH quantification;
improved internal standard partitioning,
significant reduction in uncertainty.

MAEA significantly increased oil yield and
squalene content; suitable for producing
squalene-rich virgin palm oil.

MAE comparable to Soxhlet extraction;
moderate energy consumption; yielded
aromatic and phenolic compounds.

Second-order kinetic model represented
extraction; effective in reducing POME
production and increasing extraction
efficiency.

Combined ohmic-microwave pretreatment

produced lower FFA content, higher yield,

and lower energy consumption than single
processes.

Microwave pre-treatment improved extraction
yield and altered physicochemical properties;
RSM helped optimise parameters.

Efficient cell structure breakdown, high-
quality CPO; optimal conditions identified for
PFA extraction.

Effective extraction of ferulic acid with
good antioxidant properties; optimised DES
composition.

Enhanced phenolic compound extraction
yield; significant time reduction compared to
conventional methods.

Note: MOAH - mineral oil aromatic hydrocarbons; RSM - response surface methodology; FFA - free fatty acid; PFA - palm fatty acid;
POME - palm oil mill effluent; CPO - crude palm oil; MAEA - microwave-assisted enzyme aqueous; MAE - microwave-assisted
extraction; DES - deep eutectic solvents; OPDC - oil palm decanter cake.
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TABLE 2. OVERVIEW OF STUDIES ON UAE FOR PALM OIL EXTRACTION, HIGHLIGHTING EXTRACTION CONDITIONS,

YIELDS AND OUTCOMES

Authors

Extraction condition

Yield

Outcome

Ben-Youssef et al.
(2017)

Ngadi and Rusli
(2014)

Martinez-Girén
et al. (2024)

Ordoiiez-Santos
et al. (2015)

Zain et al. (2020)

Ordoniez-Santos
et al. (2019)

Putra et al. (2022)

Cypriano et al.
(2008)

Ultrasound extraction with
n-hexane and 2-MeTHF

UAE is using sodium
hydroxide solution

Ultrasound-assisted emulsion
with sunflower oil at 480 W
for 5 min

UAE at 1,528 W/m2, 35°C,
30 min

UAE at 25°C, 0.5 hr, 4:1
methanol-water ratio

UAE at 48°C, 28 min, 0.0037
g/mL solid-solvent ratio

UAE with 70% methanol

UAE with 1:1 HCI-H,O,
for 60 min

7.24%-5.97% lipid yield
from date palm seeds

Not specified for lignin

Carotenoid content:
67.61 ng/g

163.47 mg/100 g total
carotenoids

TPC: 335.30 mg QCE/ g,
TFC: 60.67 mg QCE/g

151.50 mg/100 g
carotenoids

Not specified

~100% extraction of
Cu and Pb

Ultrasound and microwave extraction significantly

reduced extraction time (30 min vs. 8 hr) and
increased lipid yield compared to maceration
(about 6% vs. 4%).

Ultrasound extraction was more efficient than
conventional heating, resulting in higher lignin
yield, lower reaction temperature and shorter
reaction time.

Stable emulsion with provitamin A activity,
chemically and physically stable for 35 days;
potential as a bio functional food additive.

UAE optimised using RSM; higher carotenoid
yield compared to maceration; validated model
showed good consistency.

Optimised extraction conditions resulted in high
polyphenolic and flavonoid content with strong
free radical scavenging activity.

UAE yielded 33.6% more carotenoids than
maceration; optimised using RSM and validated
experimentally.

UAE was less effective compared to Soxhlet
extraction for polyphenol and flavonoid yield;
antioxidant activity measured was promising but
inconclusive.

UAE effectively extracted trace metals, showing
good correlation with conventional methods;
suitable for oil quality assessment.

Note: QCE - quercetin equivalents; TPC - total phenolic content; TFC - total flavonoid content; UAE - ultrasound-assisted extraction;
RSM - response surface methodology; Cu - copper; Pb - leads; HCI - hydrogen acid; H,0, - hydrogen peroxide.

Breaking cell wall process

Ultrasound
waves

causes releasing bioactive

compounds

Bioactive compounds
leaching out to the solvent

Figure 2. Mechanism of ultrasound-assisted extraction (UAE) for palm oil recovery.

These conditions break down cell walls,
improving mass transfer and extraction
efficiency. In comparison to traditional extraction
methods, UAE offers advantages such as shorter
extraction times, lower energy consumption and
enhanced yields of bioactive compounds like
lipids, carotenoids and polyphenols (Kumar
et al., 2021; Liu et al., 2022; Wen et al., 2018). The
effectiveness of UAE, however, depends heavily
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on optimising key process parameters such as
solvent selection, temperature, extraction time
and ultrasonic power, each of which plays a
crucial role in determining the yield and quality
of the extracted materials (Esclapez et al,
2011).

Solvent choice is a critical factor in the
UAE, influencing the extraction efficiency
and the solubility of target compounds. For
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instance, Ben-Youssef et al. (2017) demonstrated
that using a combination of n-hexane and
2-methyltetrahydrofuran (2-MeTHF) significantly
improved lipid yield from date palm seeds,
achieving a higher extraction rate and faster
processing times than traditional maceration.
The ability to tailor solvent selection for specific
applications shows the UAE’s versatility in
improving extraction outcomes across various
matrices. Similarly, studies that focused on
bioactive compounds like carotenoids have shown
that solvent composition and concentration
directly affect the recovery of high-value extracts,
especially when combined with optimised
temperatures to preserve sensitive compounds.

Temperature is another critical factor in the
UAE, particularly for heat-sensitive compounds
like carotenoids. Ordofiez-Santos et al. (2015, 2019)
explored the optimisation of UAE conditions using
Response Surface Methodology (RSM), revealing
that relatively low temperatures (35°C—48°C) were
sufficient to extract high yields of carotenoids from
palm oil by-products, outperforming traditional
extraction methods. These results highlight the
UAE’s ability to balance efficient extraction with
the preservation of delicate bioactive compounds,
ensuring high-quality outputs. Moreover, the
moderate temperatures used in the UAE help to
retain the nutritional and functional properties of
the extracted compounds, further emphasising their
potential in producing health-beneficial oils and
additives.

Extraction time also plays a key role in the
UAE's efficiency. Shorter extraction times not only
reduce energy consumption but also make UAE
a more commercially viable technique for large-
scale applications. Zain et al. (2020) demonstrated
the effectiveness of UAE in extracting polyphenols
and flavonoids from palm oil by-products
within just 30 min, achieving high levels of
antioxidant activity. These results illustrate the
UAE’s ability to quickly and efficiently extract
bioactive compounds with minimal energy input,
making it an attractive option for industries
aiming to reduce their carbon footprint while
maintaining high-quality outputs. The reduction
in processing time without compromising yield is
a significant advantage of UAE over conventional
extraction methods, which often require hours of
operation.

Ultrasonic power is another essential parameter
that directly influences the cavitation process,
impacting the breakdown of plant cells and the
release of compounds. Higher ultrasonic power
can enhance extraction efficiency by creating more
intense cavitation effects, but it must be carefully
controlled to prevent degradation of sensitive
compounds. Martinez-Girén et al. (2024) used high
ultrasonic power (480 W) to successfully form stable
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carotenoid emulsions, showing that UAE can be
effectively applied not only for extraction but also
for the formulation of bio functional products.
This highlights the UAE’s broader applications
beyond extraction, such as in the development of
nutraceuticals and food additives, further expanding
its industrial relevance.

The UAE offers numerous advantages for palm
oil extraction, including shorter processing times,
lower energy consumption and higher yields of
valuable bioactive compounds. The success of the
UAE depends on optimising key parameters like
solvent selection, temperature, extraction time and
ultrasonic power, each of which influences the
overall efficiency and quality of the extraction. By
fine-tuning these parameters, UAE can be adapted
to extract a wide range of compounds, from lipids to
polyphenols, while maintaining the integrity of heat-
sensitive bioactive. Given its environmental benefits
and industrial scalability, the UAE represents a
promising green technology for the future of palm
oil extraction, offering an efficient and sustainable
alternative to traditional methods.

SCCO, FOR PALM OIL EXTRACTION

SCCO, extraction has become a preferred green
technology for palm oil extraction due to its
efficiency and ability to operate under mild
conditions, preserving the quality of the extracted
oils and bioactive compounds. By using CO, in its
supercritical state, which combines the properties
of both liquids and gases, SCCO, can effectively
dissolve and extract oils while minimising the use
of harmful organic solvents as shown in Figure 3.
This makes it a highly sustainable method,
particularly for industries focused on producing
high-quality palm oil rich in valuable compounds
such as carotenoids, tocopherols and fatty acids.
The performance of SCCO, extraction is greatly
influenced by process parameters like solvent
modifiers, temperature, pressure and particle size, all
of which play a crucial role in determining extraction
yields and outcomes.

One critical factor in improving SCCO,
extraction efficiency is the use of solvent modifiers.
Studies such as Barbi et al. (2020) and Krishnaiah
et al. (2012) demonstrated that adding ethanol as
a co-solvent significantly enhances the recovery
of bioactive compounds like fatty acids and
tocopherols. Ethanol, being a polar solvent,
increases the solubility of certain compounds that
are not easily extracted by pure SCCO,, resulting
in higher yields and improved oil quality. These
findings highlight the importance of combining
SCCO, with appropriate solvent modifiers to
maximise extraction efficiency and target specific
compounds that add value to palm oil products.
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Figure 3. Mechanism of supercritical carbon dioxide (SCCQO,) for palm oil recovery.

Temperature and pressure are equally important
in SCCO, extraction as they directly influence
the solubility of oils and bioactive compounds.
Studies by Norhuda and Omar (2009) and Zaidul
et al. (2007) showed that higher pressures and
temperatures lead to increased extraction yields
and alter the composition of the extracted oils. For
example, higher pressures tend to extract longer-
chain fatty acids more efficiently, contributing to
oil products that are richer in specific bioactive
compounds. Optimising these parameters is key to
improving the overall efficiency of the extraction
process while ensuring that the quality of the oil is
maintained or enhanced, particularly when dealing
with heat-sensitive compounds like carotenoids and
tocopherols.

SCCO, extraction is particularly valued for
its ability to recover high-value compounds, such
as carotenoids, tocopherols and squalene, which
have significant applications in food, cosmetics
and pharmaceuticals. Puah et al. (2006, 2007,
2011) demonstrated that SCCO, can extract palm
oil components rich in carotenoids and vitamin
E under mild conditions, producing high-quality
oils suitable for commercial applications. Similarly,
Al-Darmaki (2012) showed that a thermal gradient
during extraction significantly improved the
recovery of squalene, a compound with high
antioxidant properties. These studies emphasised
the potential of SCCO, for producing functional
palm oil products enriched with bioactive
compounds, which adds significant value to the oil
beyond its basic nutritional properties.

Particle size and extraction duration also
significantly impact the efficiency of SCCO,
extraction. Rahman et al. (2012) found that smaller
particle size increased oil yield, as smaller particles
provide a larger surface area for mass transfer.
Additionally, studies like Hossain et al. (2016)
showed that adjusting the extraction time can

397

maximise oil recovery while preserving the nutrient
quality of the oil. This is particularly important in
producing de-oiled palm kernel cake (PKC), which
can be used for human and animal consumption.
Optimising these physical parameters ensures that
SCCO, extraction not only improves oil yields but
also maintains the integrity of both the oil and the
remaining by-products, making the process more
versatile and sustainable.

In conclusion, SCCO, extraction presents
numerous advantages for palm oil extraction,
particularly in its ability to enhance oil yields
while preserving bioactive compounds under
environmental-friendly conditions. The use of
co-solvents, temperature, pressure, particle size
and extraction time all play a significant role in
optimising the process for specific applications,
whether in food, pharmaceuticals or cosmetics. The
growing body of research shows that SCCO, is an
efficient and sustainable alternative to conventional
extraction methods, with potential for further
refinement through the continued exploration of
solvent modifiers and the integration of alternative
supercritical fluids like subcritical propane. This
positions SCCO, extraction as a key technology in
the sustainable production of palm oil and its high-
value derivatives.

DES FOR PALM OIL EXTRACTION

DES have gained significant attention as a
promising class of green solvents for palm oil
extraction and processing due to their low toxicity,
biodegradability and sustainability. Formed by
mixing a hydrogen bond acceptor and a hydrogen
bond donor, DES results in a eutectic mixture with
a much lower melting point than its individual
components, enhancing their effectiveness in various
extraction processes. This section discusses recent
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advancements in DES applications for extracting
valuable bioactive compounds from palm oil and
its by-products, demonstrating their potential for
revolutionising the industry.

DES have been particularly effective in
extracting bioactive compounds from palm
biomass. For instance, Ng and Hadi (2022)

demonstrated the ability of choline chloride-based
DES to selectively extract ferulic acid, a potent
antioxidant, from oil palm pressed fibre. This
extraction method proved to be a more sustainable
alternative to traditional solvents, which are often
harmful to the environment. Further, Ng et al.
(2024) highlighted the economic and environmental
advantages of DES by showcasing their recyclability,
allowing for repeated use without significant loss
of efficiency. This ability to recycle DES makes
them highly suitable for large-scale applications
in the palm oil industry, where both sustainability
and cost-effectiveness are critical considerations.

The integration of DES with other green
technologies has further enhanced the efficiency
of palm oil extraction. Zain et al. (2020) integrated
choline chloride-based DES with macroporous resin
to produce enriched oil palm flavonoids, which
have applications in natural wound healing. This
combination not only improved the yield and purity
of the extracted flavonoids but also maintained
their bioactivity, which is often compromised
under conventional extraction conditions. Similarly,
Yaakob et al. (2024) combined DES with MAE to
extract lignin from oil palm empty fruit bunches
(EFB). This synergistic approach significantly
reduced processing time while improving extraction
yields (achieved a 57.12% yield), demonstrating
the potential of combining DES with other
green technologies to enhance the efficiency of
lignocellulosic biomass processing.

Understanding the physicochemical properties
of DES is essential for optimising their use in
extraction processes. Zain et al. (2021) characterised
the solubility, viscosity and thermal stability of
choline chloride-based DES, providing valuable
insights that are crucial for achieving high extraction
efficiency and selectivity. Similarly, Hadi et al. (2015)
investigated the performance of DES in extracting
tocols (vitamin E compounds) from CPO. Their
findings revealed that DES could effectively extract
these bioactive compounds while preserving their
bioactivity, making DES suitable for producing
high-quality palm oil derivatives with enhanced
nutritional properties.

DES have also proven to be effective in
extracting specific compounds from palm oil and
its by-products. Mulia et al. (2018) demonstrated
the selective extraction of palmitic acid, a widely
used saturated fatty acid, using betaine-based DES.
Rizki et al. (2022) further explored the use of natural
DES for extracting tocotrienols and tocopherols
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(vitamin E isomers) from CPO, achieving high
extraction yields while maintaining the stability
and functionality of these compounds. The highest
vitamin E concentration and extraction efficiency
were 4,439 mg/kg and 74.98%, respectively.
Additionally, Manurung et al. (2020) showed
that menthol-based DES could efficiently extract
carotenoids, important antioxidants and pigments,
from CPO, offering a sustainable method for
producing carotenoid-rich palm oil products.

Beyond extraction, DES have been employed
in the fractionation and pretreatment of palm
oil biomass. Yong and Wu (2024) explored the
fractionation of oil palm fronds using ethanol-
assisted DES, focusing on enhancing enzymatic
saccharification and lignin extraction. The inclusion
of ethanol in the DES system significantly improved
the fractionation process, resulting in higher yields
of fermentable sugars and more efficient lignin
recovery (Ethanol-assisted DESs able to preserve
60%-84% of p-O-4 linkages in lignin). These
findings suggest that DES could play a crucial role in
improving the pretreatment of palm oil biomass for
various downstream applications, including biofuel
production.

Table 3 presents an overview of studies employing
SCCO, extraction for palm oil recovery, emphasising
the influence of extraction conditions, yields and
outcomes. These studies reflect the versatility and
efficiency of SCCO, as a green extraction technique,
with operating parameters such as temperature,
pressure, co-solvent use (e.g., ethanol) and extraction
duration playing critical roles in oil yield and
quality. The reported oil yields vary considerably,
ranging from 0.18% to 70.00%, often influenced by
matrix type, particle size and the presence of high-
value bioactives like tocopherols, carotenoids and
squalene. Notably, several works demonstrated
the ability of SCCO, to enhance the extraction of
nutritionally important fractions and separate fatty
acids selectively. Furthermore, innovations such as
the use of subcritical propane, ethanol-modified
SCCO, and thermodynamic modelling (e.g., Peng-
Robinson EOS) have advanced process optimisation,
improving both oil recovery and quality. Collectively,
these findings underline SCCO, extraction as a
promising and tunable method for valorising palm-
based biomass into high-value oil products.

COMPARATIVE ANALYSIS OF GREEN

EXTRACTION METHODS
Efficiency and Yield
In the quest for more sustainable and

environmentally friendly methods of palm oil
extraction, several green technologies have been
developed and evaluated. This section compares
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TABLE 3. OVERVIEW OF STUDIES ON SCCO, FOR PALM OIL EXTRACTION, HIGHLIGHTING EXTRACTION CONDITIONS,

YIELDS AND OUTCOMES
Authors Extraction condition Yield Outcome
Barbi et al. (2020) SCCO, (333.15 K, 20 MPa) and 3.6% (SCCO,), 20.4% PLE showed the highest recovery of
pressurised ethanol (SCCO, + EtOH), oil. SCCO, + EtOH increased recovery

Norhuda and Omar (2009)

Al-Darmaki et al. (2012)

Hossain et al. (2016)

Norulaini et al. (2004)

Zaidul et al. (2007)

Puah et al. (2011)

Hong et al. (2010)

Promraksa et al. (2020)

Puah et al. (2006)

Phan-Tai and Brunner,
(2023)

Norulaini et al. (2004)

Krishnaiah et al. (2012)

Rahman et al. (2012)

SCCO, at 50°C-70°C and
27.6-48.3 MPa

SCCO, with isothermal
and temperature gradient
(313-353 K, 10-20 MPa)

SCCO, (44.6 MPa, 60°C, 50 min)

SCCO, at 80°C and 27.6-48.3
MPa for 30-60 min

SCCO, (313.2-353.2 K,
20.7-48.3 MPa)

SCCO, (14-30 MPa, 40°C-80°C)

SCCO, with Peng-Robinson EOS
(333.2-373.2 K, 8.5-35 MPa)

SCCO, for palm oil and
a-tocopherol extraction

SCCO, (14-30 MPa, 40°C)

Subcritical propane
(50 bar, 120 min)

SCCO, (80°C, 27.6-48.3 MPa,
30-60 min)

SCCO, (19.8 MPa, 51°C)
with ethanol

SCCO, (27.57-41.36 MPa,
40°C-70°C) with different
particle sizes

47.8% (PLE)

Not specified

Squalene increased
from 2%-16% in
the top product

49.2% oil yield

28.2%-44.75% oil yield
depending on pressure

49 g 0il /100 g palm
kernel at 48.3 MPa
and 353.2 K

0.1751-6.60 mg /g CO,

Not specified

Not specified

>1,000 ppm carotenoids,
350 ppm vitamin E

70% oil yield

37.5%—44.75% oil yield

Not specified

9.26 g 0il/100 g sample

compared to pure SCCO,. The oil was rich
in unsaturated fatty acids and bioactive
compounds, suitable for food and
pharmaceuticals.

The overall mass transfer coefficient
increased with temperature and pressure,
indicating improved extraction efficiency

under higher temperature and pressure.

High squalene recovery (95%) and
concentration achieved. The thermal
gradient along the column enhanced

squalene recovery.

SCCO, maintained nutrient compositions
in deoiled PKC, which is suitable for
human and animal consumption.
Significant reduction in anti-nutrient
compositions was observed.

The solubility of oil increased with
pressure, and fatty acid composition varied
across different fractions.

Higher pressure resulted in the extraction

of longer chain fatty acids. A kinetic mass

transfer model was developed to estimate
CO, usage for a given yield.

Solubility of palm oil components in
SCCO, was influenced by acylglycerols and
FFAs. Optimal solubility was at 60°C and
30 MPa.

PR-EOS with Wong-Sandler mixing
rule effectively predicted vapor-liquid
equilibria of palm oil and SCCO,.

Axial dispersion played a significant role in

constant extraction-rate periods. Extraction

of a-tocopherol confirmed the role of axial
dispersion.

SCCO, produced carotenoids-rich palm
olein with a lower cloud point, comparable
to commercial olein.

Compressed propane effectively
extracted oil enriched in carotenes and
tocochromanols. Subcritical propane
was a viable alternative to SCCO, for
simultaneous recovery of valuable
compounds.

Oil yield increased with pressure, and
fatty acid composition varied across
different fractions. SCCO, was effective for
separating lauric and oleic acids.

SCCO, with ethanol effectively extracted
tocopherols, tocotrienols and fatty acids.
Oil quality improved with increasing
ethanol content.

Smaller particle sizes increased oil yield.
SCCO, was effective in extracting residual
oil, producing defatted PKC.

Note: PLE - pressurised liquid extraction; FFA - free fatty acid; PKC - palm kernel cake; SCCO, - supercritical carbon dioxide; CO, - carbon
dioxide; EtOH - ethanol.
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the efficiency and yield of various green extraction
methods, such as SCCO, extraction, UAE, MAE and
DES, based on data from recent studies.

SCCO, extraction has gained popularity due
to its ability to operate without toxic solvents
while maintaining high extraction efficiency.
For example, Barbi et al. (2020) demonstrated
that SCCO,, when combined with ethanol as a co-
solvent, could significantly enhance oil recovery
from Maximiliana maripa pulp. The study reported
a yield of 20.4% with SCCO, + ethanol, compared
to only 3.6% with pure SCCO,. This method was
found to be particularly effective in extracting
unsaturated fatty acids and bioactive compounds,
which are valuable for food and pharmaceutical
applications. Similarly, Zaidul et al. (2007)
found that SCCO, extraction at higher pressures
(48.3 MPa) resulted in a substantial yield of 49 g
0il/100 g palm kernel, demonstrating the method’s
potential for high-yield extractions when optimised
for pressure and temperature.

UAE is another method that has shown
promise in enhancing the extraction yield of palm
oil and its derivatives. The efficiency of UAE is
primarily attributed to the cavitation effect, which
enhances the penetration of solvents into plant
materials, thereby increasing the extraction rate.
For instance, studies like those by Othman et al.
(2017) showed that UAE could achieve up to 83.0%
removal of phenol from wastewater using a palm
oil-based solvent, highlighting its effectiveness in
both extraction yield and environmental impact.
Although direct comparisons of palm oil yield
using UAE are less common, its ability to enhance
the extraction of valuable compounds from palm
oil waste products suggests significant potential for
further development.

MAE is recognised for its rapid heating and
efficient energy transfer, which can lead to reduced
extraction times and improved yields. Studies such
as those by Han and Hadi (2024) on the MAE of
ferulic acid from palm fruitlets have shown that
MAE can maintain high bioactivity in the extracted
compounds while achieving considerable yields.
MAE’s ability to efficiently break down plant cell
walls enhances the extraction of oils and other
valuable compounds, making it a competitive
method in terms of yield and efficiency, particularly
for compounds that are sensitive to conventional
heating methods.

DES have emerged as a green alternative to
conventional organic solvents, offering a non-
toxic, biodegradable and cost-effective solution for
biomass pretreatment. Studies like those by Loow
et al. (2017) and Jablonsky et al. (2018) have shown
that DES, when combined with other methods such
as UAE or SCCO,, can significantly enhance the
extraction yield of specific components like xylose
and phenolic compounds from lignocellulosic
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biomass. For example, Loow et al. (2017) reported a
25.0% increase in xylose recovery when using DES
in conjunction with an inorganic salt, compared to
using the salt alone. This highlights DES’s potential

in improving extraction efficiency, especially
when integrated into multi-step extraction
processes.

When comparing these green extraction

methods, SCCO, stands out for its ability to achieve
high yields, particularly when combined with co-
solvents like ethanol. However, this method requires
high-pressure equipment, which can be cost-
prohibitive for some applications. UAE and MAE
offer lower-cost alternatives with good efficiency,
particularly for extracting heat-sensitive compounds
and enhancing yields from waste materials. DES,
while still emerging, shows great promise in
improving the efficiency of existing extraction
processes and reducing the environmental footprint.
Overall, the choice of extraction method depends
on the specific application, the desired compounds,
and the available resources. Each method has its
strengths, with SCCO, being ideal for high-value
oil extraction, UAE and MAE offering quick and
efficient alternatives for various compounds, and
DES providing a versatile and green solution for
enhancing extraction processes. The integration
of these methods into a comprehensive extraction
strategy can potentially maximise both efficiency
and yield while minimising environmental impact.

Yields

Comparison of  Extraction with

Conventional Methods

Conventional methods such as mechanical
pressing and solvent extraction have traditionally
dominated the palm oil extraction industry.
Mechanical pressing, commonly used in small
to medium-scale operations, typically achieves
an oil yield of about 20.0%-25.0% (Cheng et al.,
2021). While this method is cost-effective and
straightforward, it is not particularly efficient, often
leaving a significant amount of oil in the palm kernel
or fruit pulp. On the other hand, solvent extraction
using hexane could achieve higher yields, often up
to 45.0%-50.0% (Ong et al., 2021). However, the use
of hexane poses serious environmental and health
risks due to its toxicity and flammability, along with
the significant energy required for solvent recovery
and the potential for solvent residues in the final
product. These drawbacks make solvent extraction
less desirable from a sustainability perspective.

In contrast, green extraction methods offer
promising alternatives that can match or exceed the
yields of conventional methods while mitigating
their environmental impacts. For example, SCCO,
extraction has demonstrated yields comparable to or
higher than those of solvent extraction, particularly
when co-solvents like ethanol are used. Study by
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Barbi et al. (2020) showed that SCCO, with ethanol
achieved a yield of 20.4% from Maximiliana maripa
pulp, which, while slightly lower than conventional
solvent extraction, is notable for its significantly
reduced environmental impact. Zaidul et al. (2007)
reported an even higher yield of 49 g 0il/100 g of
palm kernel using SCCO, under optimal pressure
conditions, matching or surpassing yields from
traditional solvent methods.

UAE, though less extensively studied for
palm oil yield specifically, has shown effectiveness
in enhancing extraction processes for other
valuable compounds, suggesting its potential
for high oil yields. For instance, Othman et al.
(2017) demonstrated an 83.0% removal of phenol
from wastewater using a palm oil-based solvent,
highlighting UAE’s efficiency in extracting
compounds from complex matrices. Similarly, MAE
is recognised for its rapid, energy-efficient process,
which can yield comparable results to solvent
extraction while significantly reducing processing
time. Han and Hadi (2024) reported successful
extraction of ferulic acid from palm fruitlets using
MAE, retaining high bioactivity and suggesting that
MAE could also enhance palm oil extraction yields
with proper optimisation.

DES, an emerging technology, has shown great
promise in improving extraction efficiency. Loow
et al. (2017) observed a 25.0% increase in xylose
recovery using DES combined with inorganic salts,
compared to conventional methods. Although direct

comparisons with palm oil extraction are limited,
these efficiency gains suggest that DES could
potentially match or exceed conventional solvent
extraction yields when optimised for palm oil.

In summary, while conventional methods
such as solvent extraction offer high yields, their
environmental and health-related drawbacks are
significant. Green extraction methods, although
sometimes yielding slightly lower percentages, offer
substantial advantages in terms of sustainability,
safety and process efficiency. SCCO, extraction
stands out for achieving high yields comparable
to solvent extraction without the need for toxic
chemicals. UAE and MAE provide rapid, energy-
efficient alternatives well-suited for extracting
high-value compounds from palm oil and its by-
products. DES shows great promise as a green
solvent that could further enhance yields with
minimal environmental impact. As these green
technologies continue to advance and be optimised,
they are poised to become the preferred methods for
sustainable palm oil extraction, aligning industry
practices with global sustainability goals.

Table 4 provides comparative analysis of
green extraction methods employed in palm oil
extraction, highlighting the efficiency, yields,
benefits and limitations of each technique. The
reviewed methods include SCCO, UAE, MAE
and DES, each offering distinct advantages for
enhancing extraction performance. SCCO, is noted
for its high efficiency, especially when combined

TABLE 4. COMPARATIVE ANALYSIS OF GREEN EXTRACTION METHODS FOR PALM OIL EXTRACTION

:E:et:le:(c)tcllon Key studies Efficiency Yield Advantages Challenges
SCCO, Barbi et al. (2020); High efficiency, 3.6% yield with pure Solvent-free, Requires high-
Zaidul et al. (2007) especially with co- SCCO,. environmental- pressure equipment,
solvents like ethanol. 20.4% yield with friendly. increasing cost.
High pressure SCCO, + ethanol. High yield for Optimisation is
improves mass 49 g 0il/100 g palm unsaturated fatty needed for specific
transfer and kernel at high acids and bioactive applications.
extraction rates. pressure. compounds.
UAE Ali et al. (2023); Cavitation effect 83.0% phenol removal  Low cost, efficient for ~ Limited direct studies
Anggoro et al. enhances solvent from wastewater waste treatment. on palm oil yield.
(2024); Zain et al. penetration, using palm oil-based Enhances the Optimisation needed
improving extraction solvent. extraction of valuable for large-scale
rate. compounds from applications.
waste products.
MAE Han and Hadi Rapid heating and High bioactivity Fast, energy-efficient. ~ Requires specialised
(2024); Yaakob efficient energy retention in extracted Suitable for heat- equipment.
etal. (2024) transfer, reducing compounds. sensitive compounds. ~ Potential for uneven
extraction time. heating at larger
scales.
DES Jablonsky et al. Improves 25.0% increase in Non-toxic, Emerging technology,
(2018); Loow et al. delignification and xylose recovery with biodegradable and require further
biomass pretreatment, ~ DES + inorganic salt. cost-effective. optimisation.
especially when Enhances extraction Scalability and
combined with other when integrated with consistency need
methods. other methods. evaluation.

Note: SCCO, - supercritical carbon dioxide; UAE - ultrasound-assisted extraction; MAE - microwave-assisted extraction; DES - deep

eutectic solvents
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with co-solvents like ethanol, delivering high-
quality oil rich in unsaturated fatty acids but
requiring high-pressure systems and cost-intensive
optimisation. UAE demonstrates outstanding
potential in wastewater valorisation through
phenol removal, promoting sustainability but
suffers from limited direct studies on palm oil.
MAE offers rapid, energy-efficient extraction
with excellent bioactivity retention, making it
ideal for heat-sensitive compounds; however, its
scalability and need for precise thermal control
remain challenges. DES, as an emerging and
environmentally benign technique, has shown
promise in improving delignification and biomass
pretreatment, although it still requires optimisation
and validation for consistency at scale. Overall,
the table underscores the complementary roles of
these methods in advancing sustainable palm oil
extraction technologies.

CONCLUSION

The transition to green extraction methods in the
palm oil industry marks a critical advancement
towards sustainability by addressing both
environmental concerns and the demand for higher-
quality products. While conventional methods
like mechanical pressing and solvent extraction
have been reliable in terms of yield, they are
becoming less favored due to their environmental
and health-related drawbacks, inefficiency in
preserving bioactive compounds, and substantial
waste generation. In contrast, green extraction
technologies not only meet but often surpass
conventional techniques in terms of efficiency, yield,
and product quality, while significantly minimising
environmental impact.

SCCO, extraction has proven particularly
effective in achieving high yields and maintaining
the nutritional integrity of palm oil, especially
when used with co-solvents like ethanol to improve
extraction efficiency. Technologies like UAE and
MAE offer rapid, energy-efficient processes that
preserve bioactive compounds, making them ideal
for high-quality palm oil derivatives. The emerging
application of DES demonstrates substantial potential
by improving extraction efficiency with minimal
environmental harm, although more research is
needed to further optimise its performance.

Despite  these  promising developments,
challenges remain in scaling up these green
technologies for widespread industrial application.
Future studies should focus on refining process
parameters, reducing energy consumption further,
and improving the cost-effectiveness of these
methods. In addition, more research is needed to
assess the long-term economic viability and the
potential of combining green extraction techniques

to maximise extraction yields and product quality.
As these technologies continue to evolve, they
are expected to become the industry standard,
contributing significantly to the mitigation of
environmental impacts while maintaining the high
standards of palm oil products. Therefore, further
exploration into the integration of these methods
with circular economy models and renewable
energy sources could unlock even greater potential
in creating a fully sustainable palm oil production
system.
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ABSTRACT

The oil palm industry has witnessed significant growth and has emerged as one of the world’s largest

vegetable oil sectors. However, this rapid expansion in production is accompanied by a notable increase in

waste generation. While mills are utilising some oil palm biomass, a large portion still goes untapped and

underexplored. There is increasing interest in leveraging various types of oil palm biomass as alternative,

renewable, and economically viable resources to generate biogenic silica, a valuable material with diverse

applications. This approach not only adds value to the biomass but also addresses environmental concerns.

This article represents one of the first in-depth reviews of the recent technological advancements in leveraging

oil palm biomass for the high-value synthesis of biogenic silica. It explores various aspects, covering the

potential extraction methods (including those reported as green techniques, positioning them as a promising

alternative to conventional approaches), as well as the properties and relevant applications of biogenic silica

derived from oil palm biomass. The findings from this thorough review are expected to provide valuable

insights for future research in the efficient production and sustainable utilisation of this bio-based material.

Such support has the potential to enhance the sustainability of the oil palm industry.
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INTRODUCTION

Global palm oil production has undergone
significant expansion in the past 20 years. Between
2000 and 2023, palm oil output increased more
than three times, rising from 22.23 to 79.46 million
tonnes (Figure 1). During this period, roughly
80%-85% of the global supply has been sourced
from only two nations, Indonesia and Malaysia
(Food and Agriculture Organisation of the United
Nations, Statistics Division [FAOSTAT], 2023;
United States Department of Agriculture [USDA],
2023). The forecast for the marketing year (MY)
2023/2024 predicts a 2% increase in global palm
oil production, totalling 79.60 million tonnes.
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Moreover, worldwide palm oil consumption
is anticipated to rise by more than 3% in MY
2023/2024, approaching 78.00 million tonnes
(Ates & Bukowski, 2023).

The expansion of the oil palm business,
encompassing plantations and mills, results
in substantial oil palm biomass production,
hence creating the difficulty of excessive waste
accumulation. Oil palm biomass consists of
agricultural waste generated by the oil palm
industry during pruning, replanting and milling
operations (Nabila et al,, 2023; Nur ‘Aisyah Ar-
Raudhoh et al., 2024; Onoja et al.,, 2019). An oil
palm plantation may produce a significant quantity
of biomass or total dry matter (TDM), with an
annual yield of approximately 55 t/ha (Jafri et al.,
2021). The production of oil palm agro-industrial
biomass waste in Indonesia is expected to continue
increasing. By 2030, oil palm biomass production
is projected to reach roughly 419 million tonnes
(Hambali & Rivai, 2017).
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Figure 1. Global production and the top five producers of palm oil from 2000 to 2023.

Oil palm biomass has been utilised partially
across different applications, each employing
specific types of biomass and conversion
techniques. Its applications range from basic uses
like mulch and organic fertilisers (Khairuddin et al.,
2018) to more advanced value-added products
such as biochar, bio-oil (Abdullah et al., 2017) and
adsorbents (Jahi et al., 2020). Traditional uses, such
as combustion for energy, are prevalent (Nabila
et al., 2023); however, these methods often need
more efficiency and sustainability. Advanced and
emerging conversion techniques, like pyrolysis,
thermochemical ~ processes,  nanocomposites,
enzymatic saccharification and fermentation,
offer pathways to produce higher-value products
such as biochar, biofuels, biosugar and bioplastics
(Nabila et al., 2023; Norrrahim et al., 2022), which
can enhance economic returns and environmental
benefits. Nonetheless, the adoption of these
technologies are still limited due to factors like
high initial investment costs, technological
complexity, cost-effectiveness, price competition
and lack of infrastructure. As a result, significant
quantities of oil palm biomass continue to be
underutilised or wasted. This indicates that more
innovative uses are warranted, especially in high-
value applications, to maximise its economic and
environmental potential.

Study on the valorisation of oil palm
biomass is consistently advancing. Oil palms
(Elaeis guineensis Jacq.) are recognised as silica
accumulators (Greenshields et al., 2023; Munevar
& Romero, 2015). This indicates that oil palm
biomass may possess a substantial quantity of
siliceous material. Consequently, oil palm biomass
has been the subject of many previous studies as
a potentially viable, renewable and cost-effective
source to produce biogenic silica. Faizul et al.
(2014), extracted high-purity silica (>90.00%) from
palm ash (PA) using an eco-friendly citric acid
leaching method. Khan et al. (2015) produced silica
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nanoparticles (20-80 nm) with a surface area
of 326 m?/g from palm oil fuel ash (POFA),
showcasing their suitability for nanomaterial
applications. Utama et al. (2019) further
advanced silica extraction techniques by utilising
sol-gel processes combined with mechanical
fragmentation and CO, impregnation, producing
precipitated silica with high purity and specific
surface areas ranging from 50-140 m*/g, which are
ideal for catalyst and adsorption applications. More
recently, Imoisili et al. (2020a, 2020b) synthesised
amorphous mesoporous silica from palm kernel
shell ash (PKSA) using sol-gel methods, achieving
silica yields up to 96.83% with a specific surface
area of 438 m’/g, emphasising the material’s
applicability in drug delivery, energy storage and
lightweight composites. Osman et al. (2021) explored
the application of oil palm frond-derived silica
nanomaterials for phenol removal from wastewater,
achieving 68.00% removal efficiency and further
underlining the potential of biogenic silica in
environmental remediation. Additionally, Novita
and Idris (2022) demonstrated the effectiveness of
silica gel derived from PKSA as a moisture absorber
in pharmaceutical packaging, achieving 85.65%
moisture absorption efficiency and thus expanding
the industrial utility of oil palm biomass. These
studies confirm the potential of oil palm biomass
as a sustainable and valuable source of silica for
diverse industrial applications.

Grand View Research (2023) reported that the
global silica market, encompassing precipitated
silica, fumed silica, silica gels, silica sols and
silica fumes, was valued at RM49.12 billion in
2022, with an anticipated Compound Annual
Growth Rate (CAGR) of 9.90% from 2023 to 2030.
Commercial synthetic amorphous silica (SAS) is
often derived from mineral-based precursors.
The SAS production process comprises two
energy-intensive stages: i) High-temperature
fusion for melting silica sand and soda ash,
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ii) high-temperature digestion for dissolving
sodium  silicate.  These  energy-intensive
processes can be significantly expensive
(Utama et al., 2018). The traditional technique
also produces byproducts, including CO, and
significant volumes of wastewater, that are
detrimental to the environment. As a result,
there is an increasing research interest focused
on generating amorphous silica from renewable
and economical sources using energy-efficient
techniques. These initiatives are progressively
acknowledged as sustainable methods to
reutilise byproducts and reduce ecological harm
(Samat et al.,, 2021). The significant quantity
of oil palm biomass presents a viable and
sustainable opportunity for silica extraction
from this byproduct.

Although substantial research and reviews
have explored the production of biogenic silica
from various agricultural residues, such as rice
husks (Chun & Lee, 2020; Dizaji et al., 2019; Hossain
et al,, 2018; Steven et al., 2021) and crop wastes
(Kouadri et al.,, 2023; Razak et al., 2022; Sarkar
et al.,, 2021; Setiawan & Chiang, 2021; Yadav et al.,
2022), the unique potential of oil palm biomass as
a significant renewable source of silica remains
underexplored. Existing studies primarily focus
on individual aspects of silica extraction from oil
palm biomass. However, a comprehensive review
that synthesises these findings and evaluates the
specific properties and relevant applications of
biogenic silica derived from oil palm biomass is
notably lacking. Furthermore, there is limited
discussion on sustainable and environmentally-
friendly extraction methods tailored specifically for
this biomass. Addressing these gaps will highlight
oil palm biomass as a valuable contributor to
sustainable material production and, hence, the
circular economy.

This review aims to critically analyse the
potential of oil palm biomass as a sustainable
source of biogenic silica by exploring
advanced extraction techniques, focusing on
environmentally-friendly approaches, assessing
the unique properties of the resulting biogenic
silica and identifying opportunities for advancing
its utilisation in various industrial applications.
Several key research questions addressed
include identifying the types of oil palm biomass
most suitable for sustainable biogenic silica
production; examining recent advancements and
current challenges in silica extraction methods
for oil palm biomass and strategies to address
these sustainably; evaluating the unique physical,
chemical and functional properties of biogenic
silica derived from oil palm biomass; investigating
its potential applications in high-value industrial
sectors; and highlighting significant research gaps
and future directions in this field.
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BIOGENIC SILICA IN OIL PALM BIOMASS
Biogenic Silica in Oil Palm Trees

Silicon (Si) is vital in numerous ecological and
biogeochemical processes. In biogeochemistry,
Si is commonly referred to as silica (5iO,), as
it is invariably associated with oxygen (O) in
ecosystems (Tréguer et al., 2021). Si, following
oxygen, is the second most prevalent element in the
Earth’s crust, comprising approximately 28.00% of
its composition (Tubafia & Heckman, 2015). Plants
absorb soluble Si as orthosilicic acid (H,SiO,) from
the soil solution and translocate it to the roots and
aerial structures. Si is ultimately incorporated into
plant tissues as hydrated amorphous biogenic silica
structures referred to as phytoliths (SiO,.nH,O)
(Haynes, 2017; Puppe et al,, 2021). Si has been
noted to confer various beneficial effects on plants,
including increased resistance to biotic stresses
(such as pest infestations and fungal diseases) and
abiotic stresses (such as drought, low temperatures
and metal toxicity), optimised nutrient availability,
enhanced photosynthesis, improved plant growth
and elevated productivity (Debona et al., 2017;
Dhakate et al., 2022; Pereira et al., 2024).

Published data regarding the concentrations
of Si or SiO, in various regions of an oil palm are
typically few. Duangpan et al. (2022) examined the
concentration and distribution of Si in oil palm
seedlings. Si buildup in oil palm seedlings was
detected in all tissues, with the highest average
concentration in the leaf (0.66%), followed by the
root (0.45%) and stem (0.17%). Greenshields et al.
(2023) evaluated Si concentrations in several mature
oil palm components taken from smallholder
plantings in Indonesia. Their study also quantified
the quantity of (i) accumulated Si in the total above-
ground biomass of a mature oil palm tree and in one
hectare of an oil palm plantation, (ii) Si storage in
pruned palm fronds, and the Si transferred during
fruit bunch harvest. Leaflets exhibited an average
Si content of at least 1.00%. Conversely, rachises,
frond bases, fruit-bunch stalks, fruit pulp and
kernels exhibited mean Si contents below 0.50%.
Leaflets in senescent fronds exhibited markedly
elevated Si concentrations (>3.50%) compared to
frond No. 17 (1.30%-1.70%) and frond No. 9 (about
1.10%). The findings aligned with those presented
by Von Der Liihe et al. (2023), demonstrating that
a dead leaf possessed double the quantity of Si
relative to a mature leaf. Comparable results were
noted in the research conducted by Munevar and
Romero (2015), who evaluated Si contents in the
leaves of oil palm trees beyond eight years of age,
collected from 17 estates in Colombia. The study
revealed a gradual increase in Si concentrations in
oil palm leaves, from roughly 1.30% in leaf No. 1
to almost 4.00% in leaf No. 25. The results indicate
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that Si accumulates as the oil palm leaves age and
presumably functions as a non-mobile element
within the plant. Comparable Si behaviour was
also documented in cereal crops (Ma & Yamaji,
2006).

Figure 2 illustrates the distribution and quantity
of accumulated silica in different sections of oil
palm biomass, as observed in the plantations and
mills. In that graphic and the next discussion,
published data on Si storage in oil palm biomass
were transformed into SiO, storage. In plantations,
oil palm fronds (OPF) and oil palm trunk (OPT)
constitute the primary biomass produced
during pruning and replanting operations. OPF
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are considered a significant source of SiO, in
plantations (Von Der Liihe et al., 2023). The study
conducted by Greenshields et al. (2023) revealed
that SiO, accumulation in a senescing OPF (0.13
kg SiO,) exceeded that in frond No. 9 (0.04 kg
SiO,) and frond No. 17 (0.06 kg SiO,). This study
indicated that SiO, deposition in OPF generally
escalates with the frond’s age. In a smallholder oil
palm plantation, around 14-16 fronds are clipped
each year. Greenshields et al. (2023) estimated that
SiO, storage in the annually pruned OPF ranged
from roughly 237 to 280 kg /ha.

The core part of an oil palm stem is claimed
to possess silica-accumulating tissues. SiO,
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Figure 2. Schematic diagram of palm oil production and the potential availability of oil palm silica and silica-containing biomass.
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accumulation in the OPT may transpire either
within the vascular system or within the cell
walls (Greenshields et al., 2023). The lower,
middle and higher segments of the OPT
demonstrated an increasing trend in SiO,
concentrations of 1.02%, 1.69% and 4.52%,
respectively (Pratiwi et al., 2018). Greenshields
et al. (2023) reported that a mature oil palm
stem could acquire roughly 5.36 kg of SiO,.
The extraction of OPT from plantations before
replanting may lead to a significant export of
5i0O,, estimated at a minimum of 759-762 kg
SiO,/ha, assuming a planting density of 142
oil palms/ha in a smallholder plantation.
Nonetheless, this considerable SiO, outflow may
occur at periods of 25-30 years, aligning with oil
palm replanting cycles (Figure 2).

A  mature oil palm tree 1is typically
maintained with 40-48 fronds (PASPI-Monitor,
2021). Considering an average SiO, storage
of 0.08 kg/frond and a planting density of
142 trees/ha (Greenshields et al.,, 2023), an oil
palm crown may sequester around 445-545 kg
SiO,/ha. The accumulated SiO, may be exported
before replanting cycles, which generally take
place every 25-30 years. Based on its dimensions
and mass, an oil palm fruit bunch might contain
about 0.04-0.15 kg of SiO,. An oil palm tree is
predicted to acquire approximately 8,000-11,000
kg of SiO, in its aerial components, including
fruit bunches. Based on this computation, roughly
1,178-1,459 kg of SiO, may be deposited in the
aerial components of 1 ha in a smallholder oil palm
plantation, as noted by Greenshields et al. (2023). In
this instance, OPT could be the principal source of
the estimated SiO, storage in the aerial components
of an individual oil palm tree. Nevertheless, the
SiO, contained in the trunks of oil palm trees may
only be extracted for subsequent use after a period
of 25-30 years, particularly during the replanting
phase. Consequently, the SiO, reserves in
plantations with optimal availability for consistent
short-term use are expected to derive from the
clipped fronds of oil palm trees. The calculations
indicate that a fully developed oil palm tree can
absorb an equivalent amount of SiO, as rice, which
is capable of absorbing 500 kg of Si/ha (Makabe
et al., 2009), equal to 1,069 kg of SiO,/ha, and is
acknowledged as a Si-accumulator (Qurrohman

et al, 2023). This suggests the possible
categorisation of oil palm as a Si-accumulating
plant.

Figure 2 shows exports of fruit bunch harvest
and SiO, storage from oil palm plantations to
palm oil mills. Each year, a mature oil palm tree
in a smallholder plantation may produce 12-14
fruit bunches, resulting in an accumulation of
approximately 0.51-2.10 kg of SiO,. A small-
scale oil palm plantation, with a planting density

412

of 142 trees/ha and a fruit bunch production of
9-20 t/ha of dry biomass (Greenshields et al., 2023),
was predicted to store around 68-154 kg of SiO,/ha
annually within its fruit bunches. In other words,
approximately 5.00%-10.00% of SiO, stored in the
aerial components of a 1 ha oil palm plantation
is conveyed to a palm oil mill via the harvesting
of fruit bunches.

Biogenic Silica in Palm Oil Mill By-Products

At palm oil mills, fresh fruit bunches (FFB) are
processed to yield crude palm oil as the principal
product, alongside palm kernel oil, contingent
upon the availability of suitable processing
equipment (Figure 2). The production of palm
oil encompasses several processes: Sterilisation,
threshing,  digesting, pressing, clarification,
purification, drying, depericarping and cracking.
During these operations, numerous intermediate
products and significant amounts of trash are
produced. Approximately 70.00% of the processed
FFB in palm oil mills generates substantial waste,
including empty fruit bunch (EFB), mesocarp fibre
(MF), palm kernel shell (PKS), palm oil mill effluent
(POME), palm oil mill sludge (POMS), palm oil
decanter cake (PODC), palm kernel meal (PKM),
POFA and palm oil clinker (POC). The burning
of MF and PKS as boiler fuel in palm oil mills
produces biogenic waste in the form of unburned
ash. This ash has been identified by various terms
in the literature, including PA (Faizul et al., 2014),
POFA (Hoerudin et al.,, 2024; Khan et al., 2015;
Liew et al., 2017), palm oil mill fly ash (POMFA)
(Aman et al., 2017), oil palm boiler ash (OPBA)
(Bukit et al., 2022) and oil palm mill boiler ash
(OPMBA) (Adha & Warsiki, 2023). Within the
scope of this review, the term “boiler ash” (BA)
is employed to characterise the ash, as delineated
by Zarina et al. (2013). BA comprises porous, flaky
and irregular stones, referred to as POC (Karim
et al., 2017). For each tonne of FFB processed in
conventional palm oil mills, the projected by-
product or trash creation is as follows: 23.00% of
EFB, 14.00% of MF, 5.50% of PKS, 3.20% of oil palm
decanter cake (OPDC), 5.00% of BA, and 0.6 m3 of
POME (Chavalparit et al., 2006). A 1 ha of mature
oil palm plantation with an FFB productivity of
20.00 t would yield approximately 4.60 t of EFB,
2.80 t of MF, 1.10 t of PKS, 0.64 t of OPDC, 1.00 t of
BA and 2 m® of POME (Figure 2).

Each type of oil palm mill waste possesses
distinct physico-chemical characteristics. This
analysis examines palm oil mill waste with notable
SiO, concentrations, as recorded in the existing
literature (Tuble 1). This attention is essential
for assessing the prospective opportunity for
recovering silica from these palm oil mill by
products.
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TABLE 1. MINERAL COMPOSITION OF UNTREATED PALM OIL MILL WASTE BY TYPE AND GEOGRAPHICAL ORIGIN

Reference

Others

SO,
0.84
0.71
2.10
1.66
n.a

Na,0 cl

P,0O,
4.37
421
4.20
3.58

Mineral composition (wt %)
Fe,O

MgO
6.54
5.45

ALO,

9.

CaO

13.21

K,0
6.48
9.19

35.20

Sio,
13.65
56.76

Country

Type of waste

Imoisili et al. (2020b)
Imoisili et al. (2020b)

Rahmat et al. (2021)
Madhiyanon et al. (2013)

n.a

n.a

1.71
1.62

1.81
0.91
2.60

18

Nigeria

PKS

n.a

n.a

8.58

12.57
39.20

Nigeria

PKSA

n.a

2.50
6.84
n.a

n.a

9.50
12.12
52.41

Malaysia

EFBA
EFBA
BA
BA
BA
BA
BA
BA

0.09
n.a

1.90
4.54
3.20
3.50
473
3.28
3.90

0.26
5.10

5.40

9.65

55.48

Thailand
Indonesia

Adha and Warsiki (2023)

n.a

4.18
3.26
4.70
2.56
12.68

7.64
12.80
5.50
15.92
4.62
7.60
26.00
26.10

6.

14.47
23.30

5.40

Pa et al. (2016)
Khan et al. (2015)
Kongnoo et al. (2017)

5.38 n.a n.a n.a
3.40

6.53
n.a

45.50

Malaysia

n.a 1.10
10.21

n.a

n.a

5.40
1.

55.00

Malaysia
Thailand

n.a

03

8.45
3.08

50.57

Opyejobi et al. (2015)

1.26

n.a
10.69

9.77

1.56
0.10

n.a

11.40
1.60
4.

53.52
63.60
22.10

Nigeria

Tessema et al. (2023)
Rahim et al. (2023)

n.a

n.a
4.

1.40
10.30

6.90
16.30
12.60
10.20

Bangladesh

5.77
3.16

76

n.a

08

Malaysia

OPDC

Rahim et al. (2023)
Khan et al. (2015)

n.a
Note: n.a - data not available; PKS - palm kernel shell; PKSA - palm kernel shell ash; EFBA - empty fruit bunch ash; POC - palm oil clinker; BA - boiler ash; OPDC - oil palm decanter cake; OPDCA - oil

6.66
2.12

n.a 4.08
3.30

3.37

Malaysia 32.10 5.53

OPDCA
POC

n.a

3.89

93

63.90

Malaysia

palm decanter cake ash.
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Published literature indicates that palm oil
mill wastes exhibit different concentrations of
SiO, according to their type. The POC generated
concurrently with BA by the identical procedure
exhibited the highest SiO, concentration, surpassing
45.00%, followed by OPDC at 22.10% and PKS at
13.65% (Table 1). The SiO, concentration in PKSA
incinerated at 750°C for 3 hr increased significantly
by roughly 43.00%, attaining 56.76% (Imoisili et al.,
2020b). The incineration procedure at 600°C for
5 hr increased the SiO, content in oil palm decanter
cake ash (OPDCA) by approximately 10.00%,
resulting in a concentration of 32.10% (Rahim et al.,
2023). According to the literature assessment, the
SiO, concentration data for (raw) EFB and MF are
inadequately recorded. Table 1 shows that the SiO,
concentration in empty fruit bunch ash (EFBA)
was analogous to that of PKS. Consequently, the
SiO, concentration in EFB is probably inferior to
that in PKS. The existing literature indicates that
SiO, concentration does not vary widely within
the same type of waste, regardless of geographical
location. Nonetheless, a considerable variance exists
in the composition of K,O and CaO in BA sourced
from various places. This variety may be ascribed
to genetic disparities among plants, cultivation
sites, agricultural practices, and/or processing
conditions in palm oil mills. BA, including POC, is a
highly promising source of SiO, derived from palm
oil processing waste, owing to its comparatively
elevated SiO, concentration, ease of subsequent
processing, and abundant availability.

EXTRACTION OF BIOGENIC SILICA

Most industrial silica comes from natural sources,
such as quartz, found in nearly all mineral rocks.
These rocks are heated to produce sodium silicate
as a silica precursor, but this process requires
extremely high temperatures (1,300°C), making
it energy-intensive and a significant source of
greenhouse gas emissions (Zulfigar et al., 2015).
Silica can also be synthesised from toxic and
costly alkyl orthosilicate precursors like tetraethyl
orthosilicate (TEOS), which pose health risks and
are impractical economically and environmentally
(September et al., 2023; Tessema et al., 2023). To
address these issues, agricultural wastes, such as
rice husk, corn cob, sugarcane bagasse and palm
oil wastes (e.g.,, BA, EFBA, PKS, PKSA, OPDC,
OPDCA), have been explored as low-cost, silica-
rich alternatives. Silica extraction from biomass
is eco-friendly, reduces energy consumption,
and achieves comparable quality to conventional
methods (September et al., 2023).

Biomass can be converted into bioproducts
via biochemical or thermochemical methods.
Thermochemical conversion, which decomposes
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biomass using heat, is particularly suitable for
extracting biogenic silica from palm oil solid waste.
This waste contains cellulose, hemicellulose, lignin
and metal components (e.g., calcium, potassium and
iron), which influence silica properties during high-
temperature treatments. Pre-treatment processes
are often needed to remove these impurities,
facilitating  extraction and improving yield
and product quality (Norsuraya et al, 2016;
Nzereogu et al., 2023; Teixeira et al., 2021).

Extraction Methods

The extraction of biogenic silica from
agricultural biomass, such as oil palm biomass,
generally follows two stages: i) Raw material pre-
treatment and ii) extraction process. Raw material
pre-treatment is typically carried out before the
biogenic silica extraction process. The selection of
pre-treatment and extraction methods for biogenic
silica production is pivotal in balancing efficiency,
cost and environmental considerations. Several
considerations in selecting pre-treatment and
biogenic silica extraction methods are summarised
in Table 2.

Commonly employed pre-treatment methods
include acid leaching and combustion, each with
distinct advantages and disadvantages. Acid
leaching is effective in removing metal impurities,
significantly enhancing silica yield and purity
(Nzereogu et al., 2023; Pa et al, 2016; Rahmat
et al., 2021). However, the use of strong acids, such
as hydrochloric, sulfuric and nitric acids, raises
concerns regarding environmental safety, human
health and waste disposal. Although effective, these
drawbacks necessitate the exploration of greener
alternatives, such as organic acids, which offer a
more sustainable approach.

Combustion, on the other hand, is a simpler
method that effectively decomposes organic
components like cellulose, hemicellulose and
lignin, facilitating further silica extraction. Despite
its simplicity, combustion alone may not fully
remove metal impurities, limiting silica purity.
Additionally, its high energy requirements
introduce economic and environmental concerns,
particularly in large-scale operations. Combining
combustion with acid leaching can overcome
these limitations, leveraging the strengths of both
methods to produce high-purity silica. However,
this approach inherits the complexity and resource
demands of both processes, making it suitable
only for applications where exceptional purity is
paramount.

Green extraction methods have emerged as a
promising alternative to conventional processes
by utilising organic acids and lower energy
inputs, thereby mitigating environmental impacts
(Aharipour et al., 2022; Hoerudin et al., 2024; Pa
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et al, 2016; Rahim et al., 2023; September et al.,
2023; Tessema et al., 2023; Utama et al., 2019).
These methods are environmentally-friendly
and effective in removing impurities, but face
challenges in scalability and cost-effectiveness due
to the relatively high expense of organic acids.
Process optimisation is required to ensure they
achieve comparable efficiency to conventional
methods.

The sol-gel and calcination methods for
biogenic silica extraction are closely aligned with
the chemical and physical properties of biogenic
silica derived from agricultural biomass waste.
Biomass such as PKS and EFB contains silica
predominantly in amorphous form, embedded
within organic matrices of cellulose, hemicellulose,
lignin and metal oxides. Both methods offer distinct
mechanisms for silica isolation and purification.

The sol-gel method employs chemical
dissolution and precipitation processes to
extract high-purity silica. Initially, silica in the
biomass is solubilised using an alkaline solution
such as NaOH to form soluble sodium silicate
[Equation (1)] (Norsuraya et al.,, 2016; Tessema
et al., 2023). To recover pure biogenic silica, an
acid, such as HCl or organic acids (e.g., citric
acid), is added to reduce the pH to below 10,
precipitating silica gel [Equation (2); Tessema
et al, 2023]. The resulting silica gel is aged,
washed, and dried to obtain amorphous silica. The
sol-gel process maintains the amorphous nature of
biogenic silica due to its low processing
temperature, preventing the formation of
crystalline silica (Hoerudin et al., 2024; Imoisili
et al.,, 2020a, 2020b; Rahim et al.,, 2023; Utama
et al.,, 2019). This method produces fine particle
sizes, high surface area and tailored morphologies.

SiO, (s) + 2NaOH (aq) 1)

— Na,SiO, (aq) + H,O

Na,SiO, (aq) + 2HCl (aq) @)

— SiO, (gel) + 2NaCl (aq) + H,O
Calcination, in contrast, is a thermal

decomposition method that exploits the thermal
stability of silica compared to organic components.
The organic matrix (cellulose, hemicellulose and
lignin) is decomposed at specific temperature
ranges: Hemicellulose (220°C-300°C), cellulose
(300°C-340°C) and lignin (300°C-900°C) (Bakar
et al, 2016; El-Sayed et al, 2024). During
calcination at 600°C-800°C, the organic material
combusts completely, leaving behind amorphous
silica [Equation (3)]. Maintaining temperatures
below 900°C is critical to avoid -crystallisation
into cristobalite or tridymite, which reduces
silica’s reactivity and industrial suitability (Nelson
et al., 2023; Nzereogu et al., 2023).
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Biomass —» Thermal treatment
— SiO, (amorphous) + CO, + H,O )
Several pre-treatment/processing routes have
been developed for extracting biogenic silica
from oil palm solid waste (Figure 3). Each route is
tailored to specific raw materials and production
goals, with the choice of method depending on the
desired purity, cost and environmental impact as
described previously (Table 2).

Extraction Yield of Biogenic Silica

A summary of published works on the
extraction yields and purity of biogenic silica
from oil palm solid wastes is presented in Table 3,
highlighting the comparison between conventional
and green extraction methods, sol-gel extraction
and calcination methods and the effects of different

processing routes. The comparison between
conventional and green extraction methods reveals
that green extraction approaches, such as citric acid
pre-treatment, offer a more sustainable alternative
while improving silica yields in certain cases. For
example, Samat et al. (2021) demonstrated that
using 1 M citric acid as a pre-treatment for PKS
and EFB improved the silica yield to 4.35% and
0.95%, respectively. This yield is notably higher
compared to conventional extraction with 1 M HCl
followed by calcination at 800°C, which resulted in
lower yields of 1.49% for PKS and 0.80% for EFB
(Samat et al., 2018). The significant weight loss
during calcination in the conventional methods
limits the overall yield, whereas citric acid leaching
mitigates this issue. However, despite the modest
yield improvement, green methods are preferred
for their reduced environmental impact and
sustainability.

BA, PKSA, EFBA,
OFPA and OPDCA

Dry PKS, EFB,
OPF and OPDC |

€ - — - T+ - — 1

Pre-treatment

Pre-treatment Combustion

<+ Re-combustion

_—_ - —d

v

Calcination

v

Calcined silica

v

(Acid leaching)

- — — — —

v

Sol-gel extraction

\ 4

Silica gel

Note: A-route: Extraction without pre-treatment, typically applied to combusted raw materials like BA, followed by the sol-gel

extraction process (Utama et al., 2018, 2019).

B-route: Acid leaching pre-treatment, suitable for both combusted (BA) and dry raw materials (PKS, EFB, OPF and OPDC), followed
by the sol-gel extraction process for ash raw materials (Adha & Warsiki, 2023) or calcination for dry raw materials (Samat et al.,

2021).

C-route: Combustion followed by acid leaching, used for dry raw materials like EFB OPF, followed by the sol-gel extraction process

(Osman & Sapawe, 2020; Rahmat et al., 2021).

D-route: Combusted ash undergoes re-combustion before extraction with the sol-gel extraction process (Hoerudin et al., 2024;

Nelson et al., 2023).

E-route: Combustion of dry raw materials without acid leaching, followed by the sol-gel extraction process (Imoisili et al., 2020a,

2020b; Rahim et al., 2023).

Figure 3. Pre-treatment routes and extraction methods for producing biogenic silica from oil palm solid waste.
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TABLE 3. EXTRACTION YIELD AND SIO, CONCENTRATION OF BIOGENIC SILICA FROM OIL PALM BIOMASS

Typ e of Methods (Pre-treatments and extraction) Routt.slfype Results (yield and silica purity) Reference
biomass of silica
Conventional Extraction
BA Acid leaching pre-treatment (1.2 M HC], 24 hr), B/Silica gel Silica yield was 41.17%** and silica Adha and
alkaline extraction (4-8 M NaOH, 30-90 min), purity were 79.20% under optimal ~ Warsiki (2023)
and precipitation (1 M HCI). extraction conditions.
EFBA Re-carbonised (600°C-800°C) and acid leaching ~ D/Calcined Silica yield ranged from 14.70%— Nelson et al.
(1% HCI) pre-treatment, alkaline extraction silica 17.30%** and silica purity was (2023)
(NaOH), precipitation (1 M HCI+3 M NH,OH), 59.85% after re-carbonisation at
and calcination (550°C, 3 hr). 800°C.
PKS Acid leaching pre-treatment (1 M HCI) and B/Calcined ~ Weight loss was 98.51% (~silica yield Samat et al.
calcination (400°C-800°C, 6 hr). silica was 1.49%%*) during calcination at (2018)
800°C.
EFB Acid leaching pre-treatment (1 M HCI) and B/Calcined  Weight loss was 99.20% (~silica yield Samat et al.
calcination (400°C-800°C, 6 hr). silica was 0.8%*) during calcination at (2018)
800°C.
Combustion (600°C-800°C, 2 hr) and acid C/Ash Burning at 600°C-800°C increased Rahmat et al.
leaching (5 N H,SO,, 30 min) pre-treatment. the silica purity from 9.50%-45.60% (2021)
after leaching.
Green Extraction
BA Acid leaching pre-treatment (1.00%—-6.00% citric B/Ash Silica purity was 92.00% at a citric ~ Pa et al. (2016)
acid) and calcination (800°C, 30 min). acid leaching concentration of
>3.00%.
Alkaline extraction (1.5 N NaOH, 60 min, ratio A/Silica gel 60.42% of silica in the sample can Utama et al.
sample to NaOH 0.23 g/cm?, temperature be extracted, and silica purity (2018)
75°C-100°C, stirring speed 500-1,200 rpm), was 95.33% under the optimum
precipitation (10.00% H,SO,), and ageing (18 hr). extraction conditions.
Alkaline extraction (1.4 N NaOH, 50 min, 105°C, ~ A/Silica gel Silica purity was 96.90% under the Utama et al.
sample-to-NaOH ratio 0.23 g/cm3, stirring optimum precipitation conditions. (2018)
speed 1,065 rpm) and precipitation using CO,
impregnation and mechanical fragmentation.
Re-ashing (600°C, 2 hr) and acid leaching (6.00%  D/Silica gel Silica purity was 94.68% under Hoerudin et al.
citric acid, 600°C, 1.5 hr) pre-treatment, alkaline optimal extraction conditions. (2024)
extraction (6.00%-10.00% NaOH, 100°C, 1.5 hr),
and precipitation (3.00% HCI, pH 7),
ageing (18 hr).
PKS Combustion pre-treatment (750°C, 3 hr), alkaline E/Silica Silica yield was 56.65%** and silica Imoisili et al.
extraction (2 N NaOH, 2 hr), precipitation xerogel purity were 96.83%. (2020b)
(2N HCl, pH 7.5-8.5), and ageing (24 hr).
Combustion pre-treatment (750°C, 3 hr), alkaline E/Silica Silica nanoparticle yield was Imoisili et al.
extraction (3 N NaOH, 2 hr), precipitation nanoparticles  54.35%** and nano silica purity was (2020a)
(3 N HCI), and ageing (24 hr). Refluxed silica 96.59%.
xerogel (3 M HCl, 70°C, 4 hr), dissolved with 3
M NaOH, and silica precipitation
(H,SO,, pH 7.5).
Acid leaching pre-treatment (1 M citric acid, B/Calcined ~ Weight loss was 95.65% (~silica yield Samat et al.
2 hr) and calcination (400°C-800°C, 6 hr). silica was 4.35%%*) during calcination at (2021)
800°C.
EFB Acid leaching pre-treatment (1 M citric acid, B/Calcined  Weight loss was 99.05% (~silica yield =~ Samat et al.
2 hr) and calcination (400°C-800°C, 6 hr). silica was 0.95%*) during calcination at (2021)
800°C.
OPF Combustion (600°C, 3 hr) and acid leaching C/Silica gel 1 kg of OPF produced 34.7 g of ash Osman and
(3.00% citric acid, 70°C, 1 hr) pre-treatment, (3.50%); after leaching, it produced ~ Sapawe (2020)
alkaline extraction (2 M NaOH, 1 hr), 18.7 g of leached ash (53.90%), with a
precipitation (1 M H,SO,, pH 7), and ageing silica yield of 12.8 g (1.28%* from the
(18 hr). OPF; 36.89%** from the ash).
OPDC Combustion pre-treatment (600°C-900°C, 5 hr), E/Silica gel Silica purity ranged from 32.10%- Rahim et al.
alkaline extraction (5 M NaOH, 100°C, 1 hr) and 75.96%. (2023)
precipitation (2.5 M H,SO,, pH 6-7).
Acid leaching pre-treatment (1 M citric acid, B/Calcined Weight loss 83.95% (~silica yield Samat et al.
2 hr) and calcination (400°C-800°C, 6 hr). silica 16.05%*) under calcination at 800°C. (2021)

Note: * - Silica yield from dry raw material; ** - Silica yield from ash raw material; n.a. - Not available; BA - boiler ash; EFBA - empty
fruit bunch ash; PKS - palm kernel shell; EFB - empty fruit bunch; OPF - oil palm fronds; OPDC - oil palm decanter cake..
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Among the extraction techniques, the sol-gel
methods have shown considerable advantages
over calcination routes regarding silica purity. For
instance, Utama et al. (2018) can convert silica in
samples by 60.38%—60.42% with a SiO, purity of
95.33% using the sol-gel method on BA. Further
refinement, such as CO, impregnation during
gelation, increased the SiO, purity to 96.90% (Utama
et al., 2019). In contrast, the calcination method,
although simpler, tends to produce lower purity
silica due to incomplete removal of impurities (Pa
et al., 2016), where BA treated with =3.00% citric
acid and calcined at 800°C resulted in a silica
product with 92.00% SiO, purity. These findings
suggest that while calcination is effective for bulk
processing, sol-gel methods are more suitable for
applications requiring high-purity silica, such
as in catalysts, electronics and pharmaceutical
industries.

The comparison across different types of oil
palm solid waste raw materials also highlights
significant variations in yield and purity. BA
emerges as the most promising biomass due to
its high silica yield and purity without requiring
pre-treatment. Direct extraction using the sol-gel
method can convert silica in samples by 60.38%—
60.42% (Utama et al., 2018). In contrast, OPF and
EFB exhibited lower yields. For instance, OPF
subjected to combustion at 600°C and subsequent
citric acid leaching achieved a silica yield of
only 1.28% when calculated from raw materials
or 36.89% when calculated from ash (Osman
& Sapawe, 2020). On the other hand, OPDC
demonstrated significant potential, achieving
a silica yield of 16.05% with a purity of 75.96%
(Rahim et al., 2023; Samat et al., 2021). This result
suggests that OPDC, due to its lower weight
loss during calcination, is suitable for bulk silica
production with balanced yield and purity.

The choice of extraction route also strongly
influences both the silica yield and purity. For
example, Imoisili et al. (2020b) optimised the
process for PKS by using combustion at 750°C
for 3 hr followed by alkaline extraction and
precipitation, which resulted in a significantly
high yield of 56.65% and SiO, purity of 96.83%. A
subsequent modification to the process, involving
refluxing with 3 M HCI and re-extraction with
3 M NaOH, enabled the production of silica
nanoparticles with a yield of 54.35% (Imoisili et al.,
2020a). These findings underscore the effectiveness
of alkaline extraction and sol-gel methods in
producing high-purity silica or advanced materials
like silica nanoparticles, which are critical for
high-value applications in nanotechnology.

From the comparative analysis, BA stands
out as the most favourable source of biogenic
silica, offering both high yield and significant SiO,
purity without requiring intensive pre-treatment.
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However, for applications demanding high-
purity silica (e.g., electronics, pharmaceuticals and
speciality catalysts), processes such as alkaline
extraction or sol-gel methods are preferred. In
contrast, for bulk silica production where cost-
effectiveness is essential, calcination remains a
viable option, particularly for raw materials like
OPDC and PKS, which demonstrate balanced
yield and purity. In terms of applications, the
choice of silica purity and particle size determines
its suitability for specific uses. High-purity silica
(>95.00%) obtained via sol-gel methods is ideal for
high-value applications, such as nanocomposites
and catalysts. Silica produced through calcination
with moderate purity is suitable for bulk
applications like fillers in rubber composites
and as a raw material in construction materials.
Moreover, the production of silica nanoparticles,
as demonstrated by Imoisili et al. (2020a), opens
opportunities in advanced technologies requiring
materials with enhanced surface area and reactivity.
The comparative review highlights the
importance of selecting appropriate extraction
routes based on the desired silica yield, purity
and intended application. Green extraction
methods offer environmental benefits and
sustainable processing. Sol-gel techniques remain
superior for applications requiring high-purity
silica, such as electronics, pharmaceuticals and
speciality catalysts. Among the raw materials,
BA demonstrates the greatest potential for silica
production, offering high yields and significant
purity without requiring intensive pre-treatment.

PROPERTIES OF BIOGENIC SILICA FROM OIL
PALM BIOMASS

Chemical Composition

Table 4 shows the chemical composition of
biogenic silica extracted from oil palm biomass. The
SiO, concentration is influenced by various factors,
including the type of biomass (BA, EFB, PKS,
OPF, OPDC), pre-treatment route and extraction
methods. According to Adha and Warsiki (2023),
biogenic silica from BA processed through the
B-route had a SiO, concentration of 79.20%. This
SiO, concentration was relatively low because
various impurities could not be removed, such
as ALO, (8.20%), Na,O (6.20%) and K,O (1.50%).
Rahmat et al. (2021) conducted a pre-treatment
using the C-route method to increase SiO,
concentrations in ash and silica from EFB. In their
study, the structure of the silica ash observed was
crystalline following combustion and acid leaching
pre-treatment involving sulfuric acid. Although
acid leaching led to an increase in SiO,
concentration in EFBA, it was unable to eliminate
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metal oxide impurities, such as CaO (17.80%), K,O .
(16.40%), SO, (3.50%) and Fe,O, (3.30%). Nelson 8 = o N 3 .3
et al. (2023) performed a multi-step process to S g8 22 c88 88§
produce biogenic silica from EFBA. This involved g % < et < < g 4 < S 5
re-combustion of EFBA, an acid leaching pre- 3 S £ g $ 5= 85 5E
treatment using HCl (D-route), followed by sol- K e § é g g ‘i § 2 § £
gel extraction using NaOH and gelation through E; T 5 S g é ES
the co-precipitation method. The resulting 2 = T 3
SiO, concentration increased to 58.95% and the
silica structure exhibited an amorphous nature. 2 _ e e e o -
Despite these improvements, the concentration =8 e £ £ g £ 22 £ 5 g
of other metal oxides as impurities remained " ©
notably high. 2o~ . s s s o5 s o

Pa et al. (2016) utilised organic acid, s |82 S 5 = £ £ & € & & &)
specifically citric acid, as an alternative chemical g <
to replace the strong acids (HCl and H,SO,) in > g5 |8 B g I T T T T T 5
the leaching process of BA. The use of citric acid E == S =
as a leaching pre-treatment agent (B-route) has 2 o - - é
been demonstrated to be effective, resulting in a © S8 R R T R R E
significant increase in 5iO, concentration to 92.0%. E s}
However, the subsequent calcination at 800°C & S ¢ Y 8 8 @ 9§ N g 2|0
for a short period (30 min) was unsuccessful S ST S © - F e RS S F oS <
in converting the crystalline structure to an = 5
amorphous form. 4 Ss i g E S f § § g2

Biogenic silica has been extracted from OPDC Z C
involving a pre-treatment through combustion 8 S~ S 18 3 T g
at 600°C for 5 hr (E-route), followed by sol-gel 288 | < & £ f d o S o 3|8
extraction. This process resulted in biogenic % %
silica with a SiO, concentration of 76.95% (Rahim < Q3 ] § s 8 % ¢ x g =
et al., 2023). The remaining impurity components i ° = -2 e =29
include K,0 (11.60%), ALO, (7.80%), P,O, (1.71%), = | . | _ _ _| | _ . _ . |
SO, (0.99%), Fe,0, (0.21%) and CaO (0.18%). B &g |2 ¢ S| £ 222258 27
Similarly, the extraction of biogenic silica from o <
PKS involved a comparable pre-treatment to = oF 2 8 2 S R R = =
OPDC, followed by sol-gel extraction. In this XS | = = 8 R RS
case, the resulting SiO, concentration was notably Z E
higher at 96.83%, with remaining impurities E o8 i g § & 2 g § g 3 E @
present in relatively low concentrations (Imoisili 8 %
et al., 2020b). E S~ S 5 o« 2 e s 2382 Q f@

Biogenic silica with relatively high SiO, S 28 | ® = ¢ S S S & 3 K 3£
concentrations, ranging from 95.33% to 96.90%, > E
was obtained by simple extraction of BA without J 2~§ & 8 ¢ BB 28 53 E
pre-treatment (A-route) (Utama et al., 2018, 2019). Z |7 e e o e < o =
This was achieved by optimising the sol-gel & Sm s 93 R %
extraction conditions (extraction temperature and < 58 |2 89 B oo g F 9 ¢ w| O
stirring speed) (Utama et al., 2019) or modifying E <
the sol-gel method through CO, impregnation = 5 - =
during the gelation process (Utama et al., 2019). 5 3 = 2 5 T 2T é
The remaining metal oxide impurities in both ° s 3 i S s § 5 ¢ g g
studies were Na,0 (1.59%-2.50%), K,O (1.29%), 8 5§85 EESEE&EF |3
ALO, (0.39%-0.46%) and SO, (0.48%). The 2| =g << ad%a |
5iO, concentrations of BA-derived biogenic silica S g A - i
were higher than those of the biogenic silica from g s
sugarcane bagasse ash, 91.58% (Affandi et al., @ | £ c 8 7§
2009). Additionally, they were comparable to g~ g |5
that of the commercial silica, 95.37% (Setyawan 2 § *§ § 8
et al., 2021), but lower than those of rice k) § - 2 u £ 2
husk ash-derived biogenic silica, 99.25%-99.61% BBl 8 @] 8| 4 o £ &l
(Fernandes et al., 2017). ElO|A B RO)A = O U2
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Crystallinity and Amorphicity

Crystallinity refers to the proportion of
crystalline substances within a blend of both
crystalline  and  non-crystalline  materials.
Conversely, amorphicity exhibits an inverse
relationship with the crystallinity of materials.
The extent of crystallinity plays a crucial role in
pozzolanic activity, as only amorphous materials
actively participate in the pozzolanic reaction
(Karimetal., 2017). X-ray diffraction (XRD) serves as
a characterisation technique employed to ascertain
the presence of crystalline compounds. The method
is particularly useful for crystal structure analysis
due to the distinct patterns associated with each
compound. By referencing the known diffraction
pattern of an element in this analysis, it becomes
possible to identify the specific compound.

Table 5 shows XRD 20 values for treated ash
derived from EFB and BA, as well as biogenic
silica extracted from BA, EFB, PKS and OPDC.
The 20 values are presented for both before and
after undergoing a leaching or extraction process,
employing both conventional and green extraction
methods. The raw materials derived from palm
oil solid waste exhibit a crystalline nature before
undergoing the extraction process. According to
Rahmat et al. (2021), EFBA retained its crystalline
nature when subjected only to leaching without
subsequent extraction (Figure 4a). Similarly,
Faizul et al. (2013) reported that BA maintained
a crystalline structure even after undergoing
pre-treatment and subsequent calcination at
a temperature of 800°C for a short time (30
min). Nelson et al. (2023) asserted that the
transformation of crystalline silica into its
amorphous counterpart could be achieved
through a thermochemical process. Additionally,
Samat et al. (2018, 2021) reported that amorphous
silica from EFB, PKS and OPDC could be
produced by extraction involving calcination at
a temperature of 800°C for 6 hr.

In general, amorphous silica is characterised
by a broad hump at diffraction angles 260 between
15.0° and 35.0°. The XRD pattern of biogenic silica
obtained from palm oil solid waste through the
sol-gel method exhibits a pronounced absence of
sharp peaks, indicating the amorphous structure
of the resulting product. For example, the XRD
pattern of biogenic silica extracted from EFBA by
the sol-gel method showed a 20 value of 31.8°,
confirming the amorphous nature of the silica
(Nelson et al., 2023). The amorphous structure of
biogenic silica extracted from PKS was identified
with an XRD 20 value of 22.5°, as shown in
Figure 4b (Imoisili et al, 2020b). Biogenic silica
extracted from OPDC by the sol-gel method
exhibited a broad diffraction peak at a 20 value
of 22.0°, indicating the transformation of crystals
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into an amorphous form due to alkali treatment
(Rahim et al., 2023). The results align with XRD
patterns observed for amorphous biogenic silica
obtained from other sources such as rice husk ash
(Hoerudin et al., 2022), corn cob ash (Velmurugan
et al., 2015), sugarcane bagasse ash (Chindaprasirt
& Rattanasak, 2020) and commercial amorphous
silica (Setyawan et al., 2021).

Depending on its applications, amorphous
silica is usually preferred over crystalline silica due
to its random and irregular atomic structure and
patterns, which enhance its reactivity. It is widely
acknowledged that chemical treatment induces
structural phase transformation in biogenic silica. In
addition, amorphous silica is generally considered
safe and non-toxic, in contrast to crystalline silica,
which can be toxic and may lead to the development
of silicosis, as highlighted by Rovani et al. (2018).
A study by Erawati et al. (2024) investigated the
preparation, characterisation and cytotoxicity of
calcium silicate derived from amorphous SiO2
extracted from black, red and white rice husks. The
results demonstrated that all three calcium silicate
samples were non-toxic, with mean cell viability
ranging from 78.72%-123.51%, as per ISO 10993-5
standards. This confirms the biocompatibility of the
materials. This expands the opportunities for the
broader utilisation of biogenic silica derived from
oil palm biomass in various fields.

Functional Groups

Fourier transform infrared spectroscopy
(FTIR) is a well-known vibrational spectroscopy
technique based on the observation of molecular
vibrations that absorb infrared radiation. This
method offers insights into the molecular structure
of materials and functional groups within
compounds (Tessema et al., 2023). Nelson et al.
(2023) reported that the FTIR spectra of biogenic
silica extracted from EFBA exhibited vibration
bands corresponding to Si-OH, O-5i-O, and Si-O-5i
functional groups. According to Okoronkwo et al.
(2013), the band at wavenumbers 463—475 cm™!
was associated with bending vibrations of the
0-5i-O network, while 791-807 cm™ corresponded
to symmetric stretching vibrations of Si-O-Si. The
band at wavenumbers 1,071-1,090 cm™ represented
the siloxane group or the asymmetric Si-O-Si
stretching vibration. This reveals the bond structure
of Si and O atoms towards smaller particle sizes.
Meanwhile, the broad bands at 1,633-1,645 cm™ and
3,350-3,750 cm™ were caused by O-H bending and
stretching vibrations of the Si-OH silanol groups
and due to the adsorption of H,0O molecules on the
silica surface (Imoisili et al., 2020a).

The infrared (IR) spectra of biogenic silica
obtained from palm oil solid waste (BA, EFB, PKS,
OPF, OPDC) using the conventional and green
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Figure 4. XRD pattern, (a) EFBA before and after leaching and (b) amorphous silica.

extraction methods are presented in Table 6. The
functional groups in biogenic silica derived from
solid palm oil waste exhibit some variation. This
is likely due to differences in raw materials (BA,
EFB, PKS, OPF and OPDC), pre-treatment route
and extraction methods employed. The evident
variations in the IR spectra are particularly
pronounced in the extraction of biogenic silica
using the sol-gel method (silica-gel), a process
that typically involves NaOH as a solvent
(Imoisili et al., 2020a, 2020b; Nelson et al., 2023;
Osman & Sapawe, 2020; Rahim et al., 2023; Utama
et al., 2018, 2019) and the calcination method
(calcined silica), especially when conducted
at high temperatures for an extended period,
e.g., 800°C for 6 hr. These specific calcination
conditions have been considered optimal for
biogenic silica production from EFB, PKS and
OPDC (Samat et al., 2018, 2021).

In the studies by Samat et al. (2018, 2021),
the calcined silica showed no detectable infrared
spectrum in the range of 3,350-3,750 cm™. In
contrast, this range was observed in silica gel,
appearing as broad bands in the IR spectrum. The
difference is evident in the IR spectra of biogenic
silica from PKS processed using the sol-gel and
calcination method (Figure 5).

According to Usman et al. (2015), the bands at
1,450-3,450 cm™ were undetected, indicating the
absence of all traces of water molecules and polar
functional groups during the calcination process
at high temperatures. Similarly, the IR spectrum at
wavenumbers 447-473 cm™ is generally undetected
in calcined silica from EFB, PKS and OPDC.
Geetha et al. (2016) observed that no band was
detected at 447-473 cm™, indicating the loss
of all traces of original organic compounds
found in plants during the calcination at high
temperatures. However, in the calcination process
of BA carried out by Faizul et al. (2013) using the
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B-route pre-treatment, an IR spectrum at a
wavenumber of 3,445 cm™ was still observed.
This may be due to the relatively short
calcination time of 30 min at 800°C. The short
duration of the calcination process may not have
permitted the complete combustion of organic
compounds, resulting in the persistence of certain
functional groups, as indicated by the observed
IR spectrum.

Surface Properties

Available data on the surface properties of
biogenic silica extracted from oil palm biomass
have been limited. Table 7 shows the surface
properties of biogenic silica extracted from various
oil palm biomass sources using different extraction
and pre-treatment methods. These properties vary
depending on factors such as the biomass type
(BA, EFB, EFBA, PKS and OPDC), pre-treatment
route and extraction method. A multi-stage
process for producing biogenic silica from EFBA,
involving re-ashing, acid leaching pre-treatment
with hydrochloric acid (conventional extraction/
D-route), followed by sol-gel extraction with
sodium hydroxide and gelation through a co-
precipitation method, resulted in a low Brunauer-
Emmett-Teller (BET) surface area of 0.38 m*/g and
a very high average pore size of 23.9 um (Nelson
et al., 2023). This relatively low surface area might
be due to the relatively brief combustion period,
leading to lower surface porosity. In contrast,
biogenic silica extracted from EFB using citric acid
leaching pre-treatment (green extraction/ B-route),
followed by calcination at 800°C produced a higher
BET surface area of 15.10 m?*/g (Samat et al., 2021).
This discrepancy may be due to the incomplete
removal of impurities (such as alkali metals) in the
biogenic silica from EFBA, attributed to eutectic
reactions occurring during the re-ashing process.
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Figure 5. Fourier transform infrared spectroscopy (FTIR) spectra of biogenic silica, from palm kernel shell (PKS) processed by
(a) the sol-gel and (b) the calcination method.

TABLE 7. SURFACE PROPERTIES OF BIOGENIC SILICA FROM OIL PALM BIOMASS

Type of Methods (pre-treatments and Route/type of  BET surface Poresize Particle size Reference
biomass extraction) silica area (m*/g) (nm) (nm)

Conventional extraction

EFBA Re-carbonised (600°C-800°C) D/ Calcined 0.38 23.90 n.a Nelson et al. (2023)
and acid leaching (1% HCl) pre- silica
treatment, alkaline extraction (NaOH),
precipitation (1 M HCI + 3 M NH,OH)
and calcination (550°C, 3 hr)

Green extraction

BA Alkaline extraction (1.4 N NaOH, A/Silica gel 138.00 n.a 58.96 Utama et al. (2019)
50 min, 105°C, sample-to-NaOH
ratio 0.23 g/cm?, stirring speed
1,065 rpm) and precipitation using
CO, impregnation and mechanical

fragmentation
Re-ashing (600°C, 2 hr) and acid D/Silica gel 390.80 n.a n.a Hoerudin et al.
leaching (6% citric acid, 600°C, (2024)

1.5 hr) pre-treatment, alkaline
extraction (6%-10% NaOH, 100°C,
1.5 hr) and precipitation (3% HC],

pH 7), ageing (18 hr)
PKS Combustion pre-treatment (750°C, E/Nanoparticles 438.00 2.20-6.30 n.a Imoisili et al.
3 hr), alkaline extraction (3 N NaOH, (2020a)

2 hr), precipitation (3 N HCI), and
ageing (24 hr). Refluxed silica xerogel
(3 M HCl, 70°C, 4 hr), dissolved with
3 M NaOH and silica precipitation

(H,SO,, pH 7.5)
Acid leaching pre-treatment (1 M B/Calcined 20.08 n.a n.a Samat et al. (2021)
citric acid, 2 hr) and calcination silica
(400°C-800°C, 6 hr)

EFB Acid leaching pre-treatment (1 M B/Calcined 15.10 n.a n.a Samat et al. (2021)
citric acid, 2 hr) and calcination silica

(400°C-800°C, 6 hr)

OPDC Acid leaching pre-treatment (1 M B/Calcined 9.49 n.a n.a Samat et al. (2021)
citric acid, 2 hr) and calcination silica
(400°C-800°C, 6 hr)

Note: EFBA - empty fruit bunch ash; BA - boiler ash; PKS - palm kernel shell; EFB - empty fruit bunch; OPDC - oil palm decanter cake.
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Metal impurities present during the combustion
process may lead to the formation of crystalline
silica, causing a notable reduction in surface
area. Similarly, extracting biogenic silica from
OPDC and PKS with the same treatment applied
to EFB yielded higher BET surface areas than
EFBA, at 9.49 and 20.08 m?/g, respectively (Samat
et al.,, 2021).

Utama et al. (2019) reported that a relatively
high BET surface area of 138 m?/g for biogenic
silica was achieved from BA using the A-route
(green extraction) process. The extraction
process developed used 1.4 N NaOH, while the
gelation process employed CO, impregnation
and mechanical fragmentation. The surface area
of biogenic silica from BA was further enhanced
with the D-route process, as demonstrated by
Hoerudin et al. (2024). The high surface area
from the D-route, particularly, suggests improved
silica purity and porosity due to re-combustion
and strong leaching with NaOH, making it
suitable for applications requiring high surface
reactivity.

A significant increase in the surface area of
biogenic silica was achieved from PKS through the
E-route, which involves combustion pre-treatment
at 750°C for 3 hr, followed by the sol-gel method
to obtain biogenic silica. By continuing the process
with refluxing the previously produced silica with
3 M HCI for 4 hr and re-extracting it with 3 M
NaOH, silica nanoparticles were produced with
a BET surface area of 438 m?/g and a pore size
distribution ranging from 2.2 to 6.3 Nm (Imoisili
et al., 2020a).

Biogenic silica from each biomass type has
distinct surface properties based on extraction
methods, pre-treatment routes and combustion
conditions. The significant differences in BET
surface area and particle sizes across different routes
imply that selecting an appropriate pre-treatment
and extraction method is crucial. The extraction
route and biomass type substantially impact the
surface properties of biogenic silica. High BET
surface areas and fine particle sizes obtained
through specific pre-treatment and extraction
routes open up opportunities for high-performance
applications.

Real-world applications of biogenic silica from
oil palm biomass remain scarce, if not unavailable.
Most recent applications are largely confined
to laboratory-scale research. Moreover, studies
investigating the use of biogenic silica generated
from different oil palm biomasses for the same
type of application within a single study have not
yet been reported, highlighting the limited scope of
existing research.

Nonetheless, biogenic silica shows
considerable potential for sustainable use in
medical, pharmaceutical, healthcare and food
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industries, particularly due to the desirable
properties of amorphous silica, including its
non-toxic nature, high porosity and superior
adsorption capacity. For example, biogenic silica
derived from oil palm biomass holds significant
promise for sustainable applications in biomedical
fields, as demonstrated in the study by Sreekantan
et al. (2020). This study explored the synthesis of a
sustainable super-hydrophobic coating composed
of silica from POFA and polydimethylsiloxane
(PDMS), intended for biomedical applications. The
silica was extracted from POFA through a series
of thermal and chemical treatments, resulting
in a silica solution (SS) that was incorporated
into a PDMS-based super-hydrophobic coating.
The coating, applied to a glass substrate via
spray coating, exhibited a remarkable water
contact angle of 151°, confirming its superior
hydrophobicity. Biocompatibility and cytotoxicity
assessments using fibroblast cell lines (1929 and
V79) revealed that the toxicity of the coating was
concentration-dependent, with concentrations
exceeding 12.5 mg/mL leading to cell toxicity.
The study’s findings validate the potential of
POFA-derived silica for biomedical applications,
particularly as a material for super-hydrophobic
coatings that require biocompatibility and
cytotoxicity control. This innovative application
highlights the value of oil palm biomass as a
sustainable source of biogenic silica, paving the
way for further advancements in environmentally-
friendly and functional materials for biomedical
use.

Novita and Idris (2022) demonstrated the
successful synthesis of silica gel from PKSA as
a moisture absorber for pharmaceutical bottle
packaging. Their study revealed that PKSA,
containing 55.20% SiO,, could be processed into
silica gel with a yield of 34.00%, achieving an
85.65% moisture absorption efficiency over a two-
week period. These findings highlight the potential
of PKSA-derived silica gel for pharmaceutical
applications while also emphasising the importance
of reducing impurities to enhance its performance
and viability for broader use.

Biogenic silica derived from oil palm
biomass has demonstrated significant potential
in environmental remediation, particularly as
an adsorbent for wastewater treatment, where
silica with a high BET surface area is essential.
Osman et al. (2021) explored the synthesis of
silica nanomaterials from OPF using the sol-gel
method and achieved a notable phenol removal
efficiency of 68.00% from aqueous solutions
under optimised conditions. The biogenic
silica nanomaterials displayed an adsorption
capacity of 34 mg/g, with structural properties
comparable to those of commercially available
silica.
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These findings highlight the diverse
applications of biogenic silica from oil palm
biomass and emphasise the need to optimise
extraction processes to improve its purity, surface
characteristics and amorphicity. Overcoming
challenges related to cost-effectiveness, impurity
removal and scalability will be critical to advancing
the transition from laboratory-scale research to
industrial-scale applications.

CONCLUSION

This review highlights the significant potential of
palm oil solid waste as an alternative, renewable,
and cost-effective source to produce biogenic
silica. This review underscores the importance of
tailoring extraction routes to specific types of palm
oil solid waste to maximise yield and production
efficiency while minimising sustainability issues.
Among the different types of oil palm solid waste,
BA demonstrates superior yield performance and
economic viability. This is attributed to the fact
that BA stands out for not requiring combustion
pre-treatment, and its abundant availability
further contributes to its profitability. However,
its effective utilisation requires addressing
several challenges, particularly in extraction
methodologies and scalability for industrial
applications. Emerging green methods, such as
using organic acids (e.g., citric acid) as leaching
agents and optimised sol-gel techniques, show
promise in reducing environmental impacts while
improving biogenic silica yield and purity. These
methods offer a viable pathway for sustainable
extraction but need further refinement to
minimise costs and scale up for industrial
use. The properties of biogenic silica extracted
from solid oil palm biomass exhibit similarities
with those of biogenic silica obtained from
other agricultural waste sources and closely
resemble the characteristics of commercial silica.
Producing amorphous silica with high BET
surface areas and controlled particle sizes
is critical for advanced applications. This
requires fine-tuning of pre-treatment and
extraction  parameters, including  benign
and cheap leaching agents and an optimised
gelation process.

Several aspects merit attention in future
research endeavours aimed at achieving low-cost
input materials, producing pure silica products
and maintaining environmental friendliness. The
following considerations are crucial: (i) Exploration
of untapped palm oil solid waste by investigating
other types of palm oil solid waste/byproducts,
such as OPDC, clinkers and other potential
sources, that may yield high silica concentration
but have not been extensively studied, (ii) scaling
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up green extraction techniques, such as organic
acid leaching and CO,-assisted sol-gel processes,
while exploring alternative eco-friendly reagents
and energy-efficient pre-treatment and extraction
technologies, such as microwave-assisted heating,
to reduce operational costs, bridge the gap between
laboratory and industrial applications, and enhance
process sustainability, (iii) comprehensive life cycle
analyses of green extraction methods to identify
the most sustainable and economically viable
approaches, (iv) functionalisation of biogenic silica
for specific applications, which require advanced
characterisation and functional testing to tailor
silica properties to target industries, (v) integration
of biogenic silica production units directly within
palm oil mills that will reduce transportation costs
associated with BA and harness surplus steam from
the mill’s boiler, which can significantly lower energy
requirements, ultimately optimising biogenic silica
production costs and (vi) development of integrated
processing systems that combine silica extraction
with the recovery of other valuable byproducts,
such as lignin, cellulose and alkali metals, to
improve overall process efficiency and economic
viability.

A multidisciplinary approach is essential to
unlock the full potential of oil palm biomass as a
biogenic silica source, encompassing advancements
in green technologies, industrial collaboration and
sustainability assessments. By addressing these
challenges, oil palm biomass can transition from an
underutilised byproduct to a critical component of
the global circular economy, providing a sustainable
and eco-friendly alternative for silica production
in various applications. Eventually, this can
contribute to the development of sustainable oil
palm industries.
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ABSTRACT
Hydrogen production from empty fruit bunches (EFBs) is proposed here using a gasification system powered

by solar energy and biomass, generating bio-hydrogen through combined steam methane reforming, along

with electricity using an organic Rankine cycle. For EFB input of 1,286 kg/hr, the hourly production is
28.5 kW of electricity and 36 kg of hydrogen. The overall design efficiency is 60.37%, and the equivalent

energetic efficiency is 46.33%. Finally, an economic analysis is conducted, showing an 8-year payback

period. The system’s environmental friendliness is highlighted by the hydrogen production cost, which is as
low as USD1.21/kg. Although the carbon dioxide (CO,) emissions in this study are relatively high, the CO,

from EFB does not increase the environmental concentration. Importantly, the hydrogen yield from EFB is

relatively high at 23.83 H, g/kg feed.
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INTRODUCTION

Malaysia is the second largest producer of palm oil
(Yeng et al., 2024) utilising less than 17% of its total
land area, supplies 47% of the world’s palm oil
(Abbasi et al., 2023). In 2022, just in one year, over a
million tonnes of empty fruit bunches (EFBs) were
discarded in Nigeria (Obada et al., 2023), and around
88 million tonnes in Malaysia (Rajakal et al., 2024).
Under unfavourable decomposition conditions, EFB
releases greenhouse gases such as nitrous oxide and
methane, equivalent to emitting 0.23 t of carbon
dioxide (CO,)/t of EFB (Vela Garcia, 2021). Thus,
just in Malaysia and Nigeria, EFB disposal annually
results in approximately 20.47 million tonnes of CO,
emissions, causing environmental pollution and
resource wastage. The EFB can be looked at as a
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renewable energy source and can help to overcome
the current reliance on fossil fuels (Song et al.,
2022) which is clearly incompatible with the future
requirements for green energy (Fan et al., 2024).
Hydrogen is a clean energy source that falls
within the category of green energy sources (Yuksel
et al., 2022). Two main sources of green hydrogen
are water electrolysis and biomass gasification
(Castro et al., 2022). The former requires renewable
electricity to provide the necessary energy, while
the latter offers a higher conversion efficiency and
lower costs compared to traditional hydrogen
production methods (Safarian et al, 2019).
Biomass pyrolysis and biomass gasification are
two primary methods for producing hydrogen
from biomass, with the latter considered at
present the most efficient and economically viable
method (Nguyen et al., 2024). Hydrogen can be
produced from EFB and other palm oil waste
through various thermochemical and biochemical
processes (Ruya et al., 2020). Additionally, other
researchers have produced value-added fuels from
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the palm oil waste including methanol (Im-orb
et al., 2020), bio-methanol and bio-dimethyl ether
(Im-orb & Arpornwichanop, 2022), methane and
electricity (Saritpongteeraka et al., 2022). It is clear
that bio-hydrogen production from EFB is viable.
Additionally, none of the models for solar biomass
gasification mentioned above have considered EFB
as the feedstock for gasification.

The use of solar energy can be divided into
two main groups. They are solar photovoltaic and
solar thermal energy. The process of solar thermal
technology involves gathering sunlight and storing
its energy as heat. A solar collector is the primary
component of a solar thermal system. Generally
speaking, a solar collector is a device that uses
a specially coated and reinforced glass tubing
to capture sunlight (Nirmala et al., 2022). Many
researchers have explored the use of solar energy
to convert various types of biomasses into energy,
including yellow grease (Naveen et al., 2021), rice
husks, beech wood and plastic waste (Naveen et al.,
2023). Among all hydrogen production technologies,
the cost of hydrogen produced via electrolysis is the
highest. The cost of solar-powered electrolysis ranges
from USD3.34 to USD17.30/ kg, while wind-powered
electrolysis ranges from USD3.56 to USD10.82/kg
(Parkinson et al., 2019). In contrast, biomass-based
hydrogen production costs range from USD1.48
to USD3.00/kg (Al-Qahtani et al., 2021), whereas
hydrogen production from geothermal energy is
the cheapest among green methods, ranging from
USD1.08 to USD4.38/kg (Farhana et al., 2024). To
address this cost disparity, this article proposes a
solar-assisted EFB gasification system for hydrogen
production, aiming to reduce the cost of biomass-
based hydrogen production to a level comparable
with coal-based hydrogen production.

Solar gasification involves the use of a hyperbolic
reflector, which can produce temperatures of above
1,000°C (D. Xu, et al., 2023), which is adequate
for biomass gasification temperature of 600°C-
1,000°C (Abanades et al., 2021). Direct normal
irradiation (DNI) is a key parameter for solar
gasification. Studies on biomass solar gasification
have achieved gasification temperatures under
different DNI levels, including 850°C at 766 W/m?
(Assareh et al., 2023), 800°C at 850 W/m? (Anvari
etal., 2019), 1,073°C at 800 W /m?* (Wang et al., 2019)
and 877°C at 751 W/m? (Bai et al., 2019).

Even though the gasification temperatures
reported above are high, the values of DNI
reported above are higher than the mean value of
DNI for Malaysia which is 600 W/m? (Mohammad
et al., 2020). It is important that the representative
value of DNI is used in the study of solar
gasification in order to arrive at a realistic cost for
bio-hydrogen production.

Table 1 compares the hydrogen production from
EFB and related poly-generation systems in this
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study with those reported by other researchers.
Although several studies have investigated EFB
gasification for hydrogen production, most focus
primarily on technical performance and lack
comprehensive economic and thermodynamic
analysis. Many studies only construct basic
models without detailing energy sources, and few
consider the combustion of EFB and palm oil shell
(POS) as inputs. Detailed assessments of hydrogen
production, as well as strategic and environmental
analysis, are also rare. Furthermore, few studies
examine the scalability and economic feasibility of
these systems for practical industrial applications.
This study fills these gaps by integrating techno-
economic and thermodynamic analysis, offering
a more comprehensive perspective on EFB-based
hydrogen production.

In Table 1, abbreviations are used to streamline
references to key areas of analysis: En stands for
energy (focusing on the energy efficiency and output
of systems); Ex represents exergy (evaluating the
quality and utilisation of energy within the system);
Ec denotes economic (assessing cost-effectiveness
and financial viability); Env refers to environmental
considerations (emphasising the system’s impact
on ecological sustainability) and SCWG stands for
supercritical water gasification.

This study proposed a combined approach of
solar energy gasification and biomass combustion
gasification. Malaysia, in particular, has abundant
solar energy due to its geographical location
(Mohammad et al, 2020). To reduce the cost
of hydrogen production or provide a low-cost
alternative to coal gasification for hydrogen
production, this article introduces a novel solar
biomass EFB gasification system integrated
with an organic rankine cycle (ORC) system
for the production of hydrogen and electricity.
Thermodynamic analysis of the system is first
conducted to perform an exergy loss analysis. This
is followed by an economic feasibility study by
calculating the payback period of the system and
its environmental costs by assessing the hydrogen
output and CO, equivalent emissions.

MATERIALS AND METHODS
System Description

The solar gasification unit (SG), biomass
combustion (BC), steam methane reforming (SMR)
and ORC are the four main components of the
unique design system, as shown in Figure 1.

In order to convert EFB biomass into syngas, the
SG or BC units need solar energy as a heat source.
Hydrogen is created in the SMR when steam reacts
with syngas methane and carbon monoxide. Heat
for the SMR is produced by burning unreacted
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TABLE 1. THE COMPARISON OF EFB HYDROGEN PRODUCTION SYSTEM STUDIES

Analysis
Source Pro System En Ex Ee Env References
Palm tree residues H, Gasification v v Kayisoglu and Demirtas (2023)
BC-EFB H, SMR Ruya et al. (2020)
EFB H, SCWG Vargas-Mira et al. (2019)
EFB H, SMR Sinaga et al. (2020)
EFB H, SMR v Rahmi et al. (2019)
EFB H, SMR v v Laguna et al. (2018)
SG-BC H, SMR 4 2 4 2 This study

Note: EFB - empty fruit bunch; BC - biomass combustion; SG - solar gasification; SMR - steam methane reforming; SCWG - supercritical
water gasification; En - energy; Ex - exergy; Ec - economic; Env - environmental considerations.
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Figure 1. Integrated flowchart of the system.

carbon monoxide, methane and some unextracted
hydrogen in a furnace. The ORC receives the
leftover heat in order to generate power. After
production, the hydrogen is stored for sale. The
establishment of the entire model is based on the
following assumptions: The reaction in the gasifier
reduction zone achieves complete conversion with
a 100% carbon conversion rate, where the biomass
and the gasification agent are thoroughly mixed
upon contact at a constant temperature (Zaman
& Ghosh, 2021). The pyrolysis process of biomass
is completed rapidly, and the volatile matter is
evenly mixed with the gasification agent. Tar
production is disregarded, as tar is considered
an inert substance (Vikram et al., 2022). Nitrogen
makes up 79% of the air and oxygen makes up
21%. The system operates in a steady state. The
surrounding air is 25°C in temperature and 1 atm in
pressure.
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Analysis Methods

The specific proximate and elemental analysis
parameters of the EFB (Ruya et al., 2020) are used
in this study as listed in Table 1, and the lower
heating value (LHV) is 19.06 MJ /kg (Huang et al.,
2020). The mass input rate of EFB can be found in
Table 2.

SG unit and BC. SG is the process of directly
collecting and heating EFB using solar energy.
The solar gasification system consists of two main
components: The solar collection section and the
biomass gasification section. The solar collection
subsystem, including parabolic mirrors and a
dish collector, concentrates solar radiation to
generate high-temperature thermal energy. This
energy, focused on the gasifier’s opening, drives
the gasification of EFB, converting biomass into
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combustible gas. The high-temperature thermal
energy provides the necessary conditions for the
gasification reaction of EFB at elevated temperatures.
The directly acquired solar energy and absorbed
solar energy are calculated using the formulas as
shown in Equation (1) and (2) (Bai et al., 2019):

anlur = DNI x A (1)

*
heliostat nheliosmf

()

= X X X .
Qsalun absorb Qsolar nmtemmtzun nreﬂectance nrecemer

During the gasification process, the energy
balance can be represented by the following equation
as shown in Equation (3):

Loy (W' +C (T=T)) =%, (n, (W, + C,, (3)
(Ti_ T,;))) + Qsalar, absorb +

Qin - Qinout

The total enthalpy of the products is on the
left side, and the first term on the right side
is the enthalpy of the reactants. The last three
terms represent the changes in heat. For detailed
specifics, please refer to reference (Wang et al.,
2019). The gasification temperature range for EFB is
750°C-1,000°C (Im-orb et al., 2020), and this study
utilises a temperature of 800°C.

Given the intermittent nature of solar energy,
this study adopts the combustion of EFB as an
alternative gasification method. Under certain
assumptions, the combustion products include
only carbon dioxide (CO,), carbon monoxide
(CO), hydrogen gas (H,), water (H,0), methane
(CH,), nitrogen gas (N,), oxygen gas (O,) and the
emissions of harmful gases from the exhaust were
not considered (Muhtadin et al., 2020).

The SMR Process. During the SMR process, the
primary reactions are as follows Equation (4) and (5).
The specific mass and energy balance equations are
shown in Equation (6) to (8). For the SMR process,
where the temperature range is 700°C-900°C,
this study sets it at 800°C. Additionally, the CH,
conversion rate is set to 90% (Kumar et al., 2024).

CH,+H,0 <+ CO +3H, 4)
CO+H,0+CO,+H, (5)
de; _
ar R; ©)
ar dp
V.G =+ Qut 4 Vr (7)
Q = _‘/y Z]' Hj 1’]- (8)
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where, ¢, represents the molar flow rate of the
species, V represents the volume of the reactor, C »
is the molar heat capacity of the species, H, is the
heat of the reaction and r, is the reaction rate.

The ORC Process. To create the thermodynamic
model of ORC, it is necessary to consider two
governing equations: One for mass conservation
and one for energy conservation. The mass balance,
concentration balance and energy balance equations
(Kholghi et al., 2019) can be expressed as follows
[Equation (9) and (10)]. The symbol “ represents the
mass flow.

Zin (mx)in = Zuut (mx)out (9)

ZQ +Zin (mh)m = Zout (mh)uut * ZW (10)

Exergy. One important metric in this study that is
impacted by thermodynamic irreversibility is exergy
reduction (Talbi & Agnew, 2000). The total exergy
consists of four components: Physical, chemical,
kinetic and potential exergy. However, the latter two
types of exergy can be neglected in the calculations,
so only physical and chemical exergies need to be
considered (Ahmadi et al., 2013). A system’s total
heat release, computed as Equation (11), is the result
of adding the system’s chemical and physical heat
releases while ignoring the other heat release (Misra
et al., 2006).

E= m(ex,, + ex,,) (11)

The mole flow is represented by the letter “m”.
The quantities 1 and s stand for specific enthalpy
and entropy, respectively. Chemical exergy can
be calculated using standard chemical exergy
(Farooqui et al., 2019). Potential and kinetic exergy
are not taken into consideration while discussing
the idea of chemical exergy (Oh et al., 2023).
Equation designated as Equation (11) are used in
the computation of exergy. Previous studies have
shown that in the ORC system, the chemical exergy
is very minimal and only the physical exergy has to
be estimated (Cantone, 2019).

Several components are included within the
system, such as fuel, product and exergy destruction.
For the calculation of exergy efficiency (1) and exergy
destruction (E p,;) for each component, Equation (12)
is employed.

ED, i~ Z Ein,i _Z Eour,i (12)

The efficiency formulae for the system are
listed below in Equation (13). The exergy
calculation formula for biomass EFB is shown in
Equation (14) (Huang et al., 2020). The system all
design parameters are in Table 2.
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_LHV,;, x TjnHZ + W orc (13)
Ebio
. w w,
E., =1, LHV, (2.0144+0.0342 w—”— 1.2536—2) (14)

C wC

Environment. In this article, the reduction of
greenhouse gas (GHG) emissions serves as the
primary environmental evaluation index. The bio-
hydrogen process involved in phosphoric acid fuel
cell (PAFC) operation primarily emits CO and CO,,
with CO being converted into equivalent CO, for
calculation purposes (U.S. Environmental Protection
Agency, 2024). The penalty cost associated with CO,
emissions is USD24/t (You et al., 2020). This penalty
cost is considered an environmental expense and
will be incorporated into the overall system cost
(Wu et al., 2023).

Economic Valuation. A technique used in the
economic analysis of the hybrid system involves
the categorisation of the costs presented in Table 3.
The economics of the system over its lifespan were
assessed using net present values (NPV). The NPV
included in this study are total project cost, total
overnight cost, total as-spent cost, bare erected cost,

engineering, procurement and construction cost
(Abbasi et al., 2023). Table 4 provides a summary
of the parameters used to evaluate the economic
analysis.

RESULTS AND DISCUSSION
Exergy Performance

The material and energy balance data show
that, during the SG operation, the process’s
total input exergy is 2,556.81 kW (Figure 2).
This comprises 1,070.71 kW from BC and
solar exergy, and 1,470.10 kW from EFB.
At 500.38 kW, or 36.54% of the total exergy
loss, the gasification process shows the largest
exergy loss. With an exergy loss of 420.23 kW,
the cyclone comes next, making up 30.69% of
the overall loss. At 177.9 kW, or 12.75% of the
total exergy loss, the furnace exhibits the third-
highest exergy loss. The ORC uses furnace waste
heat while burning biomass, which raises the
ORC’s exergy loss from 82 to 305 kW. Within the
ORC, the gasification, cyclone and ORC have the
most exergy losses (31.42%, 26.39% and 19.15%,
respectively).

TABLE 2. MAIN OPERATING PARAMETERS AND SYSTEM CONDITIONS

Parameter Value Unit
Ambient temperature 25 °C
DNI 600 w/m?
Solar collection efficiency 44.00 %
Reflectance efficiency 90.00 %
Attenuation efficiency 90.70 %
Combustion efficiency 57.00 %
Heat exchanger efficiency 80.00 %
Pump efficiency 95.00 %
Land area 4,727 m?
Fluidised bed surfance 10 m?
EFB gasification 548 kg/hr
EFB combustion 925 kg/hr
Pressure 1 Atm
Gasification temperature 800 °C
Steam to feed ratio 6

CH, conversion 74.00 %
Oxygen to feed ratio 0.25

SMR operating temperature 800 °C
Chilled water inlet and outlet 7/15 °C
DHW water inlet and outlet 25/60 °C
Voltage 0.67 \%
Current density 125 mA /cm?
Proximate analysis (V:FC:A:M) 69:18.5:7:5.5

Elemental analysis (C:H:O:N:S) 42.33:5.28:50.85:1.46:0.08

LHV 19.06 MJ/kg

Note: DNI - direct normal irradiation; DHW - domestic hot water; LHV - lower heating value;
EFB - empty fruit bunches; CH, - methane; SMR - steam methane reforming.
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TABLE 3. ORIGINAL EQUIPMENT COST AND COST CONVERSION

Component Equation Unit of parameter Reference

Land cost 88 x Area A (m?) Seo et al. (2022)
Heliostat 75 x Area A (m?) Seo et al. (2022)
Gasifier 1,600 x (i, . ) kg/s Habibollahzade et al. (2019)
Tower height USD3M/86.5m m Bai et al. (2019)
Fluidised bed USD4.51M/1,748m? Surfance (m?) Stenberg et al. (2020)
Absorber 5284 x W, W oer (KW) Cormos (2014)

H, tank 4.28 x m,, m,, (Kg) Le et al. (2017)
Reformer 7629 X Wy Wegomer (KW) Cormos (2014)
Furance 1,479 x (Q,,, )" Opprone (KW) Wa et al. (2023)
Purification 1,785 x Q,,,. Q,,, (kW) Wu et al. (2023)
Blower 91,562 x (W, /445)" Wiy (KW) Sammes et al. (2004)
Pump 16,800 x (W, /200)7 W, (KW) Whitaker (1998)

Heat exchange 235 x (QIIEX)°'75 Qusx (kW) M. Xu et al. (2023)
ORC condenser 597 x (Q'CM)”‘68 QCM (kW) Desai and Bandyopadhyay (2015)
Turbine 3,143.7 +217.423 x (V,, )** Vi (1/s€0) Astolfi (2015)

ORC pump 200 x (W,,,,.)* W Zhang et al. (2019)
ORC evaporator 209.14 x (A,,)"* AL, Zhang et al. (2019)

Note: H, - hydrogen; ORC - organic rankine cycle.

TABLE 4. ESSENTIAL ECONOMIC FACTORS AND PRESUMPTIONS

Component Equation Unit
Interest (discount) rate (i) 4.35 %
Owner’s cost 5.00 %
Construction 2 yr
Insurance cost 1.00 %
Contingency 0.02 %
OPEX
O, prices 0.02 USD/kg
Hydrogen prices 2.5 USD/kg
CO, prices 0.024 USD/kg
EFB prices 0.00 USD/Nm?
Depreciation cost of equipment 1.00 %
Cost of installation 5.00 %
Economic
Average inflation rate 2.00 %
System lifetime 20 yr
SG (annual plant operating hours) 3,000 hr/yr
EFB (combustion Annual plant operating hours) 5,000 hr/yr
Payback time 8 yr

Note: O, - oxygen; CO, - carbon dioxide; EFB - empty fruit bunch; SG - solar gasification.

Economic Performance

Fiqure 3 presents a detailed study of the NPV
parameters for the system, using an EFB cost of
USDO0.00/t (Reeb et al., 2014), an electricity price
of USDO0.15/kWh (GlobalPetrolPrices.com, 2023),
and a hydrogen price of USD2.50/kg (Rios et al.,
2024). Given that EFB is the primary energy input
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and hydrogen makes up the bulk of the energy
output relative to electricity, the analysis focuses
on how changes in the prices of EFB and hydrogen
affect the net present value. With a hydrogen
selling price of around USD2.10/kg and an EFB
purchasing price of USD0.00/t, the system can
pay for itself in eight years under current market
circumstances. The payback period is still within
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eight years despite market fluctuations, where the
price of EFB climbs to USD15.00/t and the price
of hydrogen sold increases to about USD2.60/kg,
as shown by the junction locations of the vertical
lines in Figure 3’s subplots.

Figure 4 presents a sensitivity analysis of the
NPV in the eighth year with respect to the prices of
EFB, hydrogen and electricity. In this figure, deep
blue represents lower or even negative NPV values,
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indicating that the project may not be profitable
under these price combinations. In contrast, red
indicates higher NPV values, suggesting greater
profitability under favourable conditions. It can
be observed that in the eighth year, there are
numerous scenarios where NPV > 0, showing that
various combinations of EFB and product prices
result in profitability. This demonstrates a degree of
economic resilience within the project.
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Environment Analysis

Table 5 shows that the hydrogen production
efficiency of EFB is higher than that of general
biomass and fossil fuels (Al-Qahtani et al., 2021),
reaching 23.83 H, g/kg feed. However, its CO,
emissions are lower than those of general biomass
gasification, which are 32.84 kg CO,/kg H,, but
higher than those of fossil fuels, at 25.65 kg CO,/
kg H,, as well as hydrogen production via wind
and solar-powered electrolysis (Parkinson et al.,
2019). The reason is that EFB is not only gasified
to produce hydrogen but also burned for heating
when there is no sunlight. However, the CO,
emitted from biomass is considered not to increase
the atmospheric CO, concentration (Kemper, 2015),
making it environmental-friendly.

TABLE 5. COMPARED WITH OTHER TECHNO-ECONOMIC

STUDIES
Technologies (HZH gzllzlge;:[ed) (IS; EOJkg H,)
Fossil-based SMR 297.00 9.26
Coal gasification 118.00 22.00
Biomass gasification 27.00 32.84
Electrolysis wind - 1.34
Electrolysis solar - 4.47
This study 23.83 25.65

Note: H, - hydrogen gas; CO, - carbon dioxide; SMR - steam
methane reforming

Influences of DNI in Work Conditions

The DNI ranges from 500 to 50 W/m?, based on
real measurements in Seri Iskandar and other cities
(Mohammad et al., 2020). Figure 5 illustrates the
system’s energy inputs and outputs. From January
to July, the system’s hydrogen and electricity
output meet the expected results. However,
excess solar thermal energy occurs when the DNI
surpasses the design parameter of 600 W/m? due
to capacity limitations. From August to December,

due to the rainy season, the DNI is below the
design standard, resulting in reduced output. The
variation in DNI throughout the year is attributed
to seasonal changes in Malaysia: January to July
(dry season) contribute nearly 63% of the total
DNI, while August-December (rainy season)
contribute 37%.

Compare Comparison and System Efficiency

Figure 6 compares the hydrogen production
costs of various technologies. The average
hydrogen cost from this study is significantly lower
than that of other technologies, reaching the levels
of coal (USDO0.86-USD1.89/kg) and geothermal
(USD1.08-USD4.38/kg), indicating that the system
is more cost-effective. Specifically, the hydrogen
cost in this study is around USD1.21-USD1.42/kg,
which on average is lower than all other listed
technologies, including solar, biomass, wind, grid,
geothermal, nuclear, natural gas and coal (Farhana
et al, 2024). This demonstrates the substantial
economic advantage of the system evaluated in this
research.

The overall energy and exergy efficiencies of the
developed system are compared with other solar
and biomass-based energy systems found in the
literature. As shown in Table 6, the present system
achieves higher energy and exergy efficiencies
compared to biomass-based systems that produce
electricity as the useful output energy and exergy
efficiencies of 60.37% and 46.33%, respectively,
by utilising waste heat for additional energy
production.

Other studies have developed multigeneration
systems that utilise both solar and biomass energy
resources, but they did not consider EFB biomass
for producing these commodities, nor did they
evaluate the systems from the perspectives of exergy
efficiency and economic analysis simultaneously.
Therefore, the present study provides important
results associated with the use of EFB biomass in
combination with solar energy.
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TABLE 6. COMPARISON OF THE STUDY WITH OTHER SYSTEMS
Input Output Energy efficiency Exergy efficiency Reference
Oil palm shell Hydrogren 19 22 Cohce et al. (2011)
Oil palm shell and EFB Hydrogren 47.5-49.0 9.0-30.0 Ruya et al. (2020)
Solar and beech, charcoal, sewage sludge and fluff Hydrogen 14.14-27.29 10.43-27.29 Kalinci et al. (2013)
Solar and coal Electricity, hydrogen 49.84 497 Xue et al. (2023)
This study Hydrogen electricity 60.37 46.33 This study

CONCLUSION

This study developed an innovative energy system
that uses EFB biomass to produce hydrogen
and electricity. The overall energy efficiency
of the system is evaluated at 60.37%, with an
exergy efficiency of 46.33%. A comparison of
CO, equivalent emissions with other biomass-
based hydrogen production systems shows that
this system emits 25.65 kg CO,/kg H,, which is

lower than typical biomass systems. Additionally,
economic analysis reveals that the system can
achieve a payback period of eight years and
demonstrates economic resilience. The study
further highlights the system’s environmental
sustainability and economic viability, particularly
given its relatively low hydrogen production cost,
ranging from USD1.21 to USD1.42/kg, which brings
the cost of biomass-based hydrogen production on
par with that of coal gasification.
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ABSTRACT
The study aimed to evaluate the ability of Artificial Neural Networks (ANN) to estimate the current

monthly production of oil palm bunches using variables from the forest inventory, climatic elements, water

deficit, soil and those related to the registration and management of plantations. The ANN estimated current

production with a correlation above 0.6 and an average percentage relative error of around 13.0%, with the

variables that gave the greatest contribution to modelling being those related to management, soil, genetic

material and the accounting of mature bunches. Climatic variables were not as important, however, due to

the influence of the climatic element on oil palm productivity, it is necessary to keep them in the modelling.

The ANN demonstrated that it is capable of modelling oil palm production, characterised by high variability,

opening opportunities for future studies, combining and using new variables to improve the accuracy of

estimates using this tool.
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INTRODUCTION

Brazil has the potential to become one of the
world’s largest producers of palm oil due to its
vast availability of land and favourable climatic
conditions. However, current production is still
much lower than the world’s leading producers
and cannot meet the growing domestic demand
(Murphy et al., 2021; Organiza¢do Internacional
do Trabalho [OIT], 2022). In 2022, Brazil produced
around 570,000 t of palm oil, ranking 10th globally.
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This represents just 0.70% of the world’s total
production (U.S. Department of Agriculture
[USDA], 2022). The oil palm cultivated area in
Brazil has expanded rapidly in recent years, and
it is expected to continue to grow. The Brazilian
Palm Oil Producer Association (ABRAPALMA),
estimates that the palm oil area in Para is 535,493
ha, with 226,834 ha planted with oil palm
(Drost et al., 2021).

The consumption of palm oil in Brazil has
been growing steadily since 2008. In 2023, Brazil
is expected to consume about 930,000 t of palm
oil, an increase of 15,000 t from the previous year.
This growth is being driven by a number of factors,
including the increasing popularity of processed
foods that contain palm oil, the growing middle
class in Brazil, and the expansion of the palm oil
industry in the country (Statista, 2023).

To meet increasing demand, it's crucial to
optimise production by efficiently utilising available
resources. Achieving this optimisation hinges on
a deeper understanding of the factors influencing
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species growth and development, enabling informed
decision-making. Consequently, it's imperative
for forest managers to employ computational
tools capable of modelling production based on
production-related variables, aiding in problem-
solving (Briassoulis, 2020).

Artificial intelligence (AI), which includes
machine learning, deep learning and computer
vision, is being actively promoted to improve
industrial efficiency and sustainability while
minimising environmental impact. Its applications
in precision agriculture, production mapping, land
use monitoring and remote sensing, which use
satellite imagery, unmanned aerial vehicles (UAVs)
and ground sensors, are enabling advances in palm
oil management, such as yield forecasting, disease
detection and land use classification (Akhtar et al.,
2023).

Al has been shown to be very effective in
accurately classifying the maturity of oil palm fruit
bunches, leading to significant improvements in
harvesting efficiency. The potential benefits of using
this Al technology include increased harvesting
efficiency and productivity, as well as improved
quality control and reduced waste (Harsawardana
et al., 2020). AI can more accurately and efficiently
estimate oil palm yield by using vegetation and
moisture indices extracted from satellite imagery,
outperforming traditional methods (Watson-
Herndndez et al., 2022). Al can reliably forecast the
anthesis stages of oil palm flowers, helping oil palm
planters improve assisted pollination operations
and overall productivity in oil palm plantations
(Yousefi et al., 2021). Additionally, AI can predict
future yield functions in oil palm plantations using
Bayesian networks, with a study showing that Al
can accurately forecast these future yield functions
(Chapman et al., 2018). Furthermore, Ashrafian et al.
(2023) explored another application, investigating
the use of Al to predict the strength of agroecological
lightweight concrete with palm oil by-products.

Among Al techniques, Artificial Neural
Networks (ANN) have gained prominence in
modelling forest products, with a series of studies
focusing on species such as eucalyptus, pine and
teak, primarily aimed at estimating height and
wood volume (Binoti, 2010; Binoti et al., 2015;
Gorgens et al., 2009; Loureiro, 2016). The widespread
application of ANN in forest species, combined
with robust results and consistent performance, has
led to increasing acceptance in both the scientific
community and the industry. These techniques
have been used to optimise processes, enhance
decision-making, and increase the efficiency of
natural resource use. Thus, the expansion of ANN
for modelling agricultural crops emerges as a
promising alternative, offering opportunities to
improve productivity and promote sustainable
practices in the agricultural sector. This approach
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not only enhances the prediction of outcomes but
also contributes to adaptation to environmental
variables and effective management of crops.

ANN can accurately forecast the duration of
palm oil production processes. This predictive
capability has the potential to help palm oil mills
optimise their production efficiency and reduce
operational costs (Adizue et al., 2020). ANN have
also been used to predict oil palm yield using
meteorological variables and have been shown
to be able to accurately predict oil palm yield
(Kartika et al., 2016).

Al is a promising technology that has the
potential to significantly improve palm oil
management. By improving efficiency, sustainability
and yield, Al can help the palm oil industry to meet
the growing demand for palm oil while minimising
its environmental impact. This method could be
used by oil palm farmers and plantation managers
to improve the yield and productivity of their
crops.

Most studies on palm oil have been conducted
in other countries, and there is no development
of studies in Brazil. Therefore, it is important
to conduct national-scale research to model the
growth and development of the crop using Al
tools. In this sense, the objective of this study was
to predict the production of palm oil bunches using
inventory and climatic variables through ANN.

MATERIALS AND METHODS
Localisation of the Study Area

The study area was a 103,000 ha property
owned by Agropalma in the state of Pard, Brazil. It
is in the northern region of the country, as shown
in Figure 1.

Approximately 39,000 ha of the property are
used for commercial seed plantations of the tenera
variety of Elaeis guineensis (Jacq.). The remaining
64,000 ha are occupied by forest reserves and other
infrastructure areas (Agropalma, 2019).

The predominant soil type in the region is
Argissolo Amarelo Distréfico, which is variable in
depth, acidic, well-drained and has a medium to
clayey texture. In some areas, there is also Gleissolo
Héplico dystrophic, which is shallow, acidic,
hydromorphic, greyish in colour and sandy in
texture (Rodrigues et al., 2005; Santos et al., 2018).

The climate in the Tailandia region is of the Am
type, which is tropical monsoon. This means that
the driest month has less than 60 mm of rainfall.
The other three regions (Tomé-Agu, Acard and
Moju) have an Af climate, which is tropical with
no dry season. For both climate types, the average
temperature of the coldest month of the year is
above 18°C (Alvares et al., 2013).
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Figure 1. Location of the study area.

Characterisation of the Plantations and

Organisation of the Database

Palm oil plantations were stratified by planting
years and distributed across the A, B, C, D, E, E G
and H farms. Plantings were established on plots
of varying sizes, ranging from 2 to 118 ha. Different
genetic materials were used, with Deli X Lamé being
the most common variety. Planting was also carried
out with different spacings between plants, with a
standard density of 143 plants/ha.

Forest inventories were conducted monthly,
sampling 25-40 plants/plot. Inflorescences in
anthesis (before fertilisation) and fecund (already
fertilised), green bunches and mature bunches
were quantified.

Four meteorological stations were installed at
the A, C, D and F farms to collect monthly climate
data, including temperature, precipitation, solar
radiation and relative humidity. Additionally, the
monthly water deficit was calculated.

To build the dataset, the forestry company
provided historical monthly data from 2014 to 2022,
including information from the forest inventory,
total bunch production/plot, meteorological station
records and general plantation records. This data
was linked and checked, errors were corrected,
rows without values for all attributes were deleted
and outliers in bunch production, number of
inflorescences in anthesis, fecund, green and
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mature bunches were removed. With the checked
dataset, qualitative and quantitative variables were
pre-defined for use in modelling the production of
palm oil bunches.

Qil Palm Bunch Yield Prediction

The ANN with default configuration were
applied to predict the production of oil palm
bunches. An ANN consists of three layers: The
input layer, where the information is received,
the output layer, responsible for generating the
outputs/responses and the hidden layer that
connects both previous layers (Figure 2).

The prediction of the current monthly
production of oil palm bunches was based on the
values of climatic variables recorded in the months
prior to the prediction month. This approach was
taken because climatic variables for the current
month were not yet available at the time of
sampling, and previous climatic conditions have
an impact on current bunch production.

Table 1 presents the minimum, mean, maximum,
standard deviation (SD) and coefficient of variation
(CV%) of the quantitative variables used in the
study. These variables include the number of
bunches/ha, the weight of bunches and the yield of
oil/bunch. Qualitative variables encompass eight
farms, 26 strata based on planting years, 19 genetic
materials and seven soil classes.
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TABLE 1. DESCRIPTIVE ANALYSIS OF QUANTITATIVE VARIABLES FOR PREDICTING THE YIELD OF PALM OIL

BUNCHES

Quantitative variables Acronym Unit Min Mean Max SD CV (%)
Anthesis inflorescences AntHa no/ha 0.00 4.32 102.96 7.91 182.90
Inflorescences in fecund FecHa no/ha 0.00 3.42 205.29 7.26 211.91
Green bunches GBHa no/ha 5.24 566.22 1,836.12 324.36 57.29
Mature bunches MBHa no/ha 1.79 96.63 1,024.00 95.92 99.26
Average bunch weight BWCa kg 2.02 14.81 84.06 5.79 39.11
Sampling percentage Y%samp % 0.50 1.06 14.63 0.77 72.69
Age - yr 4.00 15.33 33.00 8.08 52.69
Average temperature of the previous month Templ °C 25.62 26.89 28.19 0.70 2.59
Precipitation of the previous month PP1 mm 0.40 194.76 670.61 173.36 89.01
Water deficit of the previous month Defl mm 0.00 41.29 168.16 50.70 122.78
Relative humidity of the previous month Humidl % 67.91 84.8 92.86 5.74 6.77
Insolation of the previous month Insoll W/m? 116.54 157.59 205.44 19.35 12.28
Monthly bunch production ProdHa t/ha 1.00 2.26 21.57 1.44 63.66

Note: SD - standard deviation; CV% - coefficient of variation.

Input layer Output layer

Hidden layer

Figure 2. Structure of an artificial neural networks (ANN).

The prediction of the current monthly
production of oil palm bunches relied on a
comprehensive set of variables. These included
general plot registration details such as farm,
planting year, genetic material and soil. Also
factored in were current month inventory metrics
(AntHa, FecHa, GBHa, MBHa, BWCa), climatic
conditions, and water deficit from the previous
month (Templ, PP1, Defl, Humidl, Insoll), as well
as harvest month, age and sampling percentage,
totalling 73 variables. These variables were input
into an ANN trained to forecast bunches/ha
production.

The output variable was the current monthly
production of oil palm bunches/ha (ProdHa) at the
plotlevel. To achieve this, we employed Neuroforest
4.0 software (Binoti, 2012).

The ANN models were configured using
standard settings provided by the software: Eight
neurons in the hidden layer, a sigmoid activation
function, resilient propagation as the training
algorithm, a stopping criterion of 3,000 epochs
and a data split of 70% for training and 30% for
validation.
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Using these ANN models, we estimated
bunches per hectare production for individual
plots. Subsequently, we calculated total bunches
production in tonnes across various levels:
Total t/plot/yr and respective harvest month
(level 1); total t/yr and harvest month (level 2);
total t/harvest month (level 3); and total t/yr of
harvest (level 4), without specific plot breakdown,
representing aggregate data. This process enabled
assessment of the correlation between observed and
estimated values, and determination of the average
relative percentage error at each level.

Model Performance

After processing, statistical metrics were
calculated to evaluate the performance of the
artificial neural network defined for this study,
considering both the training and validation phases,
following the methods described by Campos and
Leite (2017). Additionally, graphical representations
were generated to visualise the results, including
scatter plots illustrating the distribution of relative
percentage errors, the relationship between estimated
and observed values and histograms showing the
frequency of relative percentage errors. These metrics
include Linear correlation between predicted and
observed values [Equation (1)], bias [Equation (2)],
square root of the mean squared percentage error
[Equation (3)], mean relative percentage error
[Equation (4)], percentage bias [Equation (5)] and
variance [Equation (6)].

¥ (Y=Y) - (Y-Y)
A

vy

(1)

bias =1 L(Yi—Yi) )

n
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where, Y, is the observed value, YI. is the estimated
value, Y is the average of the observed values, Y is
the average of the estimated values and 7 is the total
number of observations.

Identification of the Most Influential Variables in
the Modelling Process

To understand the relationship between the
input and output variables used in the study, a
correlation matrix was generated. The correlation
coefficient was used to measure the strength of
the relationship between two variables, where
a correlation coefficient of 1 indicated a perfect
positive relationship, —1 indicated a perfect negative
relationship and 0 indicated no relationship.

The correlation matrix was generated using
the psych package (Revelle, 2023) in the R software
(R Core Team, 2020). This package produced
a correlation matrix with histograms of the
distribution of each variable on the diagonal,
correlations in the upper part of the diagonal and
graphs illustrating the relationships between
variables in the lower part.

Additionally, the Garson algorithm (Garson,
1991) was employed to assess the importance of
each input variable in the model. This algorithm
utilised the absolute values of weights between
neurons in the input and hidden layers, as well as
between the hidden and output layers, to quantify
variable importance (Casas et al.,, 2022; Freitas
et al., 2020).

A neural network, configured identically to the
one used in the previous study, was trained using
all available qualitative and quantitative variables.
The weights derived from this training were then

applied in the Garson algorithm. This process was
executed using the R software and the Neuralnet
package (Fritsch et al., 2019).

Additional Modelling Tests

Following the identification of variables
most closely associated with bunch production
per hectare, two additional modelling tests were
conducted. These tests involved removing specific
inventory and climatic elements from the dataset.
The modified models were subsequently compared
against the original model, and statistical analyses
were performed to compute the correlation between
observed and estimated values, as well as the mean
relative percentage error.

RESULTS AND DISCUSSION
Prediction of Palm Oil Bunch Production

The ANN exhibited similar error statistics in
both the training and validation phases, with a mean
relative percentage error of approximately 13%, root
mean squared error (RMSE) around 40%, bias close
to zero and variance around one, representing the
prediction variability. However, when evaluating
the correlation between observed and estimated
values, there is a difference, with a correlation above
0.74 for training and 0.67 for validation (Table 2).

The scatter plots of the mean relative
percentage error show that most of the errors
range between —-100% and 100%, particularly for
productions between 1 and 5 t/ha. However, for
lower production levels, some points begin to
deviate from the overall trend, resulting in errors
exceeding 100% (Figure 3b and 3e). The distribution
of relative percentage errors is better visualised
when grouped into classes (Figure 3¢ and 3f).
Consequently, classes were defined ranging from
-100 to 100%, encompassing slightly over 80% of
the errors falling between —-40% and 60%, both in
the training and validation datasets (Figure 3).

The concentration of the largest error ranges
in lower bunch yields per hectare may be related
to inadequate agricultural management practices,
water stress and soil quality. These variables can
significantly impact the productivity of oil palm
plantations, resulting in inaccurate predictions.
Understanding these factors is fundamental to

TABLE 2. STATISTICS CALCULATED TO ASSESS THE ACCURACY OF THE ARTIFICIAL NEURAL NETWORKS (ANN) IN
THE TRAINING AND VALIDATION PHASES

Data splitting Bias Bias% RMSE% Var ﬁ% T,
Training 0.000001 0.000060 42.29 0.92 12.62 0.74
Validation -0.009437 -0.420264 47.86 1.15 13.36 0.67
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Figure 3. Relationships between (a, d) estimated and observed productions, (b, e) relative percentage errors and observed productions and
(c, f) percentage of cases per class of relative percentage error in bunch production estimates.

identifying the limitations of the model, allowing
for the analysis of the specific conditions affecting

production in different contexts. Additionally,
developing mitigation strategies, such as
implementing more appropriate management

practices, monitoring and improving soil fertility,
can help enhance the accuracy of the predictions.

The behaviour of percentage errors concerning
qualitative variables reveals the presence of outliers
in most categories of each variable. For instance,
the planting years 2001, 2009, 2010 and 2012,
characterised by the largest planting areas, exhibited
a significant number of outliers, meaning errors
exceeding 100%. A similar pattern was observed
for the farms; larger farms generated outliers, while
smaller ones like B and H did not. Genetic materials
such as Deli Lamé and Deli Yangambi, commonly
found in most plantations, exhibited errors that
deviated from the general trend, whereas the less
represented Deli X Dami variety displayed errors
ranging between 80% and 200% (Figure 4).

Regarding soil types, it is evident that the
Argissolo (pad1, pad2, pad3, pad4 and pad5), which
is predominant in the region, accounted for errors
exceeding 100%. For both genetic materials and soil
types, there is no consistent error in the behaviour
pattern, implying the influence of other factors on
these variables (Figure 4).
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When evaluating the residual percentage
dispersion in relation to quantitative variables, the
sampling percentage deserves special attention, as
it shows the highest errors at lower percentages,
specifically between 0% and 1%. Inventory-related
variables such as the number of anthesis,
fecundation and mature bunches follow a similar
pattern, with the ANN displaying greater errors
at lower values. When conducting monthly
inventories, in many cases, there is a minimal
identification of bunches and inflorescences, or
sometimes their presence is not even confirmed.
However, this does not imply zero production
for that month since production is quantified at
a specific time. These minimal or null values do
not directly represent the actual tonne of bunches
delivered to the factory in the current month.
Consequently, when relating these variables to
the bunch production for the current month, the
ANN tends to make more errors because it cannot
establish a clear relationship. As for climatic
variables, there is no distinct trend (Figure 5).

Evaluating the performance of estimates at
different levels, there is an increase in correlation
and a decrease in percentage errors as the estimates
are assessed more broadly. This demonstrates the
high accuracy of the ANN in estimating the total
production for each month (1.90% error) as well
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TABLE 3. ANALYSIS OF ESTIMATED TOTAL BUNCH PRODUCTION BY HARVEST YEAR AND MONTH

Total bunch production (t) Level Stratification T ER%

Harvest year and month 1 Plot 0.75228 13.30%
Harvest year and month 2 General 0.99103 6.30%
Harvest month 3 General 0.99725 1.90%
Harvest year 4 General 0.99615 1.50%

as for each harvest year (1.50% error). Considering
that one of the objectives is to obtain more reliable
monthly bunch production estimates, the analysis at
level 3 confirms the effectiveness of the modelling
using ANN (Table 3).

Modelling at the parcel level is influenced by
the sampling database, an operational procedure
where the plot undergoes management and
represents the main interfering factor in the
estimation of precision (Khan et al.,, 2021; Nain
et al.,, 2022). The lower precision of parcel level
estimates is due to high variability, which becomes
evident when analysing variables such as anthesis,
fecundation, green bunches, mature bunches,
sampling percentage and bunch production values
over the years.

The data collection process for inventory
is a significant challenge in the field due to the
difficulty in visualising bunches and inflorescences,
especially in the case of larger plants, leading to
counting errors. This results in reduced reliability
in the data collected in the field for consolidation
and processing in the office. This issue has been
discussed in a study by Chapman et al. (2018), which
associated lower accuracy in fresh fruit bunches
(FFB) yield estimates with errors in database
records. Reducing the impact of sampling errors
on modelling depends on changes in the planning
of operational procedures, such as applying
higher sampling percentages in areas with high
heterogeneity (Soares et al., 2011). This enables the
ANN to gain a deeper understanding of production
variability and the factors that influence it.

Most Influential Variables in the Modelling

Based on a correlation coefficient threshold
of 0.2 bunch yield/ha (ProdHa) has the strongest
relationship with the following variables: Harvest
month (Month), sampling percentage (%samp),
mature bunches (MBHa), average temperature
(Templ), water deficit (Defl), precipitation (PP1)
and relative humidity (Humid1) (Figure 6).

The Garson algorithm determines that the
variables with the greatest contribution to the
modelling are planting year, genetic material,
soil, farm (qualitative), anthesis and fecundation
inflorescences, mature bunches, average bunch
weight and sampling percentage (quantitative).
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The behaviour of the estimates in each additional
modelling test is represented in Table 4, which
summarises the variables used (marked with an
X), the calculated correlation and mean relative
error statistics. It is observed that the two new tests,
Test 1 and Test 2, which excluded some input
variables  from modelling, exhibit similar
performance to Test 0, which utilises all input
variables, demonstrating that certain variables,
such as climatic variables, did not exert a significant
influence on the model’s performance.

TABLE 4. INPUT VARIABLES USED IN EACH TEST
AND THEIR RESPECTIVE MODELING STATISTICS
(CORRELATION, MEAN RELATIVE PERCENTAGE ERROR)
FOR TRAINING (T) AND VALIDATION (V)

Variables Test0  Testl  Test2
Planting year X X X
Farm X
Genetic material X X X
Soil X X X
Month X X X
Age X
Josamp X X X
AntHa X
FecHa X
GBHa X
MBHa X X X
BWCa X
Templ X X
PP1 X
Defl X X
Humid1 X
Insoll X X

T 0.74 0.71 0.71
i V. 067 067 062
ER% T 12.62 13.38 13.68

\% 13.36 14.66 15.92

and the conducted
variables did not

Both the Garson algorithm
tests indicated that climatic
exert a significant influence on the estimates.
Test 2, which excluded all climatic variables,
obtained statistically similar results to the other
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tests (Table 4). This result may suggest that the
climatic variation between months was not
significant enough to affect the ANN learning
or that the quality of the climatic database was
suboptimal. This is because meteorological stations
experienced technical issues during certain periods,
reducing the reliability of the collected variables.
Therefore, it is essential to invest in equipment
and techniques to enhance the quality of available
climatic data (Hoffmann et al., 2014, 2017; Kartika
et al., 2016). Additionally, using the climatic factor
from only the month preceding the prediction
month was not sufficient to express the climate’s
influence on oil palm bunch production. The
development of inflorescences occurs 32 months
after seed germination, and during this period, the
climatic influence accumulates (Adam et al., 2005).
It would be valuable in future studies to apply
climatic variables with lags and cumulative periods
of up to 32 months before the prediction month.

The influence of climatic variables on the
productivity of oil palm plantations is complex,
as different ranges of climate conditions can
have varying effects. While adequate levels of
rainfall can promote healthy growth, excessive
or insufficient precipitation may cause stress,
leading to negative impacts on productivity. This
duality highlights the need for more sophisticated
approaches in analyses that consider the variability
of crop responses to climate change. Understanding
these nuances is crucial for optimising oil palm
production under changing climatic conditions
(Fleiss et al., 2022).

Maintaining the collection and use of climatic
variables is crucial for oil palm modelling
studies, given the climate’s influence on the crop
development. In the case of random events, the
inclusion of variables such as temperature, solar
radiation, precipitation, or water deficit becomes
indispensable. Water deficit, for instance, is the
primary limiting factor for bunch production
as it delays floral initiation, increases abortion
rates and consequently reduces fruit production
(Corley & Tinker, 2016; Monzon et al., 2022;
Murugesan et al., 2017, Pirker et al, 2016;
Rhebergen et al., 2016). A similar effect is observed
during periods of high precipitation, which has a
negative correlation with FFB production and oil
production in the bunch. Excessive rainfall during
inflorescence development leads to flower abortion
and subsequently lower bunch and oil production,
affecting the industrial extraction rate (Silva, 2006).

Oil palm is a crop that requires specific climatic
conditions, and if not met, it results in low annual
yields. The Amazon region, where this study is
conducted, is characterised by annual average
temperatures between 24°C and 28°C, water
deficit below 200 mm, relative humidity between
75% and 90%, precipitation exceeding 100 mm,
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and high levels of solar radiation (1,600 hr/yr),
conditions favourable for oil palm establishment in
the region. However, constant climate change tends
to alter normal conditions and consequently, crop
yields.

Using strata such as planting years and farms
in modelling provides specific information about
plantation management and reflects environmental
changes directly affecting these strata. These
strata generally exhibit a pattern of production
peaks throughout the harvest year, which occurs
in January, November and December, coinciding
with peaks in average temperature and insolation.
These climatic factors, along with precipitation,
significantly influence oil palm productivity (Corley
& Tinker, 2016; Hoffmann et al., 2014; Monzon et al.,
2022). Monzon et al. (2022) assessed the variation in
oil palm productivity in terms of space (plantation
strata) and time (year and month) in the Indonesian
region. In their study, monthly bunch yield peaks
differed in the four regions evaluated, occurring
at the beginning (January), middle (May-August),
or end of the year (November). These yields were
closely associated with water stress. Thus, the
monthly bunch production of oil palm depends on
specific aspects of the region and the local climatic
behaviour.

The importance of categorical variables such as
soil type and genetic material aligns with research
conducted outside Brazil, as discussed in the review
by Nain et al. (2022). They categorised variables
into three categories: Environment, phenotype and
genotype. They highlighted genotype as a widely
used factor with soil and fertilisation as the second
most addressed environmental factor in the studies,
second only to climate.

Among the inventory variables, the identification
and counting of mature bunches are essential for
modelling due to their direct relationship with oil
palm yield (Monzon et al., 2022). After harvesting
the bunches, they must be processed as quickly as
possible to avoid high acidity in the extracted oil and
consequently, a loss of final product quality (Corley
& Tinker, 2016; Muller et al., 2006; Teles, 2014).
Typically, the classification of fresh fruit bunch is
done manually based on the subjective judgment
of the responsible person, influenced by the palm
tree’s height, fruit position and direction of sunlight.
Additionally, the number of fruits found on the
ground is observed to confirm bunch maturity.
This method is not very efficient as it cannot
capture the internal quality of the fruit, resulting in
a high error rate that directly affects the prediction
of palm oil yield (Alfatni et al., 2020, 2018; Ishak
et al, 2019; Makky & Cherie, 2021). Therefore,
the use of alternative and accurate methods for
classifying mature bunches is crucial for estimating
the t of bunches/planted area, such as image-based
classification.
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Study Limitations

The developed prediction model relies
heavily on the quality and quantity of available
historical data. The lack of accurate data related
to climatic conditions, management practices and
soil characteristics may compromise the model’s
effectiveness, resulting in less reliable predictions.
This dependence on historical data is a significant
limitation, as the absence of comprehensive
information may lead to either underestimation or
overestimation of production.

Another point to highlight is the complexity
of the environmental factors influencing oil palm
production. The interaction between these factors
is intricate, and the model may not fully capture
these interactions. Consequently, the predictions
generated may not adequately reflect the dynamics
of the cultivation system, limiting the accuracy of
the estimates.

Furthermore, the generalisation of the model
to different regions or cultivation conditions
may be limited. Although the study has shown
satisfactory results, local factors, such as
microclimatic variations and specific agricultural
practices, present high variability, which may
affect the model’s applicability in different
contexts.

CONCLUSION

This study demonstrated that ANN are effective
in estimating the current monthly production of
oil palm bunches. By integrating variables from
forest inventory, climatic elements, water deficit,
soil characteristics and plantation management
records, the methodology proved to be efficient
and achieved the proposed objective of accurately
predicting production. These findings highlight
the practical potential of ANN as a reliable tool for
inventory and production planning in oil palm
crops. For future work, it is recommended to adopt
advanced techniques that ensure proper data
treatment, particularly concerning outliers and
missing information. Incorporating lagged climatic
variables over extended periods is an excellent
strategy for improving model performance, as oil
palm productivity is highly influenced by climatic
factors. Additionally, incorporating data related to
soil fertilisation and management practices is crucial
for a more comprehensive modelling approach.
In the context of Brazil, where the study was
conducted and which has significant potential
for oil palm expansion, this study represents a
significant advancement in the development of
management techniques for oil palm plantations.
Moreover, it opens up opportunities for other
researchers to explore more advanced investigations
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in the sector, testing and incorporating new
variables that could explain variations in palm
productivity, thereby contributing to the robustness
and applicability of the model.
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ABSTRACT

Duwarf or short palm is considered one of the desired traits in oil palm breeding, offering advantages of

extending the economic viability and harvesting. This study aimed to identify single nucleotide polymorphism

(SNP) markers associated with height increment (Hinc) for future breeding improvement programmes. A
total of 537 SNPs and 107 Elmina x Ulu Remis (ELxUR) hybrid palm crosses were used in the marker-trait
association study, with phenotypic data collected at age 8 and 16. Eight significant SNPs were detected

associated with Hinc on chromosome 1, 2, 3, 4 and 10. Candidate gene identification within these significant

SNPs was performed using the palm genome sequence and bioinformatics tools, revealing 13 potential

candidate genes and transcription factors linked to phytohormone biosynthesis, signalling and plant growth.

This study provides a groundwork for implementing marker-assisted breeding for the height trait within the

ELxUR oil palm breeding materials.
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INTRODUCTION

Oil palm (Elaeis guineensis Jacq.) stands as the
foremost commodity crop in Malaysia’s agricultural
sector. Over the years, efforts to improve yields
have been made without compromising on
breeding standards for the industry’s sustainability.
Harvesting ripe bunches from old and taller palm
trees is one of the challenges faced by the industry.
The breeding of short palms is considered a
desirable trait because of its potential to benefit oil
palm operational management and ease harvesting,
which in turn prolongs the economic lifespan of
planted palms and the land use of the plantation.
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Dwearf oil palms are known to occur in several
‘populations” such as derivatives of the Dumpy
E206 palm, palms prospected at Pobe in Ivory Coast
by CIRAD (formerly IRHO), the La Me type (a good
DxP bred by CIRAD at their La Me breeding station
in Ivory Coast). Additionally, Malaysian Palm Oil
Board (MPOB) extensive germplasm collection,
particularly population 12 from their Nigerian
collection was famous for the short trait (Rajanaidu
et al,, 2017). In Malaysia, the Nigerian Prospection
Material (NPM) of the MPOB is known to contain
palms of dwarf stature (Rajanaidu & Jalani, 1994).
Genetic variability in the NPM population is still
high, giving ample scope for further selection
(Noh et al., 2014).

The oil palm’s annual trunk height increment
(Hinc) primarily occurs through the continuous
and annual production of new fronds. These fronds,
or nodes, are arranged in a spiral pattern of eight
whorls, with the spacing between them, known as
internodes determining the overall height of the
palm (Corley & Gray, 1976). These variations in
frond production and internode spacing contribute
to the observable height discrepancies among palms,
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a factor of particular significance for individuals
engaged in harvesting activities. Palm height (HT)
serves as a fundamental metric in assessing the
growth and development of oil palms. While height
measurements can be taken at any stage of growth,
the bulk of recorded data stems from what is known
as ‘vegetative measurements’ (VM). These VM
encapsulate a range of assessments focused on the
palm’s vegetative features and growth dynamics,
providing valuable insights into its overall
performance. Reducing the height of oil palm trees
has consistently been a significant consideration
for both oil palm breeders and growers. This
focus aims to minimise the expenses associated
with harvesting from tall palms, particularly after
reaching the age of 25 years. Several researches
have shown that the height of oil palm is heritable
(Lee et al., 2015; Teh et al., 2020).

Polygenic or quantitative inheritance occurs
when a trait is controlled by more than one gene.
Usually, the traits are polygenic inheritance when
there is a wide variation of a trait. Height is a
polygenic trait, controlled not by a single gene, but
rather, by multiple genes that each make a small
contribution to the overall expression of the trait.
When there are large numbers of genes involved,
it becomes hard to distinguish the effect of each
gene, and even harder to identify the gene variants
(alleles) that are inherited according to Mendelian
inheritance rules. Circumstantial evidence in
various molecular publications suggests that
HT is under polygenic control, as quantitative
trait loci were identified (Babu et al., 2019;
Pootakham et al., 2015; Seng et al., 2016; Ting et al.,
2023). Despite height being one of the most
heritable and easily measured traits in oil palm,
mapping alleles explaining natural variation in oil
HT remains a formidable challenge. The height
character in general not only dependent on
expression of the regulating genes, as well as
environmental factors that impact the expression
pattern, highlighting the complex interplay
between gene expression and the environment in
determining the phenotype.

The advancements in single nucleotide
polymorphism (SNP) marker technology and
its successful application in identifying height-
related traits in crops such as soybean (Yang
et al., 2023), wheat (Chen et al., 2017; B. Cheng et al.,
2023), coffee (Da Silva et al., 2024) and barley (Bai
et al., 2021), suggest its potential for improving
crop breeding programs. In the present study, the
Elmina x Ulu Remis (ELxUR) populations were
genotyped with 600 height-related SNP markers
by AgriSeq™ Targeted Genotyping-by-Sequencing
(GBS) Solutions (Thermo Fisher Scientific) to
identify significant SNP markers associated with
Hinc. The information gathered from the present
study is expected to develop a marker-assisted
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identification of dwarf palms, which may aid
future oil palm breeding programmes. This marker-
assisted selection may be applied at an early stage
of palm growth, especially at pre-nursery level to
identify short palms before commercial planting of
palms in the field.

MATERIALS AND METHODS
Plant Materials and DNA Extraction

Three crosses were developed from the Deli
Dumpy palm E206 Elmina (0.175/964) and Ulu
Remis tenera (0.151/2,626), denoted as ELxUR, as
part of the breeding effort. These crosses included
one T-sibling (SDP2) and two T-self crosses
(SDP1 and SDP3), utilising two parental palms
(PKg494/188/1,876 and PKg494/188/1,880). The
objective of the cross breeding was to establish
progenies of the F, cross with segregation for Hinc
trait for molecular markers analysis. The trial was
designed in a Complete Randomised Design (CRD),
with a total of 192 palms planted in June 2002 at
field PM02B of Pamol Timur Estate at a density of
136 palms ha™. However, out of the total 192 palms
planted initially, only 107 ELXxUR palms were
available for sampling from the experimental plot.
An additional 13 palms were randomly selected
to serve as duplicates. Hence, a total of 120 palms
were genotyped in this study.

The number of palms evaluated in each cross is
shown in Tuble 1. Leaves were collected from mature
palms, cleaned, punched into small pieces and kept
at 4°C. The leaves samples were sent to Thermo
Fisher Scientific in the USA for DNA isolation. DNA
was extracted using MagMAX™ CORE Nucleic
Acid Purification Kit (Plant Module).

TABLE 1. NUMBER OF PALMS EVALUATED IN EACH

CROSS
Programme code Cross Total
SDP1 Selfed 29
SDP2 Sib-crossing 39
SDP3 Selfed 39
Phenotypic Data

The height of the palm is measured from the
base of the trunk, or ground level to the base of frond
number 41 (Corley & Tinker, 2016). Corley et al.
(1971) suggested that height measurements should
be conducted once palms have attained stable
growth. Height measurements are typically taken a
few years after the canopy has closed. This timing
ensures that the measurement reflects the height of a
palm when it is in middle age and encompasses the
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period during which competition for light between
neighbouring palms gradually intensifies. In this
study, two sets of height data (palm age eight and
16) were available to be used for the marker-trait
association study.

HT was measured from the ground level to the
base of the leaf 41. Hinc was calculated using the
following Equation (1):

_ (Heightin yrt)

w2 D

HT/yr <Height increase)

yr

where, t is the age of the palm expressed in years,
from the date of planting to the moment of a given
measurement (Corley & Tinker, 2016). The latter
deduction is to take into account that the growth
of the trunk was not fully exposed in the initial two
years after planting but only growth in the girth of
the palm to produce the bole.

SNP Panel Design

The SNPs utilised in this study were primarily
identified through a combination of gene differential
expression analysis, QTL associated with stem Hinc
trait, and candidate gene approach. The SNP marker
mining process involved sourcing these SNPs from
both the Oil Palm Genome Projects (OPGP) as well
as publicly available SNPs related to oil palm height.

Those SNPs sourced from OPGP were filtered
based on five selected origins [Eg-Deli-59 (Deli
Dumpy Serdang), Eg-Deli-Ulu (IOI Ulu Remis), Eg-
Ekona, Eg-Nigeria and Eg-Angola]. A total of 727
SNPs were shortlisted for AgriSeq™ Targeted GBS
SNP panel design, including 21 SNPs compiled from
four publications (Babu et al., 2019; Ong et al., 2018;
Teh et al., 2020; Yaakub et al., 2020). The selected
SNPs passed through AgriSeq’s design quality
control process. The primer designs were in-
silico checked for specificity and sensitivity of the
target regions using the oil palm reference genome
(accession: GCF_000442705.1) and OPGP’s oil palm
reference genome (data not published). After that,
the SNPs were submitted for the SNP panel design.
Finally, 600 SNPs were selected to constitute the
custom SNP panel.

GBS and SNP Calling

The GBS was done by Thermo Fisher Scientific
(USA) using AgriSeq™ Targeted GBS Solutions.
The AgriSeq™ Targeted GBS procedure includes
target region PCR amplification, amplicon
sequencing and sequence alignment for variant
calling. Details on the AgriSeq™ genotyping
workflow are available in the report by
Carrasco et al. (2018). Only SNPs with call rates
>90% were retained for subsequent analysis.
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Marker-trait Association Study

The marker-trait association study was
performed using PLINK v1.90 (Purcell et al., 2007).
For enhanced accuracy of the genetic data, quality
control measures excluded subjects with an SNP call
rate below 90%. SNPs with a minor allele frequency
(MAF) below 1% or a Hardy-Weinberg equilibrium
(HWE) p-value below 10-¢ were also removed from
the dataset. The principal component analysis
(PCA) and the marker-trait association analysis
were performed in PLINK. The two input files (ped
and map) for PLINK were converted from Hapmap
files using Trait Analysis by Association, Evolution
and Linkage (TASSEL) software version 5.2.85
(Bradbury et al., 2007). Marker-trait associations
were performed using linear regression, with Hinc
phenotypes as the dependent variable and principal
components as covariates. The linear option in
PLINK performs a linear regression analysis with
each SNP as a predictor.

Identifying the Potential Candidate Genes for
Hinc

The  significant Hinc SNP  positions
were mapped to the oil palm whole genome
sequence EG5.1  (http://genomsawit.mpob.gov.
my/genomsawit/) and OPGP’s oil palm reference
genome (unpublished data) using SNP flanking
sequences to define the boundaries for gene
mining. Sequence similarity analysis (BLAST) was
employed with the SNP-containing sequences
as the query against the predicted oil palm gene
model database (Chan et al., 2017; Ting et al., 2023)
and OPGP Reference Gene Annotation (data not
published). Candidate genes and transcription
factors related to Hinc and stem height were
identified through a comprehensive review of their
biological functions, as documented in the literature
and public databases, including http:/ / palmxplore.
mpob.gov.my / palmXplore/palmxplore_res  and
https:/ /www.uniprot.org/. The search focused
on biological activities, including the biosynthesis
and signalling of phytohormones, DELLA genes,
transcription factors and cell morphogenesis, which
can contribute to dwarfism during the growth and
development of plants (Ting et al., 2023).

RESULTS AND DISCUSSION
Hinc Data

Height data measurements were conducted
at eight and 16 years after planting. Two sets
of height data were utilised in this study to
identify SNPs consistently associated with Hinc
at eight (Hinc8) and 16 (Hincl6) years. The
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three ELxUR crosses (SDP 1, SDP 2 and SDP 3)
exhibited mean Hinc of 16.42 and 35.58 cm/yr for
Hinc8 and Hinclé6, respectively. For Hinc8, the
recorded Hinc ranged from a maximum of 25.00
to a minimum of 8.33 cm/yr. Similarly, at Hinc16,
the maximum and minimum Hinc were 50.86 and
19.86 cm/yr, respectively (Table 2). The coefficients
of variation (CV) calculated for the Hinc8 and Hincl6
datasets were 18.94% and 14.87%, respectively.
These values indicate that the ELXUR germplasm
exhibits relatively narrow genetic variation in
Hinc when compared to previous studies by
Ong et al. (2018) and Ting et al. (2023), which
reported CVs of up to 32.5% and 26.9%, respectively.
Analysis of variance (ANOVA) indicated
significant differences in Hinc among the crosses
at both Hinc8 and Hincl6 (p < 0.05).

SNP Data

Genomic DNA from 120 individuals palms was
used to prepare AgriSeq HTS libraries. The libraries
were genotyped using the Ion 540 Chef kit and Ion
540 Chip, generating approximately 80 million
reads. Overall, the results achieved a 95.1% call
rate, indicating that all 107 samples attained above-
average coverage. The call rate for a given SNP is
defined as the proportion of individuals in the study
for which the corresponding SNP information is not
missing (Reed et al., 2015). The distribution of raw
reads across the sequenced portion of the genome
was notably uniform, achieving an average base
coverage uniformity of 95.8% with a mean depth of
335X. Approximately 96.2% of on-target reads were
successfully aligned to the unique locations on the
reference genome.

The genotyped SNP data was first scrutinised
by comparing the genotype calls of 13 duplicate

samples to verify the precision of genotyping
results. An average of 97.9% of the SNPs exhibited
identical genotype calls, with 1.8% missing data
in either one or both of the duplicated samples.
A minimal discrepancy in genotype calls (0.3%)
was observed among the 13 duplicate samples.
These genotyping results show reproducible
genotypes.

A total of 600 SNP markers were genotyped, of
which 537 SNP markers had a call rate exceeding
90.0%. The low call rate observed in some markers
may be attributed to factors such as low DNA
concentration, suboptimal primer and probe
design, or issues during sequencing. A total of 537
SNP markers were genotyped, of which 216 SNPs
(40.2%) were polymorphic and 321 SNPs (59.8%)
were monomorphic. Of the 216 polymorphic
SNPs, 193 (89.4%) were polymorphic in the SDP1
cross, and 192 (88.9%) were polymorphic in the
SDP3 cross. As expected, all SNPs were detected
as polymorphic in the SDP2 cross, which involved
the sib-crossing of two palms (PKg494/188/1,876
and PKg494/188/1,880). Most of the polymorphic
SNPs detected were transitions (A/G or C/T) (61.6%)
while 38.4% were transversion SNPs. The most
frequently observed variation was A /G, accounting
for 31.5%, while the least common type of change
was C/G, representing only 4.6% of the total
polymorphisms (Table 3).

Although  the genotyped SNPs were
selected by different approaches, the transition:
transversion ratio is 1.60, which was similar
to earlier reported for oil palm by Pootakham
et al. (2013, 2015) and Ting et al. (2014) at 1.77, 1.67
and 1.55, respectively. The 63 remaining SNPs,
with less than 90.0% call rate, were excluded from
this study to improve the accuracy of the genetic
information.

TABLE 2. DESCRIPTIVE PARAMETERS OF HEIGHT INCREMENT (HINC) IN EACH CROSS OF ELxUR
AT PALM AGE EIGHT AND 16

Height increment (cm)

Item Year 8 (Hinc8) Year 16 (Hinc16)
SDP1 SDP2 SDP3 Overall SDP1 SDP2 SDP3 Overall

N 29 39 39 107 29 39 39 107
Mean 15.28 16.12 17.57 16.42 32.69 34.89 38.44 35.58
Std. Deviation 3.11 2.79 3.09 3.11 5.85 4.61 4.06 529
Minimum 11.33 9.33 8.33 8.33 19.86 24.79 28.57 19.86
Maximum 23.33 21.83 25.00 25.00 50.86 44.79 46.29 50.86
CV (%) 20.35 17.31 17.59 18.94 17.90 13.21 10.56 14.87

Note: N - number of palms; CV - coefficient of variation.
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TABLE 3. SUMMARY OF SNPS USED FOR GBS

Total number of SNP 600

Call rate >90% 537 89.5%

Call rate <90% 63 10.5%

Total number of monomorphic SNP 321 59.8%

Total number of polymorphic SNP 216 40.2%
Programme code Monomorphic Polymorphic
SDP1 23 10.6% 193 89.4%
SDP2 0 0.0% 216 100.0%
SDP3 24 11.1% 192 88.9%
Transition

A/G 68 31.5%

C/T 65 30.1%
Transversion

A/T 27 12.5%

T/G 24 11.1%

A/C 22 10.2%

C/G 10 4.6%

Marker-trait Association Study

A total of 587 SNP markers with a minor allele
frequency (MAF) higher than >5% were used to
estimate the genetic relationship and mapping of
marker-trait associations (MTAs) related to Hinc.
The study included three crosses derived from
ELXUR comprising 107 palms along with the two
sets of phenotypic data (palm age eight and 16) for
height. Prior to analysis, quality control (QC) was
carried out to eliminate samples with a missing
genotype rate exceeding 10%. Following the quality
control (QC) steps, a total of 107 palm samples and
537 SNP markers remained for further analysis.

The association analysis of trait-marker data
resulted in the identification of 22 SNP markers
linked to Hinc8 (using PC1) on five chromosomes
in ELXUR. Among the 22 SNP markers, nine were
located on chromosomes 4 and 3, respectively. Two
SNP markers at chromosome 2 and one SNP marker
mapped to chromosomes 1 and 10. Only markers
with P<0.05 will be considered as significantly
associated with Hinc. By using the palm height
phenotypic data at age 16 (Hincl6) with the PC1
as the covariate, 69 SNP markers were detected
linked with Hincl6. Interestingly, all 22 SNP
markers associated with the Hinc8 were also found
in the 69 SNP significant markers list. Most of the
SNP markers are located on chromosomes 4 and
10. However, redundant markers were identified
and removed from further analysis. Reducing
redundant SNPs based on similar genotype calls at
the same genomic region can help streamline the
genetic analysis. Consequently, pattern comparison
and analysis resulted in the retention of only
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eight SNPs following the deduplication process
(Table 4).

Remarkably, two out of 21 SNP markers
compiled from previous publications were found
to be linked to Hinc in ELxUR too. Specifically,
two markers (SNPMO00563 and SNPMO03201) from
Yaakub et al. (2020) were named M011 and M013
in this study, respectively. These two significant
markers were associated with Hinc and petiole
cross-section (SNPMO0563) and rachis length
(SNPMO03201) located at chromosome 2 (Yaakub
et al., 2020). Interestingly, SNPM03201 associated
with rachis length in Yaakub et al. (2020) study
was linked with Hinc in this study. However, the
palm material [backcross of T128 (0.151/128)] used
in the Yaakub et al. (2020) study does not have the
common bloodline as shown in this study which is
Elmina (0.175/964) and Ulu Remis (0.151/2,626). It
suggests some of the SNP markers might be able
to transfer between the palms of different origin.
However, 10 selected SNP markers from Teh et al.
(2020) which were associated with trunk height
and frond length in Dumpy AVROS pisifera (DAV) x
Gunung Melayu dura (GM) cross did not show any
significant association with Hinc in this study.

Compiling the findings from various studies
(Bhagya et al., 2020; Billotte et al., 2010; Lee et al.,
2015; Ong et al., 2018; Pootakham et al., 2015; Teh
et al., 2020; Ting et al., 2023; Yaakub et al., 2020),
QTLs for HT, Hinc and rachis length were identified
across nearly all chromosomes, except chromosome
3 in various genetic backgrounds. In this study,
there were three SNP markers (M020, M024 and
M270) identified significantly associated with Hinc
located in chromosome 3 (Table 4). Contrastingly,
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in Ting et al. (2023) study, major QTL effects on HT
and Hinc were detected on chromosomes 6 and 8
of the Nigerian fenera (T128). Meanwhile, it was
reported that the major QTL for HT and frond length
were co-located on chromosomes 11 (Bhagya et al.,
2020; Teh et al., 2020), 10, 14 and 15 (Pootakham
et al., 2015). In summary, height regulation is likely
dependent on genetic background, and it is necessary
to correct Hinc data across different studies due to
observations made in varying environments. It is
challenging to compare one study to another because
of environmental influences.

Potential Candidate Genes Identification

The physical positions of the SNP markers
were acquired from the Genomsawit website of
the MPOB Oil Palm Genome Programme (MPOB-
OPGP) (http:/ /genomsawit.mpob.gov.my) and
OPGP’s oil palm reference genome (data not
published). These positions, along with the SNP
flanking regions, can help to specify the boundaries
for gene mining.

The BLAST results of eight significant SNPs
identified 13 candidate genes associated with
Hinc in oil palm. There were four phytohormone-
related candidate genes located in chromosome 3
associated with three SNP markers (Table 5). The
shortlisted  phytohormones-related  candidate
gene, gibberellin  3-beta-dioxygenase 1 (GA3ox1)
was located in between markers M020 and M024.
GA3ox1 is an enzyme involved in the biosynthesis
of gibberellins (GAs), catalysing the conversion
of inactive GA precursors into active forms. GAs
are plant hormones crucial for various aspects of
plant growth and development (Mitchum et al.,
2006; Yamaguchi et al., 1998). J. Cheng et al. (2023)
demonstrated by gene editing of GA3-oxidase,
an alternative semi-dwarfing gene in barley that
combines an optimal reduction in plant height

without restricting coleoptile emergence and
subsequent seedling growth. Remarkably, two
auxin signalling genes, protein kinase PINOID 2
and auxin (Aux)-responsive protein indole-3-acetic-
acid-inducible 8 (IAA8) were identified on the same
chromosome. PINOID is a protein kinase found
in plants, particularly in Arabidopsis thaliana,
and it plays a crucial role in the regulation of
polar auxin transport and regulation of auxin
signalling (Morita & Kyozuka, 2007; Zourelidou
et al., 2014). PINOID phosphorylates and regulates
the activity of PIN proteins. PIN proteins are
integral to polar auxin transport, which determines
the direction of auxin flow within plant tissues.
This transport is essential for processes such as
organ development, tropisms and embryogenesis.
The constitutive expression of PINOID results in
a phenotype in both shoots and roots resembling
that of auxin-insensitive plants. This suggests
that PINOID, encoding a serine-threonine protein
kinase, functions as a negative regulator of auxin
signalling, leading toward stature (Christensen
et al., 2000). Meanwhile, auxin-response protein
IAA8 is well-known for its role as an early
responder to auxin, engaging in auxin signalling by
interacting with auxin response factor (ARF) protein
and functioning as transcriptional repressors
(Lavy & Estelle, 2016; Li et al., 2016; Luo et al,
2018). In Song and Xu (2013) study, overexpression
of OslIAA4 in rice leads to less sensitivity to
exogenous auxin, dwarfism and more tiller angles
in comparison with wild-type plants. Meanwhile,
there is another auxin-response protein identified at
chromosome 2 is associated with marker M013.

The gene indole-3-pyruvate  monooxygenase
YUCCA6 was also identified on Chromosome 3
which is associated with marker M270. YUCCA6 is
part of the YUCCA family of enzymes, which are
responsible for the conversion of indole-3-pyruvate
to indole-3-acetic acid (IAA), a major form of auxin

TABLE 4. ALLELE POSITION AND VARIANT ALLELE OF MARKERS ASSOCIATED WITH HIGH INCREMENT (HINC) ON

OIL PALM CHROMOSOME

Marker ID chrfrgg-st)me Physic?élf)osition Ref_ allele Var_ allele p-value (Hinc8) p-value (Hinc16)
M346 1 34,012,126 G T 0.013 0.0001
MO11 2 3,522,890 A C 0.018 0.000000565
MO013 2 4,297,558 G A 0.004 0.00000994
M020 3 1,307,898 A G 0.007 0.001
M024 3 2,014,780 A G 0.002 0.006
M270 3 13,279,910 T C 0.006 0.001
M180 4 54,707,398 T C 0.004 0.0002
M379 10 26,037,658 C T 0.0025 0.021

Note: bp - base pair.
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in plants. This conversion is a key step in the
biosynthesis of auxin (Kim et al., 2007; Won et al.,
2011).

Furthermore, BAMI1 encodes a leucine-rich
repeat receptor-like serine/ threonine-protein
kinase (LRR-RLKs) located on chromosome 4 and
associated with marker M180. LRR-RLKs are known
to participate in cellular differentiation and various
developmental processes. They play crucial roles in
root development, shoot development and xylem
differentiation (Soltabayeva et al, 2022). LRR-
RLKs also influence hormone signalling pathways,
including brassinosteroid (BR) and GA signalling
pathways (Clouse, 2011). Previous studies have
suggested this gene has the potential to influence oil
palm rachis length (Yaakub et al., 2020).

The gene repressor of GA1-3-like 1 (RGLI) is
linked to marker M346 on chromosome 1. It is a
key component in the GA signalling pathway in
plants. RGL1 is a member of the DELLA family of
proteins, which act as negative regulators in the GA
signalling pathway. GA are plant hormones that
play a crucial role in various aspects of plant growth
and development, including seed germination,
stem elongation and flowering (Swain & Olszewski,
1996, Wen & Chang, 2002). The GA-deficient
mutant gal-3 is a non-germinating, extreme dwarf
that flowers late and produces male-sterile flowers
in Arabidopsis (Tyler et al., 2004).

Some of the transcription factors involved
in growth and development were shortlisted,
e.g., grfl-interacting factor 1 (GIF1) and ethylene-
responsive transcription factors (ERFs). GIF1 is
known to interact with growth-regulating factor 1
(GRF1), which is a transcription factor involved in
the regulation of plant growth and development.
The interaction between GIF1 and GRFI1 suggests

a role in modulating gene expression related to
growth processes (Lu et al., 2020). ERFs are plant
transcription factors essential for regulating gene
expression in response to ethylene, a plant hormone
pivotal in numerous physiological processes such
as growth, development and stress responses
(Miiller & Munné-Bosch, 2015). The identification
of candidate genes associated with eight significant
SNPs on chromosomes 1, 2, 3, 4 and 10 has been
achieved through mining. These genes exhibit
potential effects on Hinc in oil palms, and this is
supported by their known roles in influencing
comparable traits in other crop species. Although
the candidate genes identified were interesting,
it’s essential to note that their participation and
impact in regulating the Hinc in oil palm remain
speculative. Further studies and research are
needed to support the prediction.

CONCLUSION

Our study marks an important advance in
understanding the genetic basis of Hinc in
oil palm, with findings that hold substantial
promise for improving oil palm breeding and
agricultural productivity. By identifying eight
SNPs associated with Hinc in the ELxUR oil palm
population, we have developed genetic markers
that enable marker-assisted selection (MAS) for
height traits. This allows breeders to target specific
height-related traits early in the growth cycle,
even at the pre-nursery stage, which facilitates
the selection of shorter palms for commercial
planting, optimising land use and potentially
reducing harvest costs over the lifespan of the
crop.

Figure 1. Progenies of ELxUR hybrid palm crosses at the field, where a significant difference in palm height (HT) was observed.

467



JOURNAL OF OIL PALM RESEARCH 38 (3) SEPTEMBER 2026

These SNPs are located within genomic regions
harbouring genes that have known functions
related to plant growth and development,
particularly in influencing height. The discovery of
these candidate genes provides valuable insights
into the molecular mechanisms underlying Hinc in
oil palm. These genes may regulate key pathways
and processes involved in plant growth, such as
phytohormone signalling, cell elongation and
morphogenesis. Understanding their roles in Hinc
can potentially lead to the development of targeted
breeding strategies aimed at enhancing this trait in
oil palm populations.

Moving forward, further investigations are
warranted to delve deeper into the roles and
functions of these candidate genes. Additional
studies, including functional genomics experiments,
expression analyses and genetic mapping
studies, can provide a more comprehensive
understanding of how these genes contribute to
Hinc in oil palms. Ultimately, this knowledge will
empower breeders to make informed decisions
and implement targeted breeding strategies to
improve Hinc and overall productivity in oil palm
cultivation.

In summary, the findings from this study
establish a solid foundation for the development of
improved oil palm varieties, enabling the selection
of shorter palms that align with industry needs
and promoting more sustainable and economically
viable oil palm production systems.

Candidate gene annotation
Della protein rgl1
GRF1-interacting factor 1
Phospholipase A
Ethylene-responsive transcription factor
Auxin-responsive protein IAA25
Gibberellin 3-beta-dioxygenase 1
Protein kinase PINOID 2
Gibberellin 3-beta-dioxygenase 1
Auxin-responsive protein IAA8
Indole-3-pyruvate monooxygenase YUCCA6
Protein TITF 6b
TPR repeat-containing thioredoxin
Hydroxyproline-rich glycoprotein

Leucine-rich repeat receptor-like serine/threonine-protein kinase

SNP position
relative to the
candidate gene
-588kb
-206kb
+101kb
+292kb
+312kb
+307kb
-597kb
-400kb
+708kb
-235kb
+508kb
-3kb
-16kb
-819kb

710,029...711,493
1,614,924...1,616,002

13,988,128...13,993,162

33,423,370...33,426,263
13,044,638..13,047,562

338,05,511...33,811,810
3,624,681...3,677,297
3,815,313...3,815,789
4,610,179..4,614,551
1,614,924...1,616,002
55,216,179...55,494,670
26,034,509...26,038,761
25,218,092...25,244,739

26,021,267...26,031,321
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INCREMENT (HINC) IN IOI ELxUR CROSSES

Nearby gene
p5.00_sc00027_p0005
p5.00_sc00027_p0020
p5.00_sc00263_p0032
p5.00_sc00263_p0023
P5.00_sc00051_p0113
024648 | GBOX_PEA
P5.00_sc00220_p0033
024648 1 GBGOX_PEA
P5.00_sc00001_p0431
p5.00_sc00001_p0389

Q8VZG81Y4885_ARATH
P5.00_sc00004_p0377
p5.00_sc00004_p0376
P5.00_sc00004_p0332

(bp)
Note: bp - base pair; SNP - single nucleotide polymorphism.

34,012,126
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CYTOTOXIC AND ANTI-ACNE ACTIVITY OF

SUGAR FATTY ACID ESTERS (SFAE) FROM CPO

AND PALM OIL HYDROLYSATE
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ABSTRACT
This study aimed to determine the potential of sugar fatty acid esters (SFAE) derived from crude palm oil
(CPO) and palm oil hydrolysates as cytotoxic and anti-acne agents. The influence of structural variations
among different saccharides on the SEAE properties was also investigated. Three types of saccharides were
tested in this study; D-mannitol (a sugar alcohol), D-mannose (an aldose) and D-fructose (a ketose). SFAEs
were prepared enzymatically by reacting fatty acids and saccharides using the low-cost liquid lipase Eversa®
Transform 2.0 at 5% (w/w) concentration. Thin layer chromatography (TLC) analysis, Fourier transform
infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR) spectra, emulsification properties,
conversion rate and degree of esterification indicated the formation of SFAE. Some SFAE exhibited strong
cytotoxic and antibacterial activities. SFAE of palmitic acid-mannitol and SFAE of stearic acid-fructose
showed the highest cytotoxic activity against MCF-7 cells, with an IC,, value of 29 ppm. The SFAE of palm
oil hydrolysate exhibited stronger cytotoxic activity than the SFAE of CPO hydrolysate. Additionally, the
SFAE from CPO hydrolysate and D-mannitol exhibited the strongest antibacterial activity, achieving 100%
inhibition against Cutibacterium acnes at 0.9 mg/mL. These findings highlight the potential of SFAE as a

promising raw materials for the development of health and cosmetic products.

Keywords: CPO and palm oil hydrolysate, cytotoxic and anti-acne activities, enzymatic esterification, Eversa® Transform 2.0,

sugar fatty acid ester.
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INTRODUCTION

Indonesia and Malaysia are the two largest palm oil
producers in the world, accounting for most of global
production (U.S. Department of Agriculture, 2024).
These two countries dominate the market because
of their favourable climates for palm oil cultivation
and large-scale plantations. However, by the end of
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2022, the European Union issued a new regulation
on deforestation-free products that tightened the
rules for importing crude palm oil (CPO) into its
territory. Therefore, downstreaming palm oil and
CPO into derivative products (oleochemicals) is
crucial in increasing their sales value and benefits.
The most common oleochemical products were
fatty acid hydrolysates, glycerin, soap noodles and
oleic acid. Oleochemical products in the form of
sugar fatty acid esters (SFAE) have not been widely
studied. One of the companies operating in this field
is Ryoto™ Sugar Ester, which is based in Japan. The
main application of sucrose-fatty acid esters from
Ryoto™ is as an emulsifier in the food sector.

The application of SFAE as an emulsifier in
the food industry showed that these compounds
are safe for consumption (Sardar et al., 2024). The
emulsification properties of SFAE have also been
applied to the pharmaceutical, detergent and
cosmetics industries (Qi et al., 2024). The non-ionic
surfactant SFAE has also been used to produce
niosomes for quercetin encapsulation (Elmowafy
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et al., 2020). Niosome-encapsulated quercetin
showed a higher hepatoprotective activity than
free quercetin. Emulsification properties have also
been reported to be associated with biological
activities, such as antibacterial (Falk, 2019; Pirog
et al, 2019) and anticancer (Chiewpattanakul
et al., 2010; Walvekar et al., 2022). Emulsifiers or
surfactants can damage the membranes of both
microbes and cancer cells. The cytotoxic activity
of SFAE has been described by Teng et al. (2021),
Snoch et al. (2021), Chen et al. (2023) and Wang et al.
(2024), while the antimicrobial activity of SFAE
has been reported by Matin et al. (2020, 2022),
Teng et al. (2021), and Yang et al. (2024). The role
of SFAE in suppressing inflammation caused by
acne bacteria was even reported by a US patent
in 2005 (Pauly & Grisoni, 2005). However, study
on the bioactivity comparison of SFAE from CPO
hydrolysate and palm oil hydrolysate for anticancer
and anti-acne has never been reported. Study into
developing SFAE as a safe active compound is
expected to be an alternative to anticancer and
anti-acne medication. Anticancer and anti-acne
medicines with minimal side effects are urgently
needed because recent research by Vitiello et al.
(2024) even shows that anticancer drugs can
change the ocular surface of cancer chemotherapy
patients. Wisniewska et al. (2023) mentioned that
salicylic acid, a well-known anti-acne cosmetic
ingredient, causes several side effects such as
hyperpigmentation, allergic reaction and swelling.

SFAE can be prepared either chemically or
enzymatically. The chemical synthesis of SFAE
has been described using a base-catalysed
transesterification reaction between triglycerides
or fatty acid methyl esters and sugars (Teng et al.,
2021). In contrast, lipases have been widely
reported for the enzymatic synthesis of SFAE.
Surprisingly, proteases also exhibited the ability to
catalyse the formation of SFAE (Bernal et al., 2018).
Commercially available lipases that are widely
used for the synthesis of SFAE include immobilised
lipase B derived from Candida antarctica (Chen et al.,
2023; Hollenbach et al., 2020; Nieto et al., 2021; Shin
etal.,, 2019; Snoch et al., 2021) and immobilised lipase
derived from C. rugosa (El-Baz et al., 2021). Ferdjani
and Selaimia (2024) prepared SFAE using lipase
from maize seed. The utilisation of lipase Eversa®
Transform 2.0 as a catalyst for synthesising SFAE has
never been studied. Eversa® Transform 2.0 is a low-
cost liquid lipase for biodiesel production (Chang
et al., 2021; Farobie et al., 2021). Monteiro et al. (2024)
reported the utilisation of Eversa® Transform 2.0
to produce fatty ester for biolubricants. This study
prepared several SFAEs from CPO and palm oil
hydrolysates using Eversa® Transform 2.0 lipase as
the catalyst. Commercially available pure palmitic
acid, stearic acid and oleic acid were also employed
to prepare SFAE as a comparison. Three types
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of saccharides were used in this study, namely,
D-mannitol (a sugar alcohol), D-mannose (an aldose)
and D-fructose (a ketose), to better understand the
relationship between the structural moiety, chemical
reactivity and bioactivity. The feasibility of SFAE
application in the health and cosmetics sector was
explored by screening the synthesised SFAE for
anticancer (cytotoxic) activity against MCF-7 cells
and antimicrobial activity against Cutibacterium
acnes. The MCE-7 cell line is a model for studying
breast cancer, whereas C. acnes is associated with
Acne vulgaris. Cancer is among the top ten causes
of death worldwide, and breast cancer is among the
top five deadly cancers (Sung et al., 2021).

MATERIALS AND METHODS

Fifteen SFAEs were included in this study. Fatty
acids were obtained by the hydrolysis of CPO
and palm oil. The palm oil was purchased from a
local supermarket. Commercially pure (= 98.0%)
palmitic acid (Merck, Germany), stearic acid (Pudak
Scientific, Indonesia) and oleic acid were used in this
study. D-Mannitol and D-fructose were obtained
from Sigma-Aldrich (USA) and D-mannose from
HiMedia (India). The commercial lipase Eversa®
Transform 2.0 from Novozyme (Denmark) was
used as the catalyst in this study. Thin layer
chromatography (TLC) analysis was conducted on
TLC aluminium sheets coated with silica gel 60 F,,,
using 2’, 7’-dichlorofluorescein (Sigma-Aldrich) as
the staining agent. All chemicals were used without
further purification.

Hydrolysis of CPO and Palm Oil

The CPO and palm oil were hydrolysed
separately under alkaline conditions. CPO and palm
oil were separately mixed with a IM NaOH solution
in alcohol. The reaction mixture was refluxed for 1
hr and monitored using TLC. A solution of 1M HCl
was added to the reaction mixture to neutralise
the product. The product was extracted twice
using n-hexane, dried using anhydrous Na,SO,
and concentrated to obtain CPO and palm oil
hydrolysates. The fatty acid composition of CPO
and palm oil was analysed using GC-MS. The acid
and iodine numbers were also measured using the
standard titrimetric method.

Synthesis of SFAE

Prior to the reaction, the reactants were dissolved
in a suitable solvent. Fatty acids were dissolved
separately in n-hexane, whereas the saccharides
were dissolved in a small amount of water. Fatty
acids were obtained by the hydrolysis of CPO,
hydrolysis of palm oil and commercially available
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fatty acids. Saccharides solution was added to the
fatty acid solution followed by 5% weight-in-weight
(w/w) lipase Eversa® Transform 2.0. The mole ratio
of saccharide to fatty acid was 1:6. The mixture
was incubated at 40°C for 48 hr and stirred at 500
rpm. The reaction mixture was heated at 100°C to
deactivate the enzyme and stop the reaction. The
product was separated from the reaction mixture
by centrifugation. The product was washed with
water to separate the enzyme and hexane to remove
unreacted fatty acid. The amount of unreacted fatty
acid was measured by acid-base titration using
NaOH solution in alcohol. Conversion rate and
degree of esterification were calculated by using the
Equation (1) and (2):

Mole of initial fatty acid -
Conversion  Mole of unreacted fatty acid

x100% (1)

rate mole of initial fatty acid
Mole of initial fatty acid —
Degree of  Mole of unreacted fatty acid @)
esterification Mole of saccharide

All SFAE was analysed by using Fourier
transform infrared spectroscopy (FTIR) and only
a representative of SFAE was analysed by using
nuclear magnetic resonance (NMR) to confirm the
formation of SFAE. FTIR spectra were analysed on
potassium bromide (KBr) using a Shimadzu 2450
Prestige (Shimadzu Corp., Japan). 'H-NMR and
PC-NMR spectra were recorded in CD,OD (Merck,
Germany) on a Bruker Avance Neo 500 (500 MHz)
spectrophotometer (Bruker Biospin, Germany).

Emulsification Properties

The emulsification properties of SFAE were
evaluated by adding 50 mg of SFAE to a water-oil
mixture. A water-in-oil (w/0) emulsion was prepared
by mixing 0.3 mL of water and 1 mL of oil, while a
mixture of 0.3 mL of oil and 1 mL of water was used
as a model for an oil-in-water (o/w) emulsion. The
mixture containing SFAE was vortexed. The stability
of the emulsions was observed for 24 hr. Phase
separation was used as the parameter for emulsion
stability. A light microscope and water-soluble dye
(methylene blue) were used to facilitate observation
of the emulsion. The emulsification properties of the
starting material (saccharides and fatty acids) were
also observed. A mixture of water and oil without a
sample was used as the negative control.

Cytotoxic Activity Against MCF-7
MCE-7 cell suspension was added to 96-well

plates at 5,000 cells/100 pL of medium. Dulbecco’s
Modified Eagle Medium (DMEM) supplemented
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with 10% fetal bovine serum was used as the
medium. The medium was enriched with
100 U/mL of penicillin and 100 pg/mL of
streptomycin to prevent microbial contamination.
The cells were incubated for 24 hr at 37°C before
the addition of a series concentration of SFAE
samples in dimethyl sulfoxide (DMSO). The final
concentration of DMSO in the medium was 1%
volume-in-volume (v/v). Therefore, 1% DMSO
was used as the negative control. After 48 hr of
incubation, 10 pL 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium  bromide  (MTT)
(5 mg/mL) was added to each well. The plates
were then incubated for another 4 hr. Ethanol was
added to dissolve the formazan, and the sample
absorption was read at 595 nm. The experiment
was conducted in triplicate.

Antimicrobial Activity Against C. acnes

Antibacterial activity against C. acnes was
determined using the broth dilution method in
reinforced clostridial medium (RCM). A 250 mL
C. acnes suspension was mixed with 5 mL RCM
media and a 250 mL sample at room temperature.
The DMSO was used as the SFAE solvent and the
negative control. A 1,000 ppm salicylic acid was
used as a positive control (the final concentration
was 45 ppm). Antibacterial activity was determined
by measuring optical density at 600 nm (OD600).
The experiment was conducted in duplicate.

RESULTS AND DISCUSSION
Fatty Acid Composition of CPO and Palm Oil

The fatty acid composition of palm oil and
CPO was analysed using GC-MS (Table 1). CPO and
palm oil showed similar fatty acid compositions.
Oleic acid and palmitic acid were the major fatty
acid constituents of CPO and palm oil, respectively.
However, the oleic acid content of palm oil was
slightly higher than that of CPO. Moreover,
unsaturated medium-chain fatty acids (C8 and
C10) were only detected in CPO but not in palm oil.
Chompoo et al. (2019) reported that the degumming
process during the conversion of CPO to palm oil
increased the total amount of unsaturated fatty acids
and reduced the total amount of saturated fatty
acids.

Hydrolysates of CPO and Palm Oil

Hydrolysis of both CPO and palm oil was
conducted wunder alkaline conditions. Acidic
conditions were avoided to prevent changes in the
C=C configuration of the unsaturated fatty acids in
CPO and palm oil. The hydrolysate of CPO had a
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lower R, value (R, = 0.57, hexane-ethyl acetate 3:1)
on TLC than the starting material (R, = 0.86,
hexane-ethyl acetate 3:1), indicating the conversion
of triglycerides to fatty acids. The TLC analysis
of palm oil and its hydrolysate also showed a
similar trend. The CPO hydrolysate was an orange
solid, whereas the palm oil hydrolysate was a
pale-yellow solid. Izuddin et al. (2022) stated that
CPO is rich in p-carotene. Thus, the orange
colour of CPO hydrolysate exhibited that the
B-carotene could not be separated from the fatty
acids. However, the presence of p-carotene in
CPO hydrolysates did not interfere with the SFAE
synthesis through the esterification reactions due
to the absence of hydroxyl and carboxyl groups in
its structure.

The formation of fatty acids from the hydrolysis
of CPO and palm oil was also demonstrated by
a significant increase in the acid number after
hydrolysis (Table 2). However, the iodine numbers
before and after hydrolysis were within similar
ranges. It can be concluded that hydrolysis under
alkaline conditions did not influence the unsaturated
fatty acid content in CPO and palm oil. The electron-
rich nature of the C=C bond is not reactive towards
the nucleophilic property of the hydroxide anion
from the alkaline hydrolysis reaction. The difference
in chemical composition between CPO and palm oil
hydrolysates affected the acid and iodine number
values. CPO hydrolysate contained fatty acids
and other nonpolar compounds (Goon et al., 2019)
that cannot be separated during hydrolysis.

Synthesis of SFAE
The enzymatic reaction for preparing SFAE

was conducted at 40°C according to Chang et al.
(2021) and Farobie et al. (2021). Farobie et al. (2021)

stated that 40°C was the optimum temperature for
enzymatic esterification using Eversa® Transform
2.0 lipase. The esterification reaction in this research
was carried out in an organic phase with as little
water as possible to promote the esterification
and prevent the hydrolysis of the product. The
water was used only to dissolve the sugar. The
amount of water was calculated depending on the
solubility of each saccharide. Therefore, molecular
sieves were not used in the present study. Water
adsorption by the molecular sieve separated the
sugar from the reaction mixture. The esterification
reaction catalysed by lipase occurs at the interface
between the organic phase and water (Khan
et al, 2017). Under hydrophobic conditions,
the subdomain covering the lipase active site
shifted, and the active site was accessible to the
substrate. Hexane, which has a log P-value of 3.5,
was chosen as the hydrophobic solvent in this
study. Kumar et al. (2016) stated that solvents
with log P-values above 2 did not interfere with
the essential water in enzymes. Thus, hexane
did not influence the active conformation of
lipase.

The formation of SFAE was indicated by the
appearance of a white layer between the water and
hexane layers (Figure 1). The SFAE obtained in this
research was sparingly insoluble in water or hexane
at room temperature. The solubility test of sucrose
fatty acid esters in water conducted by Nagai
et al. (2017) showed that nine out of ten samples
precipitated in water. Sucrose-lauric acid ester was
the only sucrose ester that formed a transparent
homogeneous solution (Nagai et al., 2017). The
orange colour of the hexane layer in the SFAE of
CPO hydrolysate (Figure 1a) denoted the presence
of B-carotene. The P-carotene and SFAE of CPO
hydrolysate can be separated easily at this stage.

TABLE 1. FATTY ACID COMPOSITION OF CRUDE PALM OIL (CPO) AND

PALM OIL SAMPLES
Fatty acids Percentage (%) :
CPO Palm oil

Caprylic acid (C8:0) 0.02 -
Capric acid (C10:0) 0.02 -
Lauric acid (C12:0) 0.18 0.21
Myristic acid (C14:0) 0.94 0.93
Palmitic acid (C16:0) 39.60 36.00
Stearic acid (C18:0) 4.59 4.08
Oleic acid (C18:1; 9¢) 40.60 44.20

TABLE 2. ACID NUMBER AND IODINE NUMBER BEFORE AND AFTER
HYDROLYSIS OF CRUDE PALM OIL (CPO) AND PALM OIL SAMPLES

CPO Palm oil
Before After Before After
Acid number (mg NaOH/g sample) 28.6 204.8 5.3 183.1
Todine number (mg I/g sample) 54.7 n.d 58.4 51.5

Quality parameter
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<— Hexane layer

<— Water layer

(b)

Figure 1. Formation of sugar fatty acid ester (SFAE) from (a) crude
plam oil (CPO) and (b) palm oil hydrolysate.

Conversion Rate and Degree of Esterification

The esterification between carboxylic acids
and alcohols is a reversible reaction. This study
used an excessive amount of fatty acids to shift
the equilibrium towards the formation of SFAE.
The amount of reacted fatty acids was used to
calculate the conversion rate and the degree of
esterification (Table 3). The conversion rate and
degree of esterification vary for each SFAE. In
general, the Eversa® Transform 2.0 lipase used in
this study preferred oleic acid, followed by stearic
acid and palmitic acid. Depending on the source,
lipases exhibit selectivity toward certain fatty acids
(Halldorsson et al., 2004).

TABLE 3. CONVERSION RATE AND DEGREE OF
ESTERIFICATION DURING THE SYNTHESIS OF SFAE

Sample’s name Conversion Degr‘ee 9f
rate (%) esterification
SFAE palmitic acid-mannitol 11.70 0.8
SFAE palmitic acid-mannose 21.40 1.3
SFAE palmitic acid-fructose 27.30 1.6
SFAE stearic acid-mannitol 30.30 1.8
SFAE stearic acid-mannose 20.60 12
SFAE stearic acid-fructose 13.90 0.8
SFAE oleic acid-mannitol 39.73 24
SFAE oleic acid-mannose 19.11 1.1
SFAE oleic acid-fructose 20.67 1.2
SFAE CPO-mannitol 74.80 44
SFAE CPO-mannose 58.10 2.0
SFAE CPO-fructose 61.00 3.7
SFAE palm oil-mannitol 22.40 1.3
SFAE palm oil-mannose 34.30 14
SFAE palm oil-fructose 21.80 2.0

Note: SFAE - sugar fatty acid esters; CPO - crude palm oil.
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Most of the SFAE obtained in this study
had a low degree of esterification. Zheng et al.
(2015) reported that the products of enzymatic
esterification commonly had a low degree of
substitution. Lipase enzymes are more selective
towards primary hydroxyl groups because of their
low steric hindrance (Zago et al, 2021). Based
on their structures, D-mannitol and D-fructose
have two primary hydroxyl groups, whereas
D-mannose only has one. Therefore, the degree of
esterification of D-mannitol and D-fructose SFAE
should be higher than that of D-mannose. SFAE
of CPO hydrolysate, SFAE of oleic acid and SFAE
of stearic acid showed the highest degree of
esterification in D-mannitol. The hydroxyl groups of
D-mannitol were assumed to be more reactive than
those of D-fructose because D-mannitol does not
form furanose or pyranose structures in solution.
Meanwhile, the SFAE of palm oil hydrolysate
and the SFAE of palmitic acid exhibited different
behaviours, with D-fructose possessing the
highest degree of esterification. Although the
fatty acid compositions of CPO hydrolysate and
palm oil hydrolysate were similar, the SFAE of
CPO hydrolysate displayed a higher degree of
esterification than SFAE-palm oil. The non-fatty
acid components of the CPO hydrolysate may
promote lipase activation. Sterol, vitamin E,
dolichol and polyprenol are components of CPO
(Goon et al., 2019) that may be responsible for lipase
activation. Study by Delome et al. (2011) proved
that the presence of surfactant can increase the
activity of lipase by changing the three-dimensional
structure of the enzyme and improving the
accessibility of the substrate to the active site.

FTIR and NMR Spectra of SFAE

The formation of SFAE was confirmed by using
FTIR and NMR spectra. The representative data of
the FTIR spectra can be seen in Figure 2. The FTIR
spectrum of the fatty acid (palmitic acid) showed a
typical very broad hydroxyl peak at 3,400-2,500 cm™
and a sharp carbonyl peak absorption of carboxylic
acid at 1,703 cm™. On the other hand, the hydroxyl
group of the D-fructose and D-mannitol appeared
as a broad peak at 3,400-3,000 cm™. The absence
of a very broad hydroxyl peak of the carboxylic
group in the SFAE indicated the formation of an
ester group between fatty acid (palmitic acid) and
saccharides. Moreover, the shifting of the carbonyl
peak to a higher frequency (1,734 cm™) also proved
the presence of an ester group of SFAE.

The “C-NMR spectrum (Figure 3a) of SFAE
palmitic acid-fructose exhibited the presence of
carbonyl groups of esters at 175 and 176 ppm.
The formation of an ester between palmitic acid
and fructose can also be seen from the 'H-NMR
spectrum (Figure 3b). Based on the peak integral
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value, it can be concluded that the degree of
esterification of SFAE palmitic acid-fructose was
more than one. The number of protons from the
palmitoyl was about twice the number of protons
from the D-fructose. However, the peak of fructose’s
acidic protons (the hydroxyl groups) cannot be
seen clearly because the acidic protons are able to
exchange with deuterated methanol as the analysis
solvent. This data was suitable with the degree of
esterification of SFAE palmitic acid-fructose.

Emulsification Properties of SFAE

The surfactant properties of the starting
materials (fatty acids and saccharides) and

a
(@) —— SFAE palmitic acid-mannitol
—— Palmitic aci

— Mannitol

Transmittance (%)

" "1,734" '
4,000 3,000 2,000 1,000
Wavenumber (cm™)

SFAE obtained in this study were examined
by emulsification test in w/o and o/w systems.
Emulsion stability was determined based on
visual observation. The saccharides could
not stabilise both w/o and o/w mixture. The
o/w mixture with the addition of fatty acids
gave a milky system that underwent phase
separation after 15 min. The milky system
consisting of a w/o system and fatty acids was
stable for up to 30 min. Fameau et al. (2012) described
that the fatty acids can reduce the surface tension.
The addition of SFAE prolonged the phase
separation of the w/o and o/w system. All SFAE
were more suitable for w/o emulsions than o/w
emulsion systems. The phase separation was not
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Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of (a) sugar fatty acid ester (SFAE) palmitic acid-fructose and
(b) SFAE palmitic acid-mannitol compared to its starting material.
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Figure 3. (a) "C-NMR and (b) "H-NMR spectrum of sugar fatty acid ester (SFAE) palmitic acid-fructose.
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observed on the w/o emulsion system containing
SFAE after 24 hr. On the other hand, phase
separation of the o/w system was noticed after 4 hr.
SFAE possesses emulsifying properties because
of the polar residues from sugar and nonpolar
residues from fatty acids (Teng et al., 2021).
Representative data are presented in Figure 4a and
4b. Figure 4c shows the microscopic observation of
the w/o emulsion. Blue indicates the water phase.

Cytotoxic Activity Against MCF-7

The cytotoxic activity of SFAE was determined
using an MTT assay based on mitochondrial
enzyme activity in viable MCF-7 breast cancer cells
(Perinelli et al., 2016). The cytotoxic activity of SFAE
varied, with IC,; values between 29 and 200 ppm
(Table 4). The SFAE of saturated fatty acids (palmitic
and stearic acid) was more cytotoxic than the SFAE
of oleic acid. These data are consistent with our
previous research on the cytotoxicity of lipoamide
derivatives. Lipoamides from saturated fatty
acids exhibited the lowest IC,; value compared to
lipoamides from unsaturated fatty acids (Wukirsari
et al., 2024). The presence of the C=C bond is
disadvantageous for cytotoxicity.

The cytotoxicity SFAE of D-mannose was lower
than the SFAE of D-fructose and D-mannitol. The
hydrophilic part SFAE of D-mannose (a pyranose
ring) is bigger than D-fructose (a furanose ring)
and D-mannitol (a linear chain). Among the SFAEs
of D-fructose and D-mannitol synthesised from the
same fatty acids, in general, the cytotoxic activity was
inversely proportional to the degree of esterification.
The SFAE of CPO hydrolysate with a higher degree
of esterification also possessed lower cytotoxicity
than the SFAE of palm oil hydrolysate. It seemed
that the large size of SFAEs was unfavourable for
SFAE-cell membrane interaction. According to
Bunchongprasert and Shao (2020), the bulky size of
the hydrophilic parts of fatty acid ester increased the
intermolecular interactions of micelles and limited
the SFAE interactions with the phospholipid bilayer

(a)

(b)

membrane of cancer cells. The disruption of cell
membrane integrity is important for the cytotoxic
activity of SFAE (Bunchongprasert & Shao, 2020).
Okabe et al. (1999) stated that SFAE inhibited cancer
cell proliferation by suppressing the secretion of
TNEF-a.

TABLE 4. CYTOTOXIC ACTIVITY OS SUGAR-FATTY ACID
ESTERS (SFAE) AGAINST MCF-7 CELL LINE

Sample’s name IC,, (ppm)
SFAE palmitic acid-mannitol 29.5+3.6
SFAE palmitic acid-mannose 959 +5.4
SFAE palmitic acid-fructose 784+6.0
SFAE stearic acid-mannitol 543+22
SFAE stearic acid-mannose 1044+72
SFAE stearic acid-fructose 29.7+£2.0
SFAE oleic acid-mannitol 127.4+3.6
SFAE oleic acid-mannose >200
SFAE oleic acid-fructose 1252+ 1.1
SFAE CPO-mannitol 131.0 +28.0
SFAE CPO-mannose 107.0 £ 11.0
SFAE CPO-fructose 66.0£5.5
SFAE palm oil-mannitol 655+ 1.0
SFAE palm oil-mannose 102.8 £3.0
SFAE palm oil-fructose 65.5+1.0

Note: SFAE - sugar fatty acid esters; CPO - crude palm oil.

Antimicrobial Activity Against C. acnes

Using the broth dilution method, SFAE
applications in the cosmetic sector were investigated
by determining their antibacterial activity against
the acne-causing bacterium C. acnes. The assay was
conducted at a 0.9 mg/mL concentration for all
samples. Bacterial growth was directly proportional
to the optical density value. Therefore, samples
with lower optical densities displayed higher
antimicrobial activity. CPO hydrolysate, palm oil
hydrolysate and SFAE showed antibacterial activity
against C. acnes (Table 5). The sugar moiety of SFAE

Figure 4. Emulsification of sugar fatty acid ester (SFAE) properties in the (a) w/o and (b) ofw emulsion systems. (c) Observation of the wfo
emulsion under a microscope; the blue colour indicates water dyed with methylene blue.

478



CYTOTOXIC AND ANTIACNE ACTIVITY OF SUGAR FATTY ACID ESTERS FROM CPO AND PALM OIL HYDROLYSATE

exhibited variable effects on antibacterial activity
against C. acnes. Based on its cell wall composition,
C. acnes is classified as a Gram-positive bacteria
(Mayslich et al., 2021). Zhao et al. (2015) mentioned
that Gram-positive bacteria were more sensitive
towards SFAE than Gram-negative bacteria. Many
researchers have also reported the antibacterial
activity of fatty acids against Propionibacterium acnes
(C. acnes) (Casillas-Vargas et al., 2021; Desbois &
Lawlor, 2013; Kim et al., 2021). Several mechanisms
for the antibacterial activity of fatty acids have
been reported. Unsaturated fatty acids have been
reported to prevent bacterial growth by interfering
with DNA replication, cell wall formation and
protein synthesis (Desbois & Lawlor, 2013). The
disruption of bacterial cell membrane permeability
by SFAE has been proposed by Zhao et al. (2015).
Zhao et al. (2015) observed the leakage of bacterial
cell components such as protein and reducing
sugars after being treated with SFAE. Disruption
of the microbe membrane is associated with the
emulsification properties of SFAE (Falk, 2019;
Pirog et al., 2019). The emulsification properties
are influenced by the degree of esterification of
SFAE and its HLB value (Chen et al., 2023).
Therefore, the CPO and palm oil hydrolysate
and also SFAE are promising candidate as active
ingredient in anti-acne agents. The addition of
SFAE as an ingredient in anti-acne products will
provide dual benefits, i.e., as an antibacterial and
emulsifier agent. The strong antimicrobial activity
of SFAE was also stated by Yang et al. (2024).

TABLE 5. ANTIMICROBIAL ACTIVITY AGAINST
Cutibacterium acnes

Sample’s name Inhibition (%)

CPO hydrolysate 86+17
SFAE CPO-mannitol 100£0
SFAE CPO-mannose 23
SFAE CPO-fructose 35+12
Palm oil hydrolysate 100+ 0
SFAE palm oil-mannitol 35+9
SFAE palm oil-mannose 39+9
SFAE palm oil-fructose 81+6
Salicylic acid (45 mg/mL) 25+1.7

Note: SFAE - sugar fatty acid esters; CPO - crude palm oil.

CONCLUSION

In this study, SFAE were synthesised through
enzymatic esterification using the lipase enzyme
Eversa® Transform 2.0. The potent cytotoxic effect
was attributed to the saturated fatty constituents
(acyl group) of the SFAE and SFAE having a low
degree of esterification. SFAE of palmitic acid-
mannitol and SFAE of stearic acid-fructose showed
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the highest cytotoxic activity against MCF-7 breast
cancer cells, with an IC,, value of 29 ppm. The
SFAE of palm oil hydrolysate with a lower degree
of esterification exhibited stronger cytotoxic
activity than the SFAE of CPO hydrolysate.
In contrast, SFAE from CPO hydrolysate and
D-mannitol showed the strongest antibacterial
activity achieving 100% inhibition against C. acnes
at0.9 mg/mL.
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ABSTRACT
The AVROS and Yangambi populations represent the primary paternal lineages utilised in global oil palm
seed production and breeding programmes. This study assessed the progeny performance of two 3-way
crosses, Cross I (MPOB-Nigeria x Deli) Dura x AVROS Pisifera and Cross II (MPOB-Nigeria x Deli)
Dura x Yangambi Pisifera with emphasis on bunch yield, bunch quality components and vegetative traits.
All genotypes were cultivated using a Randomised Complete Block Design (RCBD) in 2011. Analysis of
variance (ANOVA) revealed highly significant variations between genotypes for most traits of bunch yield,
bunch quality components, and vegetative traits, indicating the impact of their genetic background on these
variables. PKG115 from Cross 11 produced the highest fresh fruit bunches (FFB) at 264.46 kg palm™ yr™ and
oil yield (OY) at 62.67 kg palm™ yr™', whereas PKG144 from Cross I obtained an exceptional oil to bunch
(O/B) 0f 29.35%. The broad-sense heritability (h;) for leaflet length (LL) was estimated at 61.17%, indicating
greater genetic variance than the other traits. Due to its excellent FFB yields, high mesocarp to fruit ratio
(M/F) and OY, with low shell to fruit ratio (S/F), PKG115 has been recognised as a potential parental

material for upcoming oil palm breeding programmes.
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INTRODUCTION (42.00 million tonnes), Malaysia (18.15 million

tonnes) and Thailand (3.38 million tonnes) (Oil

Palm oil dominates the global vegetable oil
market, representing more than 60% of worldwide
oil-bearing crop exports (Organisation for
Economic Co-operation and Development [OECD]
& Food and Agriculture Organization of the
United Nations [FAO], 2022). In 2021,
approximately one-third of the global oil and fat
production (241.36 million tonnes) originated from
major palm oil-producing countries: Indonesia
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World, 2021; U.S. Department of Agriculture, 2024).
Considering the expanding world population
and rising standards of living, the demand for
palm oil is estimated to increase to at least 240
million tonnes by 2050 (Corley, 2009; Srisawasdi
et al., 2023). Palm oil has been used in a variety
of high-end manufacturing processes, especially
in the chemical, pharmaceutical and food sectors.
Additionally, it is frequently used as a primary
raw material in biodiesel manufacturing due to its
relatively cheaper cost compared to other oil crops
(Mukherjee & Sovacool, 2014).

For several decades, the Deli Dura x AVROS
Pisifera (DxP) hybrid has been the predominant
commercial planting material in Malaysia
and globally (Kushairi et al., 1999), although
some seed producers also develop Deli Dura x
Yangambi Pisifera hybrids (Kushairi et al., 2011).
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However, the development of these DxP planting
materials in the global oil palm industry remains
heavily dependent on a limited genetic pool. The
Deli populations in Malaysia trace their origins
to only four Bogor palms, while the AVROS and
Yangambi Pisiferas were derived from the “Djongo”
palms of the Eala Botanical Garden in Zaire
(currently Democratic Republic of the Congo).
The limited genetic base of the current planting
materials poses a significant challenge for further
yield improvements. To address this issue, the
Malaysian Palm Oil Board (MPOB), together with
members from the industry, has gathered 1,467 oil
palm accessions from the wild populations since
the 1970s. This was done to achieve substantial
improvement of the oil palm’s genetic diversity.
MPOB currently owns the biggest collection
of oil palm germplasm in the world (Martin
et al., 2022; Okwuagwu et al.,, 2011; Rajanaidu,
1994). The collection of Elaeis guineensis and
E. oleifera germplasm was brought into Malaysia for
cultivation and evaluation at the MPOB Research
Station Kluang. Results of continued germplasm
evaluation have been implemented into the
ongoing process of improving the breeding stock
(Rajanaidu et al., 2000; Yaakub et al., 2023) and
developing superior DxP planting materials (Arolu
et al., 2017; Fadila et al., 2024).

Genes from new germplasm sources were
introgressed into the existing Deli and AVROS
populations to improve the breeding stock. Noh
et al. (2014) reported significant genetic variability
among 12 introgressed Nigeria Dura x Deli Dura oil
palm progenies, highlighting adequate potential
for further breeding and selection. The progenies
had demonstrated exceptional performance,
producing high fresh fruit bunches (FFB) yields of
up to 212 kg palm™ yr' and oil to bunch (O/B) of
up to 19%. Similarly, progenies from MPOB-Zaire
Tenera x AVROS Pisifera and MPOB-Nigeria Tenera
x AVROS Pisifera demonstrated strong potential
as new Pisifera pollen sources for commercial DxP
seed production. The top-performing progenies
from these crosses achieved high oil yields (OY)
of 36.15 and 35.47 kg palm™ yr!, respectively (Nor
Azwani et al., 2020).

These introgressed progenies served as the
foundation for initiating 3-way and 4-way crosses
at MPOB, with the goal of leveraging heterosis,
where  hybrids  outperform  their  parents.
Consequently, the primary objective of this study
was to evaluate 18 3-way Dura (DxD) x Pisifera
(P) progenies, derived from two 3-way crosses:
Cross I (MPOB-Nigeria x Deli) Dura x AVROS
Pisifera and Cross II (MPOB-Nigeria x Deli) Dura
x Yangambi Pisifera with emphasis on yield, bunch
quality and vegetative characteristics. The parental
lines of superior progenies can be utilised in the
development of commercial DxP seed production
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and breeding programmes to mitigate the yield
stagnation observed in the oil palm sector over the
past two decades.

MATERIALS AND METHODS
Planting Materials
Eight genotypes (progenies) from Cross

I, and 10 from Cross II were planted in a
triangular planting arrangement, spaced 9 m
apart, utilising a Randomised Complete Block
Design (RCBD) (Table 1). The Pisifera was an
AVROS descendant of BM119 from the Oil Palm
Research Station, Banting, Selangor, Malaysia,
while the Yangambi was from FELDA Agricultural
Services Sdn. Bhd. (FASSB). The genotypes were
planted in Trial 0.529 at MPOB Research Station
Hulu Paka, Terengganu, Malaysia, in 2011.
The mean annual rainfall from 2016-2021 was
3,458.33 mm yr, ranging from 2,934.00-3,811.00 mm
yr . Fertiliser was provided every three months for
each palm, at a rate of 3 kg palm™ yr'. Each genotype
is represented by four replications.

Data Collection

The yield performance of each genotype was
recorded for each palm at intervals of two rounds
each month. The FFB yield is the sum of bunch
weight, whereas the average bunch weight (ABW)
is the ratio of FFB to bunch number (BNO). Each
palm weight and number were recorded at every
harvesting cycle, from 36 months after field planting,
and data for four consecutive years (2017-2020)
were used for analysis. To evaluate the oil extraction
and bunch quality components, the bunch analysis
method established by Blaak et al. (1963) and
modified by Rao et al. (1983) was implemented.
Three to five bunches were sampled from each
palm from 2016 to 2021. Ripe bunches with one to
10 loose fruits were randomly collected at least
three months after the previous palm to eliminate
seasonal Change (Rao, 1987). One round of vegetative
measurement was applied in 2019, at eight years
following field planting, as suggested by Corley and
Breure (1981).

Statistical Analysis

The data on bunch yield, bunch quality
components, and vegetative characters were
analysed using the Statistical Analytical System
(SAS version 9.4). The analysis of variance
(ANOVA) for all traits was conducted. The means
of the data obtained were subjected to analysis of
variance using a general linear model (PROC GLM)
due to some missing and uneven distribution of
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TABLE 1. LIST OF Tenera (DxP) GENOTYPES

MPOB-Nigeria x

No. Cross-type Genotype code Deli Dura code Female parent (A) Male parent (B) Pedigree

1 PKG116 D1 0.318/1,165 0.395/419 0.318/1,165 x 0.395/419
2 PKG124 D2 0.318/1,052 0.395/419 0.318/1,052 x 0.395/419
3 PKG136 D3 0.318/4 0.395/384 0.318/4 x 0.395/384

4 PKG144 D3 0.318/4 0.395/419 0.318/4 % 0.395/419

5 Cross! PKG153 D4 0.318/572 0.395/384 0.318/572 x 0.395/384
6 PKG163 D5 0.318/618 0.395/419 0.318/618 x 0.395/419
7 PKG169 D6 0.318/403 0.395/419 0.318/403 x 0.395/419
8 PKG164 D6 0.318/403 0.395/384 0.318/403 x 0.395/384
9 PKG100 D7 0.318/583 0.395/176 0.318/583 x 0.395/176
10 PKG102 D1 0.318/1,165 0.395/148 0.318/1,165 x 0.395/148
11 PKG110 D2 0.318/1,052 0.395/176 0.318/1,052 x 0.395/176
12 PKGI111 D1 0.318/1,165 0.395/176 0.318/1,165 x 0.395/176
13 PKG115 D8 0.318/2 0.395/148 0.318/2 % 0.395/148
14 Cross Il PKG126 D9 0.318/1,018 0.395/176 0.318/1,018 x 0.395/176
15 PKG141 D3 0.318/4 0.395/176 0.318/4 % 0.395/176
16 PKG142 D8 0.318/2 0.395/176 0.318/2 % 0.395/176
17 PKG166 D6 0.318/403 0.395/176 0.318/403 x 0.395/176
18 PKG151 D10 0.318/673 0.395/148 0.318/673 x 0.395/148
19 SC PK 5193 0.212/3 0.174 /247 0.212/3 x 0.174 /247

Note: Cross I - (MPOB-Nigeria x Deli) Dura x AVROS Pisifera; Cross II - (MPOB-Nigeria x Deli) Dura x Yangambi Pisifera; SC - Standard

cross Deli Dura x AVROS Pisifera.

the progeny’s palms (Arolu et al., 2016). Duncan’s
new multiple range test (DMRT) was used for the
comparison between the genotype means while the
least significant difference (LSD) analysis was used
to compare the means between crosses. Broad-sense
heritability (i) statistics were estimated for each
character, using variance components. The variance
analysis for the estimation of i was processed
from the variance component procedure (PROC
VARCOMP) using the formula in Equation (1):

68 + 0,

where, o} is the genotype variance and o is the
error variance. The 18 three-way Dura (DxD) x
Pisifera (P) genotypes were used to calculate the 7,
from the 2h; (Falconer & Mackay, 1996).

RESULTS AND DISCUSSION
Agro-morphological Variabilities in Bunch Yield
The ANOVA revealed no significant differences

in the FFB, BNO and ABW between the two
crosses (Tuble 2), while there were significant

differences in FFB and ABW (p < 0.01) among the
genotypes, but not in BNO. For bunch yield traits,
the coefficient of variation (CV) for FFB was the
highest for both cross-type (25.57%) and genotype
(23.58%). In contrast, the CV values for ABW were
the lowest, which were 19.52% (cross-type) and
17.32% (genotype). The observed variability in
the genotypes was related to the nature of these
traits as the yield and yield component traits are
quantitatively regulated by polygenes (Ithnin
et al, 2021). A wide genetic variation among
genotypes is critical for oil palm breeding and
selection because it could enhance breeding
efficiency and selection gains (Nor Azwani et al.,
2020).

Among genotypes, PK115 from Cross II
recorded the highest FFB mean yield (264.46 kg
palm™ yr), followed by PKGI136 from Cross I
(204.13 kg palm™ yr™), with yields 69.31% and
30.69% higher than the standard cross (SC),
respectively (Table 3). The outstanding FFB yield
is not surprising as the MPOB-Nigeria genotype
had successfully produced over 200 kg palm™ yr™
through its use as a Pisifera parent crossed
with Deli Dura in the PS1.1 planting material
(Mohd Din et al., 2023). PKG115’s high FFB yields is
likely associated to its high ABW of 15.57 kg bunch™
while PKGI126 from Cross II exhibited the lowest
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FFB yield (159.23 kg palm™ yr™), attributed to its low
ABW (11.21 kg bunch™) despite having a moderate
BNO (14.21 bunches palm™ yr"). These results are
in contrast with the observations by Arolu et al.
(2016) and Myint et al. (2019), where the BNO of
their genotypes was suggested to affect their FFB
yields. Although a high BNO is necessary for a high

FFB, the most important component for an even
higher yield is the ABW (Kushairi et al., 2001). The
significance of ABW in determining FFB yields was
possibly due to an earlier selection pressure for high
BNO, which resulted in the consistently high BNO
of varied ABW displayed in the current planting
materials.

TABLE 2. ANOVA RESULTS FOR BUNCH YIELD COMPONENTS BASED ON THE CROSS-TYPES AND GENOTYPES

Source of variance df FFB BNO ABW
Cross-type 1 2,277.96" 8.89 0.16™
Error 214 2,331.83 10.93 6.56
Total 215 501,290.11 2,347.63 1,403.56
CV (%) 25.57 22.66 19.52
Genotype 17 6,393.81** 15.81™ 22.48**
Error 198 1,982.81 10.50 5.16
Total 215 501,290.11 2,347.63 1,403.56
CV (%) 23.58 22.21 17.32

Note: ** and ns - significant at P < 0.01 and not significant, respectively; df - degrees of freedom; FFB - fresh fruit bunches; BNO - bunch
number; ABW - average bunch weight; CV - coefficient of variation.

TABLE 3. COMPARISON OF THE BUNCH YIELD COMPONENTS MEANS AMONG CROSSES AND GENOTYPES

No Cross-t Genot od FFB BNO ABW
’ ype enotype code (kg palm™ yr™) (No. palm™ yr™) (kg bunch™)
1 PKG116 179.52%® 13.83 13.04%*
2 PKG124 167.35%® 14.17 11.95d°f
3 PKG136 204.13° 15.31 13.75%¢
4 c ; PKG144 199.27° 16.27 12.38¢%f
ross
5 PKG153 171.58® 13.08 13.40°f
6 PKG163 191.08* 14.92 12.85%
7 PKG169 176.52® 14.56 12274
8 PKG164 192.29® 12.77 15.04®
Cross [ mean 185.22 14.36 13.09
9 PKG100 198.88® 15.19 13.24%*
10 PKG102 190.06™ 14.19 14.12
11 PKG110 188.17° 16.02 12.10%f
12 PKGI111 162.38 14.10 11.56%
13 c I PKG115 264.46° 16.73 15.57*
TOSS
14 PKG126 159.23% 14.21 11.21¢
15 PKG141 182.33® 15.69 11.69¢
16 PKG142 197.15%® 13.35 14.91%0¢
17 PKG166 177.77® 15.10 11.88¢
18 PKG151 197.13*® 13.15 15.13®
Cross Il mean 191.75 14.77 13.14
19 SC PK5193 156.20 9.74 15.68
Cross mean 188.85 14.59 13.12
LSD 0.05 (Cross I vs. Cross II) 13.03 0.89 0.69
ns ns ns

Note: Cross I - (MPOB-Nigeria x Deli) Dura x AVROS Pisifera; Cross II - (MPOB-Nigeria x Deli) Dura x Yangambi Pisifera; SC- Standard
cross Deli Dura x AVROS Pisifera. FFB - fresh fruit bunches; BNO - bunch number; ABW - average bunch weight. Means with
the same superscript letters are not significantly different at p < 0.05 based on Duncan’s new multiple range test (DMRT).
Figures in bold within the mean column are minimum and maximum values.
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Agro-morphological Variabilities in Bunch Quality
Component Traits

There were no significant differences in all
of the bunch quality component traits observed
between the cross-types, except for the O/B ratio
(Inble 4). However, a comparison among genotypes
revealed that all bunch quality component traits
were highly significant, except for fruit to bunch
ratio (F/B), which was significant. The kernel
yield (KY) had the highest CV values of 41.52% for
cross-type and 39.76% for genotype, demonstrating
substantial variation. On the other hand, traits like
oil to dry matter (O/DM) and mesocarp to fruit
(M/F) showed much lower variability, suggesting
these traits are more stable across the crosses
and genotypes. The genetic variation in oil palm
populations is useful for conservation and breeding
programmes to develop new improved varieties
with desirable traits. These results correspond with
Nor Azwani et al. (2022), who reported high genetic
variability in bunch quality traits in MPOB-Nigeria
Dura x AVROS Pisifera genotypes.

In addition, the LSD test indicated that Cross I
produced a better O/B ratio than Cross II, with
half of the genotypes exceeding an O/B of 28%
(Table 5). The results revealed that PKG144 from
Cross I achieved the highest O/B of 29.35%,
which is 5.54% higher than the SC. The excellent
O/B may be attributed to the AVROS, which
are recognised for their high oil-to-bunch ratios
(Amiruddin et al.,, 2020; Lee & Yeow, 1985).
The results obtained were comparable to PS1.1
materials, which produce an O/B of about 28%
(Mohd Din et al.,, 2023). Besides displaying the
highest O/B, PKG144 also produced the highest
M/F although it exhibited the lowest kernel to fruit
(K/F), kernel to bunch (K/B), and shell to fruit
(S/F). On the other hand, PKG126 produced the
highest K/B and thickest S/F among the Cross II

genotypes, with corresponding lowest M/F, O/DM,
and O/B values. Both mesocarp and shell traits
have an impact on all oil palm breeding and
selection programmes (Swaray et al., 2020). The
selection process usually prioritises a high M/F
ratio instead of an S/F ratio to produce high
yielding planting materials.

The oil component in these O/DM, O/B and
OY traits refers to the mesocarp oil. Thus, the oil
output for each bunch is significantly affected by
the fruit’s mesocarp composition, which leads to oil
yield production (Corley & Tinker, 2016; Gawankar
et al., 2022). PKG115 from Cross II recorded the
highest oil yield (OY), making it highly valuable
for oil production. Furthermore, its high M/F and
F/B ratios added to its productivity. About 95% of
OY is from the mesocarp (M/F), which determines
the O/B and consequently affects the OY (Corley,
2003; Gawankar et al.,, 2022). Since the OY is a
composite character, it is highly dependent on
other components such as FFB, M/F, S/F and O/B.
From these findings, the OY observed from PKG115
was likely attributed to its high FFB yield and
M/FE.

Agro-morphological Variabilities in Vegetative
Characters

Significant differences in the vegetative traits
were observed only for the petiole cross-section
(PCS), leaflet length (LL), and leaf width (LW)
between the cross-type (Table 6). In addition, there
was a significant influence of the genotype on all
vegetative characters, suggesting variation among
the genotypes. The PCS exhibited the highest CV
of 23.15% among cross-types and 22.64% among
genotypes, whereas the leaf number (LN) trait
recorded the lowest CV of 6.92% among cross-
types and 6.34% among genotypes. Arolu et al.
(2017) also observed a substantial influence of the

TABLE 4. ANOVA RESULT FOR BUNCH QUALITY COMPONENTS BASED ON CROSS-TYPES AND GENOTYPES

Source of variance df M/F K/F S/F O/DM F/B O/B K/B (0)' KY
Cross-type 1 0.31" 5.13"™ 2.91™ 4.88™ 0.50"™ 84.90* 2.82" 80.60™ 13.89™
Error 214 22.40 5.04 8.50 4.67 24.82 11.25 2.63 149.73 9.90
Total 215 4,793.53 1,08291 1,821.64 1,004.10 5312.70  2,492.68 566.16  3,2123.78 2,133.35
CV (%) 5.75 28.73 29.32 2.72 7.83 12.44 34.92 27.63 41.52
Genotype 17 76.85*¢ 16.49** 29.21** 12.46** 42.46* 29.21** 8.53** 462.29** 19.73**
Error 198 17.61 4.05 6.69 4.00 23.19 10.08 2.13 122.55 9.08
Total 215 4,793.53 1,08291 1,821.64 1,004.10 5,312.70  2,492.68 566.16  32,123.78 2,133.35
CV (%) 5.10 25.77 26.01 2.52 7.57 11.78 31.39 25.00 39.76

Note: * **, and ns - significant at P < 0.05, P < 0.01 and not significant, respectively; df - degrees of freedom; M/F - mesocarp to fruit ratio;
K/F - kernel to fruit ratio; S/F - shell to fruit ratio; O/DM - oil to dry mesocarp ratio; F/B - fruit to bunch ratio; O/B - il to bunch
ratio; K/B - kernel to bunch ratio; OY - oil yield; KY - kernel yield; CV - coefficient of variation.
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TABLE 6. ANOVA RESULT FOR VEGETATIVE TRAITS BASED ON CROSS-TYPES AND GENOTYPES

Source of variance df FP PCS RL LL LW LN HTI LA LAI DIA
Cross-Type 1 16.38™  232.55*  0.44™  958.14**  1.47* 25.06™ 0.02™ 1.91 0.67™ 0.01™
Error 214 5.18 55.32 0.25 99.38 0.33 141.34 0.01 3.04 1.06 0.01
Total 215 1,124.37 12,070.22 5473  22,22561 72.84 30,270.87 1.28 651.98 228.47 1.16
CV (%) 8.97 23.15 8.75 10.93 10.50 6.92 19.22 17.70 17.70 11.44
Genotype 17 14.98** 94.04* 0.99**  458.29**  0.85**  397.84**  0.01**  8.23* 2.88* 0.01**
Error 198 4.39 52.89 0.19 72.90 0.29 118.73 0.01 2.59 0.91 0.00
Total 215 1,124.37 12,070.22 54.73  22,22561 72.84 30,270.87 1.28 651.98 228.47 1.16
CV (%) 8.26 22.64 7.59 9.36 9.87 6.34 18.50 16.33 16.33 10.92

Note: ¥, **, and ns - significant at P<0.05, P<0.01 and not significant, respectively; df - degrees of freedom, FP - frond production; PCS -
petiole cross section; RL- rachis length; LL -leaflet length; LW - leaflet width; LN - leaflet number; HTI - height increment; LA - leaf

area; LAI - leaf area index; DIA - trunk diameter.

high genetic variability on the vegetative traits in
their DxP progenies. According to Swaray et al.
(2020), vegetative traits should also be considered in
selecting better performing materials.

The LSD results suggested that Cross I
performed slightly higher in LL, while Cross II
produced better in PCS and LW when compared to
Cross I (Table 7). PKG163 from Cross I displayed the
largest leaf length (LL) of 102.87 cm, while PKG110
of Cross II recorded the shortest LL of 81.19 cm.
Broader leaves may indicate a better photosynthesis
potential, as wider leaves typically capture more
sunlight. PKG110 had the widest leaves (6.27 c¢m),
whereas PKG163 had the narrowest (5.19 cm).
Additionally, selecting palms with smaller PCS
and shorter rachis length (RL) is advantageous, as
it enables increased planting density each hectare
and better land utilisation. PKG111 from Cross 11
was observed to have the lowest PCS at 25.61 cm?
combined with low RL at 5.45 m, which were 19.31%
and 5.22% lower than the SC, respectively. Breeding
for compactness is one of the main objectives in the
oil palm industry, where height increment (HTI)
and rachis length (RL) are crucial traits. These
traits may enhance production and profitability for
each hectare on the currently limited land (Norziha
et al.,, 2020). For the genotypes in this study, HTI
varied from 0.32 m yr' (PKG153) to 045 m yr*
(PKG110), compared to the dwarfed PS1.1 materials,
which display a height increment of 0.20-0.45 m
yr' (Mohd Din et al.,, 2023). Frond production,
which plays a key role in photosynthesis and
yield improvements, ranged from 23.75 fronds yr'
(PKG 116) to 27.25 fronds yr™ (PKG166).

The highest number of leaves (LN) was
observed in PKG144, with an average of 181.50
leaves, which could contribute to an overall higher
photosynthetic capacity. In contrast, PKGI11
recorded the lowest number of leaves (161.08
leaves). For leaf area (LA), the results ranged from
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8.51 m? (PKGI111) to 11.54 m? (PKG151). PKG151
also gained the highest value in leaf area index
(LAI 6.83), suggesting it possesses a more efficient
canopy area for light interception and nutrient
use.

Heritability Estimates

Heritability estimates ranged from very low
(<30%), to medium (30%-60%), to high (over 60%)
(Johnson et al., 1955). Broad-sense heritability
estimates for bunch yields revealed that &, values
varied from low (for BNO) to moderate (for FFB
and ABW) (Tuable 8). This could be due to the wide
genetic variability among the genotypes studied,
affecting the genetic contribution to these traits.
Sritharan et al. (2017) reported moderate (30.20%) to
high (82.50%) I, in two-way and multi-way crosses of
DxP oil palm progenies. On the other hand, the
h; for yield and its components were low in the
Deli Dura x MPOB-NGA Pisifera population
(Arolu et al., 2017). Low h;, is due to the high
environmental sensitivity of these yield traits
(Corley & Tinker, 2016). Poor female inflorescence
production, water stress, climate Change, or
inadequate fertiliser input in oil palm may
reduce productivity. In this study, low to medium
range /i, values were obtained for bunch quality
components, with the highest heritability
estimate obtained for S/F (43.87%) while the
lowest was for F/B (12.98%). High I, had been
reported for bunch quality components such as
mesocarp and oil content (Kushairi & Rajanaidu,
2000). For vegetative traits, the highest broad-
sense heritability estimate was observed for LL
(61.17%), suggesting higher genetic variation in
this trait than the other traits. The observations in
this study suggested that the expression of most
traits was greatly influenced by environmental
factors.
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TABLE 8. VARIANCE COMPONENTS AND HERITABILITY ESTIMATES

Category Traits o o’ Total Heritability (%)
Yield FFB 367.58 1,982.80 2,350.38 31.28
BNO 0.44 10.50 10.94 8.04
ABW 1.44 5.16 6.60 43.64
Bunch quality M/F 4.94 17.61 22.55 43.81
K/F 1.04 4.05 5.09 40.86
S/F 1.88 6.69 8.57 43.87
O/DM 0.70 4.00 4.70 29.79
F/B 1.61 23.19 24.80 12.98
O/B 1.59 10.08 11.67 27.25
K/B 0.53 2.13 2.66 39.85
()4 28.31 122.55 150.86 37.53
KY 0.89 9.08 9.97 17.85
Vegetative FP 0.88 4.39 527 33.40
PCS 3.43 52.89 56.32 12.18
RL 0.07 0.19 0.26 53.85
LL 32.12 72.90 105.02 61.17
LW 0.05 0.29 0.34 29.41
LN 23.26 118.73 141.99 32.76
HTI 0.00 0.01 0.01 0.00
LA 0.47 2.59 3.06 30.72
LAI 0.16 0.91 1.07 29.91
DIA 0.00 0.00 0.00 0.00

Note: Ué—variance of genotype; 02— variance of error; FFB - fresh fruit bunches; BNO - bunch number; ABW - average bunch weight;
M/F - mesocarp to fruit ratio; K/F - kernel to fruit ratio; S/F - shell to fruit ratio; O/DM - oil to dry mesocarp ratio; F/B - fruit
to bunch ratio; O/B - oil to bunch ratio; K/B - kernel to bunch ratio; OY - oil yield; KY - kernel yield; FP - frond production;
PCS - petiole cross-section; RL - rachis length; LL - leaflet length; LW - leaflet width; LN - leaflet number; HTT - height increment;

LA - leaf area; LAI - leaf area index; DIA - trunk diameter.

CONCLUSION

Generally, the genotype factor was highly
significant for all traits, suggesting adequate genetic
variation for effective selection within this breeding
population. The broad-sense heritability estimates
were low for most of the traits, suggesting a greater
influence on these traits by the environment. PKG115
from Cross II has been identified to possess a good
combination of traits, such as its high FFB yields
of 264.46 kg palm™ yr™ or 39.14 t ha™. The high
yield was combined with promising bunch quality
components such as high M/F and OY, and a low
S/E. From the Dura side, the Nigerian germplasm
could also incorporate other interesting traits for
future breeding programmes, apart from its good
FFB yield. The female (0.318/2 of MPOB-NGA
x Deli Dura) and male (0.395/148 of Yangambi
Pisifera) parents of PKG115 can be used in the
development of commercial DxP seed production
and breeding programmes as the mother palm and
pollen source, which may help to address the yield
stagnation observed in the oil palm sector in recent
decades.
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BIOSYNTHESIS OF SILVER NANOPARTICLES

USING PALM OIL MILL EFFLUENT (POME)
EXTRACT

ABDULRAHMAN SANI ALIERO"?; NURLIYANA AHMAD ZAWAWI'*; NIK AHMAD NIZAM NIK MALEK"?;

MUHAMMAD HARIZ ASRAF'; IQBAL JALALULDIN*; MOHD FIRDAUS ABDUL WAHAB' and
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ABSTRACT
Silver nanoparticles (AgNP) possess broad biocidal activities, making them ideal for antibacterial, antiviral
and anti-inflammatory formulations. A green synthesis method using palm oil mill effluent (POME) extract
as both a stabilising and reducing agent was developed, eliminating the need for hazardous chemicals, with
a 1.5 mM AgNO, solution used as the precursor for the synthesis. Preliminary profiling of POME extract
was performed, including quantification of total phenolic, flavonoid and tannin contents. The synthesis
was optimised using one factor at a time (OFAT) approach and characterised with vis-spectroscopy, Fourier
transform infrared (FTIR) and dynamic light scattering (DLS). Liquid chromatography-mass spectrometry
(LC-MS) was used to identify organic compounds containing hydroxyl, carbonyl and amine groups as
possible reducing agents. Under optimised conditions of 6 mL extract and 1.5 mM AgNO, incubated at
room temperature for 14 hr, AGQNP exhibited a surface plasmon resonance (SPR) peak at 440 nm. FTIR
spectra revealed significant hydroxyl and carboxyl groups essential for reducing Ag" to Ag". The synthesised
POME-AgNP were crystalline, spherical in shape and 21 nm average size, with a low polydispersity index
(PdI = 0.295) indicating monodispersity. A zeta potential of =19.3 mV demonstrated good stability against
agglomeration and oxidation. Overall, the green AgNP synthesis method using POME extract proved

successful, offering a sustainable alternative to conventional chemical and physical methods.

Keywords: bioactive compounds, biosynthesis, LC-MS, POME, silver nanoparticles.
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INTRODUCTION

Nanotechnology offers a transformative approach
to advancing technology across various disciplines,
including science, medicine and engineering.
Among nanomaterials, metallic nanoparticles
and their composites are broadly explored for
various applications due to their exceptional
properties. These include enhanced mechanical
and thermal stability, a high surface-to-volume
ratio and an abundance of reactive sites on their

surfaces, making them highly desirable for a wide
range of applications (Alvarez et al., 2018; Haleem
et al., 2023; Liu et al., 2023; Savolainen et al., 2010).
With growing awareness of the environmental
impact of traditional manufacturing processes,
there is an increasing demand for sustainable and
eco-friendly methods for nanoparticle synthesis and
application. Green synthesis addresses this need
by offering a range of techniques that minimise
the use of hazardous chemicals, reduce energy
consumption and promote the use of renewable
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resources. This approach has the potential
to revolutionise various sectors and provide
sustainable solutions to pressing global challenges
(Barabadi et al., 2021; Vankudoth et al., 2022).

In the energy sector, metallic nanoparticles
offer significant opportunities, such as the use
of nanomaterials in solar cells to enhance light
absorption and improve energy conversion
efficiency, leading to cleaner and more efficient
energy sources (Dastafkan et al., 2015; Dolatabadi
et al., 2022). In medicine, it enables the production
of biocompatible nanoparticles for drug delivery,
diagnostics and therapeutics, reducing toxicity
and enhancing efficacy (Kumari et al., 2021a;
Wasilewska et al., 2023). For environmental
remediation, green-synthesised nanoparticles
can be applied in water purification, pollutant
detection and the cleanup of contaminated sites
(Zahoor et al., 2021). Additionally, in agriculture,
green nanotechnology contributes to crop
improvement, pest control and nutrient delivery
systems (Acharya & Pal, 2020).

Among emerging metallic nanomaterials,

silver nanoparticles (AgNP) have gained
significant interest due to their outstanding
physicochemical  properties  (De  Matteis

et al., 2023). Their unique surface chemistry,
composition, morphology, shape, size distribution
and reactivity in solution make them highly
desirable for a range of applications, including as
antioxidants, anticancer agents, antimicrobials,
larvicides and in the degradation of dyes for water
treatment (Jaast & Grewal, 2021; Mondal et al.,
2024). Typical method used to synthesise AgNP
mainly uses chemical agents that are hazardous
and toxic, which adversely affect our environment
(Iravani et al., 2014). Other than toxic side
effects, chemical methods commonly use volatile
chemical reactants that are very hazardous to
the environment. The reducing agents such as
sodium borohydrate and hydrazine derivatives,
are highly noxious, causing air pollution. Other
examples include volatile solvents like aromatic
amines and thiols that have high vapour
pressure (Zhang et al.,, 2021). The presence of
chemical substances on the surface of AgNP
can compromise their effectiveness and hinder
their biocompatibility as such in future medical
applications. Thus, there is a pressing need to
adopt environmentally friendly techniques that
harness the power of renewable resources to ensure
the sustainable use of AgNP (Wasilewska et al.,
2023). Recently, there has been a growing demand
for safe, eco-friendly and non-toxic approaches to
synthesise AgNP of various sizes and morphology
while minimising toxicity (Abdullah et al., 2021).

In the green synthesis method of AgNP,
biological sources such as bacteria, fungi, algae
and plants have previously been reported as
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advantageous to mediate the reduction of silver
ions (Ag") to AgNP. The use of bacteria, fungi,
and algae has been reported previously by Aziz
et al. (2015), Murugesan et al. (2017) and Uzair
et al. (2020) but has encountered challenges in
achieving good control over the size distribution,
shape and crystallinity of the nanoparticles
(Mukherji et al.,, 2019). Moreover, the steps are
time-consuming, and require substantial aseptic
conditions and maintenance, limiting their
suitability for industrial applications (Yahya &
Alharbi, 2023).

In contrast, plant-mediated synthesis of AgNP
is comparatively simpler and more cost-efficient.
Various phytochemicals from various plant species
and plant parts including leaves, vegetables,
oilseed, barks, roots and fruits aid the reduction
process of metal ions. Notably, fruit peels such as
banana (Cheong et al., 2022; Teo et al., 2023), citrus
(Khane et al., 2022; Nahar et al., 2021) and dragon
fruit (Phongtongpasuk & Poadang, 2016) have
demonstrated the ability to produce biocompatible
AgNP. These plants produce biomolecules such as
steroids, sapogenins, tannins, terpenoids, polyols,
alkaloids, polysaccharides, flavonoids, phenolics,
proteins, amino acids, enzymes and vitamins that
function as strong chelating, reducing and stabilising
agents for the AgNP synthesis (Asmat-Campos
et al., 2020; Githala & Trivedi, 2023).

Recently, there has been a pressing need to
exploit agro-industrial biowaste for materials
synthesis to mitigate environmental pollution
and promote sustainability. Exploiting agro-
industrial waste to produce profitable high-
value products facilitates the implementation of
a circular economy, which in turn helps reduce
the amount of waste generated. Among such
agro-industrial waste is palm oil mill effluent
(POME), which is a by-product generated during
oil extraction from fresh fruit bunches (FFB) in
palm oil mill industries. It is estimated that about
3 t of POME are produced for every tonnes of
crude palm oil, with Malaysia alone processing
over 90 million tonnes of FFB annually (Mahmod
et al., 2023; Tang et al., 2024). Managing POME
poses a significant challenge for the palm oil
milling industry due to its high concentration of
pollutants and other harmful substances, which
can adversely affect aquatic life. The brown colour
of POME was known to have high levels of phenolic
compounds, fatty acids, polyphenols and proteins
(Chantho et al., 2016).

To the best of our knowledge, the utilisation
of POME in mediating AgNP formation has been
relatively unexplored until now, unlike its role in
forming other metallic nanoparticles such as gold
nanoparticles (AuNP), in which hydroxyl and
carbonyl functional groups served as reducing
and capping agents. This study aims to identify
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compounds containing hydroxyl and carboxyl
functional groups present in POME extract that
are involved in the biosynthesis of AgNP without
the addition of external surfactant or capping
agent. Synthesis parameters were optimised
using one factor at a time (OFAT) approach. The
successful synthesis was confirmed using various
analytical techniques including vis-spectroscopy,
Fourier transform infrared (FTIR) spectroscopy
and dynamic light scattering (DLS).

MATERIALS AND METHODS
POME Collection and Extraction

Raw POME was obtained from the Maokil
Palm Oil Mill in Labis, Johor, Malaysia, and was
dried at 60°C for 24 hr using a glass container.
Subsequently, the raw material was scraped,
ground to powder and sieved (Gan et al., 2012).
The 2% POME powder was dissolved in 100 mL
of deionised (DI) water, stirred for 15 min at 90°C
and filtered using Whatman filter paper to obtain
pure POME extract. The extracted POME was
kept in a refrigerator at 4°C for further analysis.
The schematic process of extraction is shown in
Figure 1. The extract was used to quantify total
phenolic, flavonoid and tannin content and
synthesise AgNP. For liquid chromatography-
mass spectroscopy (LC-MS) analysis, 2 g of
POME powder was added to 100 mL of
methanol and stirred overnight and the prepared
sample was submitted for analysis.

Profiling of Organic Compounds in POME Extract
using LC-MS

Water extract of POME was characterised
using an LC-MS instrument from Hewlett Packard
(Agilent Technologies, Germany) to examine the
chromatographic profiles of organic compounds

in POME extract. The chromatographic system
consists of a normal phase. The mobile phase
comprises 0.1% formic acid (v/v) (A), while the
aqueous organic phase contains 0.1% formic acid
(v/v) (B). The analysis was conducted using C18
column (150.0 x 2.1 mm), with a vacuum pump
flow velocity of 1 mL/min and temperature of
40°C. The eluent gradient was set from 10.0%-—
30.0% B in 20 min, followed by 30.0% B in 20-30
min, with a 0.8 mL/min flow rate. Positive ion
mode of electrospray ionisation-mass spectrometry
(ESI-MS) was used to monitor the eluent, scanning
from m/z 110-810. An electrospray ionisation (ESI)
was performed at 3.5 kV with an optimum collision
energy of 60.0%. At a flow rate of 12 L/min and
a capillary temperature of 350°C, high-purity
nitrogen was used as the dry gas, while nitrogen was
used as the nebuliser at 40/inch?. The compounds
from POME extract that could potentially act as
reducing and stabilising agents in the biosynthesis
of AgNP were chosen using the available reference
library (Metlin_Metabolites_ AM_PCDL.cdb). The
compounds exhibiting the best match percentage
with a database score above 70.0%, along with
hydroxyl and carboxyl functional were recorded.

Total Phenolic Compound (TPC)

The TPC of aqueous POME is to assess the
concentration of phenolic compounds in a sample
(Baba & Malik, 2015). A 1.00 mL of POME extract
sample, standard calibration solutions containing
different concentrations of gallic acid (0.00, 0.02,
0.04, 0.06, 0.08, 1.00 and 1.20 mg/mL), 0.50 mL
of Folin-Ciocalteu (FC) reagent and 5.00 mL of
DI water were mixed and centrifuged in a 15.00
mL tube for 5 min. Subsequently, 1.50 mL of 20%
Na,CO, was added, and the final volume was
adjusted to 10 mL with DI water. The absorbance
was recorded after 30 min of incubation at 40°C
using a visible spectrophotometer at 750 nm.
These analyses were conducted in triplicate and

‘m

— -
POME extract Solution was
was kept at 4°C filtered

' Collected POME samples

POME was oven dried at
60°C for 24 hr

( Scrapping and grinding )

Dried POME powder

The mixture of POME
with water was
heated with stirring

at 100°C for 15 min

Figure 1. Schematic process of extraction using palm oil mill effluent (POME).
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linear regression depicts the correlation coefficient,
> 0.95. The total phenolic contents were estimated
as gallic acid equivalents (mg GAE/g).

Total Flavonoid Content (TFC)

The assessment of the TFC of aqueous POME
was conducted as described by Chantiratikul
et al. (2009). Quercetin standard concentrations
(0.0, 0.2, 04, 0.6, 0.8, 1.0 and 1.2 mg/mL) were
used to make a standard calibration curve. The
sample (1.0 mL) was placed in a 15.0 mL centrifuge
tube, followed by 4.0 mL DI water. Subsequently,
0.3 mL of 5% sodium nitrate was added to the
solution and allowed to stand for 5 min before
adding 0.3 mL of 10% aluminium chloride
solution and 2.0 mL of 1 M sodium hydroxide.
Subsequently, the mixture was adjusted to 10.0 mL
with DI water. Finally, the absorbance was measured
using a Jenway 7200 visible spectrophotometer
at 510 nm. TFC was measured as quercetin
equivalent (mg QE/g). All measurements were
performed at least three times.

Total Tannin Content (TTC)

The TTC of POME was spectrophotometrically
determined by FC phenol reagent assay to
determine the total tannin contents according
to (Haile & Kang, 2019). POME (1.0 mL) extract
was mixed with 7.5 mL DI water in a falcon
tube, followed by the addition of 0.5 mL of FC
phenol reagent and 1.0 mL of Na,CO, DI
(1.0 mL) water was added to achieve a total
volume of 10.0 mL. The mixture was vortexed
and shaken vigorously using a vortex mixer, and
the homogeneous mixture was wrapped with
aluminium foil and kept at room temperature
for 30 min. Standard solutions of tannic acid (0.0,
0.2,0.4, 0.6, 0.8, 1.0 and 1.2 mg/mL) were prepared,
and the absorbance was measured at 760 nm
using a visible spectrophotometer. TTC in POME
was expressed as mg of tannic acid equivalents
(mg TAE/g).

Optimising AgNP Synthesis Parameters using
OFAT

POME-AgNP were synthesised by incubating
POME extract with silver nitrate (AgNO,)

solutions at different temperatures. The results will
provide an overview of the ideal conditions for
synthesising AgNP under optimised conditions.
OFAT was then employed to explore optimal
levels of operating conditions that positively
influenced AgNP formation. The study focuses on
the effect of four variables, such as the volume of
POME extract, AgNO,, temperature and pH of the
extract. For each 15 mL test tube, 10 mL of AgNO,
at 1.0 mM concentration was used. The tubes
were incubated for 24 hr at specific temperatures
(30°C, 40°C, 50°C, 60°C, 70°C and 80°C) and
contained different volumes (0.2, 0.4, 0.6, 0.8 and
10.0 mL) of plant extract at specific pH levels (4,
5,6,7,8,9 and 10). The pH of the experiment was
adjusted to 4, 5, 6, 8, 9 and 10 using 0.1 M HCl and
0.1 M NaOH. The absorbance, indicating surface
plasmon resonance (SPR), was measured using
a vis-spectrophotometer across a wavelength
range of 350-750 nm. Detailed information
on the experimental setup is provided in
Table 1.

Characterisation of POME-AgNP

The confirmation of biosynthesised POME-
AgNP formation was determined wusing vis-
spectroscopy (Jenway 7200). The SPR was examined
from 350 to 750 wavelength (nm). The surface
functional group of biomolecules was investigated
using FTIR (Nicolet IS5 IR, Thermo Scientific, US)
spectroscopy in the range of 400-4,000 cm™. The
size distribution and zeta potential of POME-AgNP
were analysed using a Zetasizer Ver. 7.11 (Malvern
DLS, UK) through DLS. To prevent aggregation,
the samples were diluted before analysing
particle size distribution and zeta potential at
25°C.

RESULTS AND DISCUSSION

Organic Compounds Identification in POME
Extract

LC-MS analysis revealed that major organic
compounds of POME extract contain alkaloids,
phospholipids, fatty acids, sphingolipids,
saponins, 1,2-aminoalcohols and ketones. Among
the organic compounds identified include

TABLE 1. THE DESIGN STUDY OF DIFFERENT SYNTHESIS PARAMETERS OF AgNP USING POME

Parameter Volume of POME (mL) AgNO, (mM) Temperature (°C) Extract pH
Volume of extract 0.2,0.4,0.6,0.8,10.0 1.0 30 7
Extract pH 0.6 1.0 30 4,5,6,7,8,9,10
AgNO, 0.6 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 30 7
Temperature 0.6 1.0 30, 40, 50, 60, 70, 80 7

Note: POME - palm oil mill effluent; AgNO, - silver nitrate.
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anhalamine, hebevinoside VII, aminopentol,
camptothecin, safingol, stearic acid, palmitic
acid and myristone as shown in Table 2. These
constituents could potentially act as reducing
agents in the biosynthesis of AgNP. It is deduced
that the AgNP may be capped and stabilised by
hydroxyl (OH), carboxyl (-COOH) and amine
(-NH,) functional groups from POME, such as
alkaloid through the interaction of amine group,
or fatty acids and phospholipids through OH
and carboxy (C=0), or amine (N-H). Gan et al.
(2012) reported similar findings and deduced the
capping and stabilisation involvement of OH,
C=0, and H-H functional groups from proteins
and polyphenols.

The classes of organic compounds portrayed
in this study was also found present in numerous
plant extracts as depicted in Table 3. Their
potential to serve as reducing and stabilising
agents in AgNP synthesis not only relate with
OH, N-H,, and C=0 but also possible interaction
with C=C, C-H, -COOH, C-O-C, -COCH,,
—COO and NH, (Table 3). Stearic acid, one of the
compounds identified in POME extract belongs
to the saturated long-chain fatty acids group. It
plays a crucial role in the biosynthesis of AgNP by
forming a long hydrocarbon chain that attached
to the surface of AgNP, creating a protective layer.
This layer could effectively prevent aggregation
and reaction with other substances. Grizzo
et al. (2023) have demonstrated that stearic acid
enhances the formation of AgNP on graphene and
improves the surface wetting of the nanoparticles
when combined in a composite with polylactic
acid (PLA). Similarly, it also increased the atomic
concentration of AgNP within the composite,
emphasising its role in promoting nanoparticle
formation (Grizzo et al., 2023). On the other hand
camptothecin, an alkaloid identified in POME
is not commonly found in the effluent, which
primarily consists of degradable organic matter
such as water, unrecovered oil, free fatty acids
(FFA), starches, proteins and non-toxic plant
tissues. This compound likely originates from
microorganisms that are present in POME aeration
ponds during the aerobic digestion process
(Mohammad et al., 2021).

Total Phenolic, Flavonoids and Tannin Contents

In this study, total phenolic, flavonoids and
tannin contents of POME were quantified using
three different assays, namely, TPC, TFC and TTC.
Results in Figure 2 showed that flavonoids content
was the highest compared to tannins and phenolics.
Quantitatively, the concentrations of phenols,
flavonoids and tannins in 2 g of dried POME
were 75 + 4.10, 102 + 3.60 and 83 + 1.89 mg/g as
depicted in Figure 2.
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Figure 2. Total phenolic (TPC), flavonoid (TFC) and tannin content
(TTC) of aqueous palm oil mill effluent (POME).

The increased flavonoid content is likely due
to a higher concentration of organic compounds
belonging to the flavonoid groups in POME.
Among the identified organic compounds in
POME are palmitic acid, stearic acid, anhalamine,
hebevinoside VII and aminopentol. These
compounds are potential agents that play a role
in both reducing and stabilising the nanoparticles
during the green synthesis of AgNP (Asmat-
Campos et al., 2020).

Screening Process of Synthesis Parameters using
OFAT Approach

The production of AgNP is affected by several
factors, such as the volume of extract, AgNO,
concentration, temperature and pH, which can be
adjusted to control the size, shape, morphology,
efficacy and applicability of the nanoparticles. The
absorption peak spectrum for AgNP formation
ranges from 410 to 500 nm (Dhaka et al., 2023). In
this study, the visible spectrum between 400 and
500 nm was used to verify the formation of AgNP
and assess the effects of different factors such as
volume of extract, temperature, pH and AgNO,
concentration on the POME-AgNP synthesis.

Effect of Extract Volume

The organic compounds within the extract
are crucial for the synthesis of AgNP. Therefore,
varying volumes of POME extract were investigated
to achieve a stable synthesis of POME-AgNP. It
was observed that increasing the extract volume
from 0.2 to 0.6 mL corresponded to an increase in the
absorption band intensity, as depicted in Figure 3a.
This enhances the participation of organic
compounds in the reduction and stabilisation of
the synthesised AgNP. However, the increase of
the extract volume above 0.6 mL led to shifts in
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TABLE 3. PLANTS SOURCE AND PHYTOCHEMICALS INVOLVED IN GREEN SYNTHESIS OF AgNPS WITH DIFFERENT

FUNCTIONAL GROUPS
Source of extract AgNPs-based Plant parts Functional groups Reference
Mussaenda frondose leaf Chitosan/Gelatin@Ag Leaves -CO-NH, Ediyilyam
extract nanocomposites film et al. (2021)
Dioscorea altissima AgNPs incorporated nanofilm Tuber OH-group of starch Silva
(dunguey) et al. (2021)
Pomegranate and AgNPs on cellulose wrapper Fruit peel OH in phenols and Gopalakrishnan
citrus fruit peel flavonoids groups et al. (2023)
Azadirachta indica AgNPs@microcrystalline cellulose Leaves OH functionality Pandian
leaf extract et al. (2023)
Ficus carica extract AgNPs into Chitosan Leaves OH group Goh et al.
(2023)
Banana waste peduncles AgNPs/Degussa Fruit peel Phenolic OH El-Desouky et al.
(2021)
PVA starch Cassava starch/polyvinyl alcohol@ Vegetable OH group Srikhao et al.
AgNPs film (2021)
Pea hull waste Carboxymethyl cellulose Vegetable waste ~ OH and SO,H groups He et al.
nanocrystals@AgNPs (2021)
Hardwood bleached kraft Cellulose-AgNP composite sheets Wood pulp OH group of Lietal
pulp cellulose chain (2023)
Bagasse raw material Alginate/oxidised nanocellulose- Plant waste H-bonding Abutalib and
AgNPs material Rajeh (2021)
Fresh leaves of tulasi, AgNPs@cellulosic network Leaves NH, and OH groups Kumari et al.
mint and aloe vera (2021b)
Corn cobs AgNPs with poly (lactic acid)/ Corn cobs Polyphenols, OH and Ng et al.
nanocellulose nano-films NH groups (2021)

Note: CO - carbonyl; NH, - primary amine; OH - hydroxyl; PVA - polyviyl alcohol; SO,H - sulfonic acid; NH - secondary amine;

AgNP - silver nanoparticles.

the absorption intensity and increased noise in the
spectrum, which could be due to a high concentration
of reducing agent leading to agglomeration.
Therefore, the optimal volume of POME extract for
AgNP synthesis is 0.6 mL. Vadakkan et al. (2024)
reported that an increase in concentration enhances
the synthesis of AgNP until the synthesis reaches
the threshold level, however, beyond which particle
accumulation occurs. When nanoparticles aggregate,
they may lose their essential features and economic
value. Hence, it is crucial to maintain an optimal
concentration.

Effect of Temperature

Figure 3b illustrates the variation in the
absorption spectrum of AgNP synthesised using
POME extract at different reaction temperatures.
The spectrum shows that the optimal temperature
is 50°C. Moreover, at 60°C, 70°C and 80°C, there
is an increase in activation energy, which results
in AgNP agglomeration. Chemical reactions are
facilitated by temperature, as it provides the
activation energy required to initiate the fastest
reaction. Additionally, temperature also increases
the likelihood of reactants colliding, thus increasing
the chances of them converting into the desired
product (Lotfy et al., 2021).
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Effect of pH

AgNP synthesis is significantly influenced by
the pH range of the solution as it enhances the
ability of phytochemicals to bind with Ag", this
facilitates their reducing and capping potentials
(Azarbani & Shiravand, 2020). In this study, the
synthesis of AgNP using POME at its natural pH
of 4.5 showed no absorbance peak, indicating the
absence of AgNP formation. To achieve optimal
synthesis conditions, the pH of the POME extract
was adjusted. As shown in Figure 3¢, the optimal
pH for synthesising AgNP is pH 7. At this pH,
the reduced concentration of H* ions increases the
surface charge of the particles, facilitating AgNP
formation. In contrast, synthesis at pH levels of 4
and 5 showed no SPR absorbance peak, suggesting
that acidic conditions are unfavourable for AgNP
synthesis. Supporting these findings, Hamouda
et al. (2019) reported that the optimal pH for
AgNP formation using Oscillatoria limnetica was
6.7, with synthesis being completely inhibited at
pH4.7and 5.7.

Effect of AgNO, Concentration

In this study, various concentrations of AgNO,
(ranging from 0.5 to 3.0 mM) were examined
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to determine the optimal concentration for
AgNP formation with POME extract at ambient
temperature. The absorption spectrum of the
POME-AgNP showed that increasing the AgNO,
concentration up to 1.5 mM led to higher absorption
band intensity. However, at concentrations
between 1.5 and 3.0 mM as shown in Figure 3d,
there was a decrease in the absorption spectrum,
likely due to nanoparticle aggregation. Therefore,
a concentration of 1.5 mM AgNO, was identified
as the optimal condition for the green synthesis
of AgNP.

Characterisation of POME-AgNP

FTIR spectroscopy. The involvement of surface
functional groups in the biosynthesis of POME-
AgNP was examined using FTIR analysis. Figure 4
displays a comparative analysis of the FTIR
spectrum for raw POME powder and POME-AgNP.
The absorption peaks in the FTIR spectrum of
POME-AgNP showed reduced intensity at 3,761
and 1,744 cm™, which indicates C=O stretching
vibrations of the carbonyl group present in the raw
POME. This can be attributed to the involvement
of compounds with carbonyl functional groups in
the synthesis of POME-AgNP, which aligns with
previous studies on gold nanoparticles synthesised
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using POME (Gan et al., 2012). The significant
absorption bands observed in the range of 3,400
2,900 cm™ are associated with phenolic compounds
in the biosynthesised AgNP. The presence of
carbonyl groups, indicated by the C=O stretching
vibration at 1,700 cm™, suggests the presence
of aromatic structural vibrations in flavonoids
and glucosides. Thus, the FTIR results imply
that the organic compounds in POME contain
functional groups responsible for the reduction and

stabilisation of POME-AgNP.

The differences in band and peak intensity
showed the structural changes and the change in
the extent of hydrogen bonding. These might be
due to the oxidisation of phytochemicals in POME.
In Indian propolis extract, flavonoids contribute to
AgNP synthesis by reducing Ag" to Ag’ (Rashid
et al., 2019). In the process, flavonoids undergo
oxidation, which results in the formation of diketone
and unsaturated carbonyl groups. It is possible that
the carbonyl and hydroxyl functional groups found
in POME can serve not only as reducing agents
by giving electrons to convert Ag" to Ag’ during
AgNP synthesis but also as capping agents through
electrostatic interactions to keep the synthesised
AgNP stable. This suggests that these active
functional groups play a dual role in the synthesis

and stabilisation of AgNP (Chi et al., 2022).
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Figure 3. Visible spectra of POME-AgNP: (a) Volume, (b) temperature, (c) pH values and (d) AQNO, concentrations
of palm oil mill effluent (POME) extract.
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Figure 4. Fourier Transform Infrared (FTIR) spectra of raw palm oil mill effluent (POME) extract and POME-AgNP.

DLS analysis. DLS determines the time-dependent
light intensity variations caused by particle
Brownian motion and measures the hydrodynamic
diameter of the nanoparticles (Yusof et al., 2020). The
DLS allows the quantitative measurement of size
distribution as well as the dispersion (polydispersion
or monodispersion) of nanomaterials in a colloidal
system (John et al., 2020). Figure 5a shows the
average hydrodynamic particle sizes of 21.18
nm with a polydisperse index (PdI) of 0.259. A
value of PdI less than 0.5 indicates the mono
dispersion of nanoparticles (Agnihotri et al., 2014).
In addition, the AgNP stability was evaluated by
measuring the zeta potential magnitude. Figure 5b

(a) 30

0)

> 207

Number (

shows the zeta-potential value of -19.3 mV for
the POME-AgNP colloidal solution. The charge
surface (-) obtained is due to the macromolecules
in the raw POME adhering to the AgNP surface
which indicates repulsion between the particles,
preventing their aggregation. According to Tavakol
et al. (2017), suspended particles with a negative
surface charge are likely to repel each other and
less likely to aggregate (electrostatically stable). In
this work, a zeta potential of —19.3 mV indicates
that the POME-AgNP are considerably stable.
Thus, AgNP with zeta potential of < -25 mV or
> 25 mV have significant stability (Vadakkan
et al.,, 2024).
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Figure 5. DLS analysis showing the (a) size distribution and (b) zeta (C) potential.



JOURNAL OF OIL PALM RESEARCH 38 (3) SEPTEMBER 2026

CONCLUSION

This study presents the novel approach to the
biosynthesis of AgNP using POME. Utilising
agro-industrial waste such as POME for AgNP
synthesis is both sustainable and advantageous,
as it helps reduce environmental pollution
while providing antimicrobial properties. The
LC-MS analysis identified several compounds,
including stearic acid, palmitic acid, anhalamine,
phosphatidylethanolamine (40:8), hebevinocide VII,
aminopentol, safingol, camptothecin and myristone,
which likely play roles in the reduction, capping and
stabilisation of Ag™ ions during AgNP formation.
The optimal conditions for synthesising POME-
AgNP synthesis were established using the OFAT
approach and the physicochemical properties of
the resulting POME-AgNP were comprehensively
evaluated. Future research should focus on
identifying and isolating individual compounds
and assess their effectiveness to elucidate their
roles, thereby improving our understanding of the
biosynthetic process, especially considering the
increasing demands for solutions in various health
applications.
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ABSTRACT
The study aimed to elucidate the characteristics of spray coverage and the effect of spraying in controlling
Oryctes rhinoceros beetle (ORB) in immature oil palm using an unmanned aerial vehicle point-to-point
(UAVPTP) sprayer. The UAVPTP sprayer was compared to the semi-mechanised FM ORYCT sprayer
and the INTER knapsack sprayer. The water-sensitive paper was used as a sampler to determine spray
coverage and droplet density and was statistically analysed. Spray volume per palm was determined
via a special calibration method, and fresh damage incidences of ORB attack before and after treatment
of cypermethrin insecticide using the UAVPTP were conducted to determine the effectiveness of the
treatments. The results showed that the spray coverage of UAVPTP at the targeted spears and first spiral
of fronds reached a satisfactory level of above 80%. No significant differences were observed in the fresh
damage of ORB (F,, = 0.85, p > 0.05(1st-year-flat); F, = 2.34, p > 0.05 (Ist-yr-terrace); F . = 0.67,
p > 0.05 2nd-yr-flat); F,, = 1.92, p > 0.05 (2nd-yr-terrace)) upon treatments of cypermethrin between the
UAVPTP sprayer, FM ORYCT semi-mechanised sprayer or INTER knapsack sprayer after six rounds of

spraying treatment at all types of field terrains. The study results provide the theoretical basis and technical

support for decision-making in using the UAVPTP sprayer in immature oil palms.

Keywords: cypermethrin, Oryctes rhinoceros, point-to-point spraying, spray coverage, unmanned aerial vehicle (UAV).
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INTRODUCTION

Oryctes rhinoceros beetle (ORB) is one of the major
pests that attack immature oil palms. Adult ORB
feeds on the cabbage and spear parts of the palms,
causing damage to the growing points (Ho, 2010).
Losses due to ORB have been reported to reach 53%
in the first year of harvesting (Chung et al.,, 1999).
In addition, Chung et al. (1999) also discovered
that the beetle damage could cause an average crop
loss of 40%-92% during the first year of harvesting.
Adult ORBs can live for about 6-9 months. They
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SD Guthrie Research Sdn. Bhd.,
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feed on the immature palm tissue for up to 4 days
before they move to another palm. This process
leads to severe crop loss (Desmier & Kang, 2001).
Due to beetle attacks, a reduction of >15% in canopy
size had also been observed (Samsudin et al.,
1993), which often result in reduced photosynthetic
activity, delayed plant maturity, smaller fruit
bunch size and an approximately 25% crop loss
(Liau & Ahmad, 1991).

To effectively control ORB, one of the common
treatments is via spraying using cypermethrin
insecticide at the spear region and bole of the
palm with a spray volume of 100-200 mL /palm.
The targeted spear and the base of the first spiral
of younger fronds must be wetted to ensure that
effective control of ORB is achieved. Spraying
is conducted at 14-day intervals as a regular
treatment to prevent severe damage and provide
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good protection for palms without delaying the
immature period (Ho, 2010). Although there are
other methods, e.g., cultural control via constructing
the close ended conservation trenches (CECT), the
establishment of legume cover crops (LCC) and
the biological control methods using Metarhizium
bioinsecticides, chemical control is still required
in areas where ORB infestation is significant. The
spraying of cypermethrin insecticide is currently
being practised in major plantation estates at a
dosage of 0.1% active ingredient (a.i.) concentration
with the spray volume of between 100-200 mL
to the spear, new fronds and spear bases when
damage has been detected. Cypermethrin insecticide
used for the control of ORB is non-systemic; it only
remains on the exterior of the plant and must be in
contact and absorbed through the body of the insect,
and may also act as a poison in the insect’s stomach.
It attacks the nervous system and interacts with the
sodium channel in the insects, thus affecting neuron
function (Macbean, 2012). Currently, spraying
is done manually using conventional knapsack
sprayers (CKS) or semi-mechanised tractor-drawn
power sprayers. The current method of spraying
using CKS is highly labourious, with productivity
between 2—4 ha/man-day depending on the field
terrain. Lower productivity is observed in fields
with terraces. Therefore, there is a need to seek
alternatives to replace this laborious method, and
the use of precision agriculture using an unmanned
aerial vehicle via point-to-point (UAVPTP)
autonomous sprayer could be a good technological
solution to this problem.

Precision agriculture (PA) technology that
embodies theadvancementin crop yield optimisation
and managerial decision-making through cutting-
edge sensor technology and analytical tools is
capable of elevating production rates, streamlining
labour and optimising fertiliser, irrigation and pest
management. PA presents a solution to this issue
through the precise monitoring and forecasting of
pests, which improves productivity and guarantees
environmental sustainability (Kanwal et al.,, 2022;
Mulla, 2013). Kanwal et al. (2022) postulated that
various PA technologies have enabled farmers
to monitor and manage pests, including remote
sensing, the Internet of Things (IoT), geographical
information systems, and artificial intelligence. In
the aerial field of precision agriculture, unmanned
aerial vehicles (UAV) operation stands out among
automation machinery due to its high flexibility,
ease of control, high adaptability to complex terrain
and high efficiency (Liu & Li, 2023). Hilz and
Vermeer (2013) reported that UAV have emerged
as capable plant protectors. It has the advantages
of high operational efficiency, high speed and low
drift, but it is also affected by environmental factors;
UAV spraying often produces droplet drift. The
control effects of UAV spraying on cotton aphids
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and spider mites were 63.7% and 61.3%, respectively
(Lou et al., 2018). Drones, when equipped with
precision techniques and variable-rate nozzles,
minimise the use of pesticides, resulting in cost
savings on pesticide materials. This makes drones
a well-suited tool for PA. Moreover, drones excel
in situations involving hazardous chemicals like
pesticides. By flying closely to the crop canopy, they
ensure that pesticides directly reach the leaves, with
minimal runoff to the soil. Drones also target only
pest-affected areas, avoiding wasteful pesticide
application across the entire field, making them
highly efficient (Krishna, 2017).

An innovation of spraying using an UAVPTP
spraying method on top of the palm canopy has
recently been introduced to replace the existing
spraying method. One of the inventions is
the UAVPTP sprayer under the trade name of
ORYCTES, produced by a Malaysian company,
Aonic Sdn. Bhd. (Aonic) (formerly known as
Poladrone Solutions Sdn. Bhd.) (Figure 1). The
sprayer consists of an airframe with 6 propeller
blades and a propulsion system, 16 L tanks with a
spraying pump fitted with a TG-8 full cone nozzle
and powered by a 12S lithium polymer battery. It
is equipped with collision avoidance radar and
an altimeter radar system to detect and conduct
point-to-point spraying on the palms (Aonic,
2021). ORYCTES has been claimed to be capable of
conducting point-to-point spraying over the top of
the palm canopy, delivering precise dosage, flying
autonomously and being able to spray palms in
terraced and hilly areas. SD Guthrie Research Sdn.
Bhd., under the R&D Crop Protection Section,
Plantation Research & Advisory Department,
collaborated with Aonic with the objectives to
develop, optimise and study the UAVPTP sprayer
on its spray coverage and spray effectiveness.
It was hypothesised that the UAVPTP would be
able to provide satisfactory spray coverage on the
targeted spear base region of the immature palms
and be able to effectively control the ORB in the
immature palms. This article provides a detailed
report and discussion of the study.

MATERIALS AND METHODS

Before the commencement of the research, R&D
Crop Protection, SD Guthrie Research Sdn. Bhd.,
=had set a list of parameters for the UAVPTP
evaluation, which is listed in Table 1.

Trial Location and Treatment List

A total of four trials were conducted for four
types of immature palm fields located in SD
Guthrie Berhad’s oil palm plantation in Johor,
Malaysia, based on the following (Table 2).
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Figure 1. ORYCTES unmanned aerial vehicle point-to-point (UAVPTP) sprayer.

TABLE 1. PARAMETER REQUIREMENTS FOR SPRAYING ACTIVITY FOR Oryctes rhinoceros BEETLE (ORB) CONTROL IN

IMMATURE OIL PALM

Parameter requirements Description
Targeted spray area Spear, spear base, and the first spiral of fronds
Spray coverage >80% at the spear base
Spray droplet density >70 droplets/cm?
Spray volume Palm age between 1-2 yr: 100-200 mL/palm

Palm age between 2—4 yr: 200-400 mL/palm
UAVPTP sprayer movement Point-to-point spraying on top of the palm canopy
UAVPTP automation To spray autonomously
Bio efficacy ORB fresh damage incidences to reach below 5% after treatments

Note: UAVPTP - unmanned aerial vehicle point-to-point.

TABLE 2. TRIAL LIST AND TYPE OF FIELD Spraying Methodology

Palm age at first

Trial Field round of treatment _Lcrain The spraying methodology for the UAVPTP is
A Istyrimmature ¢ e gt ygr) Flat based on the use of a Global Navigation Satellite
planting System (GNSS) and Real-Time Kinematic (RTK)

B Istyrimmature o e (1t yr) Terrace System that is elaborated as follows:

planting
c 2nd glralr?:irrr:gature 18 months (2nd yr) Flat Global Navigation Satellite System (GNSS)
D 2ndyrimmature o 00 d ve) - and Real-Time Kinetic (RTK) System. GNSS
. yr errace . . . .

planting is a satellite navigation system that uses small
Note: yr - year. satellites to pinpoint the geographic location
of a user’s receiver on Earth. The GNSS use a
All trials were conducted with the treatment list constellation of satellites and is based on the
as shown in Table 3. concept of trilateration (determining a position by
The FM ORYCT semi-mechanised sprayer knowing your distance from three known points).

was invented by a plantation estate in SD Guthrie The UAVPTP sprayer uses the RTK system,
Berhad in the Southern Region, Johor, Malaysia. which is a GNSS technique that can improve the

FM ORYCT consists of a semi-mechanised tractor accuracy of GNSS positioning up to 1-2 cm level.
that was modified and installed with a fibreglass RTK-enabled drones can track their geolocation
tank, water pump, telescopic lance and fitted with accurately (Figure 2).

a hollow cone nozzle. GOIZPER Group company For the UAVPTP sprayer, a pre-treatment flight
from Spain, produces the INTER knapsack sprayer, path was created via digital mapping of the field,
which is currently being sold in Malaysia. The and each palm was geotagged at the centre of the
INTER knapsack sprayer has a tank capacity of canopy to ensure precise point-to-point spraying at
16 L, and a long lance fitted with very low volume the spear and first spiral of the frond conducted.
(VLV) hollow cone nozzles. The sprayer is capable The UAVPTP sprayer was calibrated to provide
of operating between 1.5-3.0 bar operating pressure. a similar spray volume application rate per palm
This is the common knapsack sprayer used in many at 150 mL. This was implemented by determining
plantations for ORB control (Goizper Group, 2023). the nozzle’s flow rate and setting the timing to

511



JOURNAL OF OIL PALM RESEARCH 38 (3) SEPTEMBER 2026

TABLE 3. TREATMENT LIST

Minimum
Number of palms
. Treatment number of palms
. Treatment . per replicate . . .
Trial . Replicate . Fresh damage studies Replicate per replicate
Spray coverage studies (palm) (Experimental .
. (palm) (Experimental
unit) .
unit)
A T1: UAV Point-to-Point 3 1 T1: UAV Point-to-Point 3 73
Sprayer - ORYCTES (UAVPTP) Sprayer — ORYCTES
(UAVPTP)
T2: FM ORYCT - Semi- T2: FM ORYCT -
mechanised sprayer Semi-mechanised sprayer
T3: INTER knapsack sprayer T3: INTER knapsack
sprayer
T4: Untreated control
B T1: UAV Point-to-Point 3 1 T1: UAV Point-to-Point 3 61
Sprayer —- ORYCTES (UAVPTP) Sprayer — ORYCTES
(UAVPTP)
T2: FM ORYCT - Semi- T2: FM ORYCT -
mechanised sprayer Semi-mechanised sprayer
T3: INTER knapsack sprayer T3: INTER knapsack
sprayer
T4: Untreated control
C T1: UAV Point-to-Point 3 1 T1: UAV Point-to-Point 3 130
Sprayer —- ORYCTES (UAVPTP) Sprayer — ORYCTES
(UAVPTP)
T2: FM ORYCT - Semi- T2: FM ORYCT -
mechanised sprayer Semi-mechanised sprayer
T3: INTER knapsack sprayer T3: INTER knapsack
sprayer
T4: Untreated control
D T1: UAV Point-to-Point 3 1 T1: UAV Point-to-Point 3 58
Sprayer - ORYCTES (UAVPTP) Sprayer — ORYCTES
(UAVPTP)
T2: FM ORYCT - Semi- T2: FM ORYCT - Semi-
mechanised sprayer mechanised sprayer
T3: INTER knapsack sprayer T3: INTER knapsack
sprayer

T4: Untreated control

Note: UAVPTP - unmanned aerial vehicle point-to-point.

Satellite

RTK Drone

7‘%’
Remote controller GNSS/RTK base station
with ground modem at known position

RTK

GPS Base Station

Source: Loosli (2020).

Figure 2. Global Navigation Satellite System (GNSS) and Real-Time Kinematic (RTK) system (trilateration concept).

512



SPRAY COVERAGE AND EFFECTIVENESS OF UNMANNED AERIAL VEHICLE POINT-TO-POINT SPRAYING TECHNOLOGY FOR

THE CONTROL OF Oryctes rhinoceros IN IMMATURE OIL PALM

spray per palm on each palm canopy. Spraying
treatment was conducted using cypermethrin
insecticide at a dosage of 0.1% a.i. with the spray
volume of 150 mL, and the spraying time was
set at 3 s/palm.

A base point was set at the highest point near
the spraying area as a suitable location for the RTK
base station. A Phantom 4 RTK drone was deployed
to capture high-resolution aerial images with
RTK-calibrated geospatial information. The aerial
images were uploaded onto a software mapping
platform that stitched the images into a cohesive
map and generated a high-precision Digital Terrain
Model (DTM). The software Al palm identification
algorithm was used to pinpoint and tag individual
palm crowns in the aerial map, and the GPS
information of the detected palms was extracted for
UAVPTP sprayer path planning. A path-planning
algorithm was used to generate an optimal flight
path for the UAVPTP sprayer that covers the plot
within the shortest flight time. The generated flight
path was visually reviewed in the software and then
synced with the UAVPTP sprayer mobile app used
to pilot the spraying drone.

During the spraying operation, the UAVPTP
RTK base station was set up at the previously
established base point, then the UAVPTP was turned
on to establish a stable connection with the base
station. The cypermethrin liquid insecticides were
filled into UAVPTP at 14 L, and the pump system
of the drone was checked to ensure smooth liquid
flow through the nozzle. A pre-flight checklist (RTK
signal strength, radar sensors, battery status, etc.)
was run through to ensure the drone was ready
for take-off. The pre-planned flight mission was
reviewed for the final time on the UAVPTP mobile
app, then the drone was launched in automatic
mode to perform the pre-planned missions
(Figure 3). During a drone flight, the pilot constantly
monitored and ensured the drone flew along the
correct paths and with a stable RTK connection.
The UAVPTP mobile app captured all the data
during the spraying for easy reporting (How &
Ken, 2020). The temperature recorded was between

29°C-32°C with relative humidity between 65%—
72%. The wind speed was recorded at 1-2 m/s, and
the flight was set not to operate at 3 m/s and above.

For the INTER Knapsack Sprayer and FM
ORYCT (Figure 4), the spraying treatment was
conducted using cypermethrin insecticide at a
dosage of 0.1% a.i. with the calibrated spray volume
of 150 mL/palm. Calibration was conducted
similarly to the UAVPTP via the determination of
the average flow rate of the nozzles and setting the
timing to spray per palm on each palm.

Spray Coverage and Spray Droplet Density
Assessment

As displayed in Table 3, spray coverage studies
related to all the machinery treatments (T1: UAV
Point-to-Point Sprayer — ORYCTES (UAVPTP), T2:
FM ORYCT - Semi-mechanised sprayer and T3:
INTER knapsack sprayer) were conducted using
water-sensitive paper (WSP) on three palms that
represent three replicates (one palm per replicate)
for the 1st, 2nd and 3rd rounds of spraying.
The WSP was placed on the palm spears and at the
base of the first spiral of the frond (6 points) (spear
region). In addition, WSPs were placed on the
6 points at the lower, middle and upper fronds in
the palm canopy surrounding the spears to study
any drift of the spray droplets. As mentioned
earlier, during the trial, the temperature recorded
was between 29°C-32°C with relative humidity
between 65%-72%. The wind speed was recorded
at 1-2 m/s and flight was set not to operate at
3 m/s and above. The scoring of spray coverage
was recorded based on the scale and weightage
in Table 4. The droplet density for each WSP was
analysed using the Syngenta Droplet Counting Aid
to determine the number of droplets/cm?.

Fresh Damage Assessment
Before the trial, the palms in all the fields were

continuously treated with cypermethrin by the
plantation estate every 14 days, and sprayings were

Figure 3. (a) Layout of mapping, flight path and geotagging of palms for the unmanned aerial vehicle point-to-point (UAVPTP) and
(b) unmanned aerial vehicle point-to-point (UAVPTP) spraying on immature palms.
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FM ORYCT semi-mechanised sprayer.

INTER knapsack sprayer.

Figure 4. FM ORYCT semi-mechanised sprayer and INTER knapsack sprayer.

TABLE 4. VISUAL SCORE RATING (VSR) OF WATER-SENSITIVE PAPER (WSP), SCORE WEIGHTAGE AND TOTAL SPRAY

COVERAGE CALCULATION
Spray coverage description of VSR ) ) Score Calculation of Total spray
each WSP (%) Location of WSP weightage for ~ spray coverage for coverage
ORB control (%)  each WSP point calculation

Full wetting 100 Spear Base 1 (SB1) 20 VSR x 20% = SCSB1 Total spray
Droplet covered 80%-99% of WSP 80-99 Spear Base 2 (SB2) 20 VSR x 20% = SCSB2 C%‘ggg%i:
Droplet covered 60%-79% of WSP 60-79 Spear Base 3 (SB3) 20 VSR x 20% = SCSB3 SCSB2+
Droplet covered 40%-59% of WSP 40-59 Spear Base 4 (SB4) 20 VSR x 20% = SCSB4 SCSB3+
Droplet covered 20%-39% of WSP 20-39 Spear Middle (SM) 10 VSR x 10 % = SCSM g(cjzl;;ﬁ
Droplet covered 1%-19% of WSP 1-19 Spear End (SE) 10 VSR x 10% = SCSE SCSE
No droplet detected 0

Note: ORB - Oryctes rhinoceros beetle.

stopped 21 days before the trial. Fresh damage RESULTS AND DISCUSSION

of ORB assessment for all treatments in Trials A,
B, C and D was conducted at pre-treatment and
every seven days after each spraying treatment
round (1st round until 6th round) to determine the
spraying effectiveness. Fresh damage of ORB refers
to spear snapping due to fresh chewing on the basal
end, unopened spear dieback (easily pulled out),
distinct chewing marks on the spear and spear
cut-off and snapping of newly opened fronds. The
assessment was conducted on all the palms in each
replicate, and the percentage based on the number
of damaged palms divided by the number of total
palms in each replicate was reported as the data for
fresh damage.

Experimental Design and Statistical Analysis

All the experiments were conducted in a
randomized complete block design (RCBD)
with three replications. All percentage data were
subjected to analysis of variance (ANOVA) using
the generalized linear model (GLM) to detect the
differences between treatment effects, and means
were compared using Tukey’s HSD Test.
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Spray Coverage and Spray Droplet Density
Assessment

Results from the spray coverage are tabulated
in Table 5. In the first-year immature palms in flat
terrain and the second-year immature palms in
terrace terrain, the results showed that at the first to
third round of treatment, INTER Knapsack and FM
ORYCT showed significantly better spray coverage
than the UAVPTP sprayer, this is understandable
due to the ability of the workers to spray the whole
spear shoot manually. Nevertheless, the results
showed that the UAVPTP sprayer reached above
80% satisfactory spray coverage at the targeted
area of the spear region for all the field terrains
experimented with and for both first-year and
second-year immature palms. Since the major targeted
area is at the base of the spear region, the results
proved that UAVPTP could reach the targeted area
on the palms for all the fields, either flat or terraced.

As all the droplets at the spear region showed
100% wetting on the WSP due to the overlapping of
spray droplets, the droplet density was declared as
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above 70 droplets/cm? which met the requirement
set. All the treatments showed 100% wetting of the
WSP, especially at the spear base region (Figure 5).

Fresh Damage Assessment

The fresh damage assessment results are
tabulated in Table 6. The outcome of the trials
showed that UAVPTP showed effective control
of ORB in the one-year immature planting in a
terrace field (Trial B in Table 6) compared to the
untreated control, significantly after 1st round
of treatment (A1STRT). These were observed
significantly after the first, second, third and
fifth rounds of treatment of UAVPTP against the
untreated control plots in the 1st Year Immature
Palms-Terrace Plot trial. However, during the trial,
low pest pressure was observed in the one-year-
old immature planting under flat terrain (Trial A)
and two-year-old immature planting under both
flat and terrace terrain (Trials A, C and D in Table 6)

after the A1STRT. No significant differences in
the level of control between the UAVPTP sprayer,
FM ORYCT and the INTER knapsack sprayer for
all the fields experimented after the 6th round
of treatment. It was suspected that continuous
cypermethrin treatment surrounding the untreated

control plots had reduced the pest pressure in the
fields.

Discussion

From the spray coverage, droplet density and
bioefficacy results, UAVPTP showed good capability
to replace the current spraying method of using
the INTER knapsack sprayer as well as the FM
ORYCT semi-mechanised sprayer for ORB control in
immature palms. The geotagging and geopositioning
via RTK-GNSS were accurate and aligned with the
study conducted by Pérez-Ruiz et al. (2015), which
reported that autonomous tractor systems showed
good feasibility for extreme accuracy requirements.

TABLE 5. SPRAY COVERAGE (%) OF UNMANNED AERIAL VEHICLE POINT-TO-POINT (UAVPTP) SPRAYER VS.

OTHER SPRAYERS

Palm age/ Terrain Treatment A1STRT A2NDRT A3RDRT
1st yr immature palms/Flat (Trial A) UAVPTP sprayer 85.00 c* 81.67 b 85.00 b
FM ORYCT semi-mech sprayer 90.00 b 93.33 a 93.33 a
INTER knapsack sprayer 95.00 a 96.67 a 96.67 a
1st yr immature palms/ Terrace (Trial B) UAVPTP sprayer 83.33 c 83.33 a 83.33 a
FM ORYCT semi-mech sprayer 90.00 b 88.33 a 88.33 a
INTER knapsack sprayer 95.00 a 93.33 a 91.67 a
2nd yr immature palms/Flat (Trial C) UAVPTP sprayer 86.67 a’ 83.33 b 83.33 a
FM ORYCT semi-mech sprayer 93.33 a 91.67 ab 93.33 a
INTER knapsack sprayer 95.00 a 95.00 a 93.33 a
2nd yr immature palms/Terrace (Trial D) UAVPTP sprayer 81.67 b* 83.33 b 83.33 b
FM ORYCT semi-mech sprayer 91.67 a 93.33 a 93.33 a
INTER knapsack sprayer 93.33 a 95.00 a 95.00 a

Note: A1STRT - At 1st round of treatment; A2NDRT - At 2nd round of treatment; A3RDRT - At 3rd round of treatment. “Means within the
same column followed by the same letter are not significantly different at P - 0.05 based on Tukey HSD for each of the trials. All data
were transformed into arcsine for statistical analysis, and the original data were used for presentation.

UAVPTP sprayer

FM ORYCT sprayer

INTER knapsack sprayer

Figure 5. Spray coverage evaluation for all the sprayers.
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The spray effectiveness of UAVPTP was
satisfactory, even though some of the fields showed
low pest pressure. The low pest pressure was
observed in the untreated plots and was expected
to occur due to the earlier continuous treatment of
the plots before the trials. However, the UAVPTP
showed the most significant control compared to the
untreated control after the first round of treatment
in the first-year immature palms with terrace terrain
field (Trial B) and with no significant difference with
FM ORYCT and INTER knapsack sprayer.

The spray coverage results were the most
important finding in these studies, as UAVPTP
spraying had reached the targeted spear base and
the first spiral of fronds equally as the manual
INTER knapsack sprayer and the mechanical FM
ORYCT sprayer, as required and reported by Ho
(2010). This has proven that UAVPTP could replace
spraying using an INTER knapsack sprayer or the
FM ORYCT mechanised sprayer. Tuble 7 summarises
the UAVPTP results that meet the parameter
requirements set in Table 1.

The utilisation of UAVPTP demonstrated the
capability to apply insecticides with precision,
aligning with the principles of integrated pest
management (IPM) to minimise insecticide usage
(Barzman et al., 2015). The technology’s efficiency, as
corroborated by Krishna (2017), includes the ability
to achieve accurate dosing and precise targeting
of crop areas, thereby reducing insecticide drift
and minimising losses. Furthermore, UAVPTP
facilitates unmanned spraying over extensive areas,
decreasing reliance on human labour for large-scale
applications. This advancement offers potential cost
reductions in workforce recruitment for plantation
estates. These findings represent pioneering data
that will serve as a reference for future unmanned
application technologies in oil palm cultivation.

With the acute shortage of workers due to the
restriction on importation of foreign workers caused
by closed borders during the COVID-19 pandemic,
the UAVPTP spraying method will be the best
alternative to solve the ORB infestation issues in
the plantation. However, additional requirements
for obtaining a license to fly, meeting the safety
requirements as well and higher costs will be
the main obstacles to overcome in the use of the
UAVPTP sprayer.

CONCLUSION

The UAVPTP sprayer achieved satisfactory
spray coverage on the targeted area of the spear
region in immature oil palm for the control of
ORB. The UAVPTP showed effective control of
ORB with no significant differences with the FM
ORYCT semi-mechanised sprayer and INTER
knapsack sprayer at the end of the trial, at first-
year and second-year immature oil palm on both
flat and terrace terrain fields. UAVPTP met all the
requirements set for successful spraying activity in
controlling ORB in immature palms.
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TABLE 7. SUMMARY OF UAVPTP ACHIEVEMENT RESULTS ON THE PARAMETER REQUIREMENT FOR THE SPRAYING
TREATMENT OF IMMATURE PALMS FOR THE CONTROL OF Oryctes rhinoceros BEETLE (ORB)

Parameters

Results Conclusion

Targeted spray area

Spray droplets had reached the targeted spear, spear base and the

Meets the requirement

first spiral of the frond region.

Spray coverage

Spray droplet density

Spray coverage: >80%.

The targeted area was fully wetted; therefore, it reached a droplet

Meets the requirement

Meets the requirement

density above 70 droplets/cm?™

Spray volume

Reached the targeted spray volume as follows:

Meets the requirement

Palm age between 1-2 yr: Spray volume at 150 mL was sufficient
to reach the targeted area (within 100-200 mL/palm target).

UAVPTP sprayer movement
UAVPTP automation

Bio-efficacy (effectiveness of the
pesticides in controlling the target pest)

Able to execute point-to-point spraying on top of the palm canopy.
Able to spray autonomously.

Results — Equally effective with FM ORYCT semi-mechanised
sprayer and INTER knapsack sprayer (reached below 5% after

Meets the requirement
Meets the requirement

Meets the requirement

treatments).

Note: UAVPTP - unmanned aerial vehicle point-to-point.
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GENETIC PURITY AND PREDICTION OF
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CROSSES OF OIL PALM
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ABSTRACT
The genetic purity of a controlled cross is essential for achieving the objectives of a breeding program for
any crop. This study evaluated SSR markers for assessing the legitimacy of two oil palm interspecific
BC, x BC, populations, namely, Populations 9 and 10. A total of 40 primer-pairs were screened, resulting
in the identification of 19 and 20 informative markers for Populations 9 and 10, respectively. The markers
revealed sufficient genetic variation in allele frequency, heterozygosity and polymorphic information
content in both populations. The phylogenetic trees revealed three and 32 outliers in Populations 9 and 10,
respectively. In addition, the palms originally recorded as parents to the crosses had numerous loci that were
mismatched with the non-outlier offspring. We reconstructed the expected genotypes of the real parents based
on the segregation profiles observed among the legitimate offspring in the two families, resulting in 100%
parent-offspring assignment. This study discusses how the SSR genotypes of palms were examined to detect
outliers and to predict the genotypes of the true parents in these interspecific hybrids, the first such report for

oil palm. The information will be useful for various controlled crosses of oil palm interspecific hybrids and

other outcrossing plant species.
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INTRODUCTION

The genus Elaeis (Arecaceae) consists of E. guineensis,
which originated from Central and West Africa,
and E. oleifera from Latin America. Both species
produce versatile oil that has significant economic
importance (Corley & Tinker, 2015; Rajanaidu
et al., 2017). The two palm species exhibit contrasting
growth characteristics where, E. guineensis grows
45-75 cm/yr (Barcelos et al., 2015) with an upright
vascular stem that can reach over 12 m after 25
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years, whereas E. oleifera is naturally shorter, as its
trunk grows around 5-10 cm/yr (Corley & Tinker,
2015; Rajanaidu et al., 2017; Rivera et al., 2013).
Their fruit morphology and oil composition are
also very different. E. guineensis produces large
fruitlets with thick mesocarp, coated with deep-
violet/black colored skin when young and turns
red when ripe. In contrast, E. oleifera produces much
smaller fruitlets with a thinner layer of mesocarp,
and the yellowish-green skin changes to ivory/
orange when the fruits are ripe (Corley & Tinker,
2015). The distinctive change in color upon ripening
is somewhat similar to virescens fruits observed in
E. guineensis (Singh et al., 2014). The thick fleshy
mesocarp is rich in oil, making E. guineensis the oil
palm of commerce. E. oleifera is well-known for its
natural high unsaturated oil, with the composition
of oleic and linoleic acids comparable to that
of olive and canola oils (Corley & Tinker, 2015;
Mendoza et al., 2023).
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The two species of oil palm can crossbreed
and generate fertile interspecific hybrids, which
are tolerant to bud rot disease (also known as
lethal decay), have a slower increment of height
(Hormaza et al., 2012; Madon et al., 2018; Meléndez
& Ponce, 2016) and produce oil with higher levels
of unsaturated fatty acids than E. gQuineensis
(Lieb et al., 2017; Mozzon et al., 2020). However,
pollen viability, fruit sets and seed germination
rates of the hybrids are relatively lower
(Daza et al., 2020; Escobar & Chauza, 2018; Hardon
& Tan, 1969; Hormaza et al., 2012; Mosquera et al.,
2021; Romero et al., 2021; Socha et al., 2019). These
could be due to incomplete chromosome-pairing and
an increasing number of univalent chromosomes
(Hardon & Tan, 1969; Sunilkumar et al., 2013). One
way to overcome the constraints is to backcross
the interspecific hybrids with a carefully selected
E. quineensis, aiming to generate more viable and
good-yielding backcross palms and yet possessing
the desired traits of E. oleifera (Noh et al., 2012).
The backcross-breeding strategy has also been
successfully adopted in rice, where several disease
resistance traits were introgressed from the wild
species into the cultivated varieties (Collard
& Mackill, 2008; Kannan et al., 2017; Sharma
et al., 2012) as well as, for the improvement of
grain quality, amylose content, aroma and seed
weight traits (Bao, 2014; Cho et al., 2020; Miura
et al., 2022). In Elaeis, repeating backcross to the
recurrent parent (E. Quineensis), aiming to eliminate
undesirable traits of E. oleifera, could cumulatively
reduce the genetic variability in subsequent
generations. Nonetheless, genetic variability can
be slightly increased by backcrossing to a different
elite E. guineensis. Alternatively, intercrossing BC,
individuals can help increase the genetic viability
while stabilising the genetic background. This
breeding strategy may also help combine desirable
traits, particularly quantitative traits. Therefore,
BC, x BC, crosses were initiated in this study with
the long-term objectives of evaluating the levels
of genetic heterozygosity in these crosses and
the efficiency of trait introgression, particularly
in comparison to the conventional interspecific
backcross breeding programs of oil palm.

In oil palm breeding, potential parental palms
are continuously evaluated through well-designed
controlled crossing schemes and field experimental
plots. The primary steps of this important activity
include isolating pollen from selected male
parents, bagging flowers on selected female
palms and introducing the desired pollen onto the
bagged flowers. Production of a low number male
inflorescences coupled with the small quantity and
poor viability of the pollen has been proven a major
challenge in utilising interspecific hybrids as the
pollen donor (Daza et al., 2020; Meléndez-Jdcome
et al, 2024; Meléndez & Ponce, 2016, Mosquera
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et al, 2021), making the interspecific breeding
program a time-consuming process. The procedures
involved in the breeding steps must be strictly
complied with, to make sure that the offspring
produced are free from illegitimates. In addition,
great care is also undertaken during seed processing
and germination, nursery development and field
planting to prevent mix-up, which can significantly
affect the quality and integrity of a breeding
program (Budiman et al., 2019; Josia et al., 2021).

In recent years, DNA markers have been
applied for genetic fingerprinting and identification
of outliers and illegitimates in the controlled
crosses involving pure E. guineensis (Corley, 2005;
Okoye et al., 2020; Pomies et al., 2019; Teh et al.,
2019; Zolkafli et al., 2021). However, the use of
DNA markers for accessing the genetic purity
and parentage analysis in interspecific crosses has
not been commonly reported. In other crops e.g.,
sunflower, maize, wild rye, cabbage and coconut,
simple sequence repeat (SSR) panels ranging from
10 to 100 markers have been commonly used to
screen for genetic purity in breeding trials and
identification of true parental lines (Daniel et al.,
2012; Liu et al., 2007; Pallavi et al., 2011; Rajesh et al.,
2012; Saiful-Lazim et al., 2024; Shinde et al., 2021;
Sudha et al., 2022; Wang et al., 2002). SSR markers
have been applied in small-scale legitimacy
assessment in oil palm due to their abundance in the
genome, high reproducibility and polymorphism
owing to their multi-allelic nature (Rosli et al.,
2022; Singh et al., 2007). Furthermore, the genotype
datasets are also useful for genetic diversity and
lineage assessments, particularly, for the valuable
materials owned by an organisation (Ahmad et al.,
2018; Saiful-Lazim et al., 2024; Sudha et al., 2022).
By leveraging DNA markers, the overall efficiency
and precision of a breeding program can be
enhanced, which, ultimately, can lead to the precise
development of improved planting materials.

This study evaluates the efficiency of SSR
markers in assessing the genetic purity in two
interspecific BC, x BC, crosses as the prerequisite
to ensure the integrity of the established breeding
populations. The two-level check was performed,
first to identify outliers among the offspring
and subsequently, to validate their biological
parents. Using the multi-allelic SSR markers, we
demonstrated that it is also possible to reconstruct
the genotypes of the biological parents of a family.

MATERIALS AND METHODS
Palm Samples
Two  interspecific ~backcrosses of one

intercrossing (BC, x BC,) populations, namely,
Population 9 (trial 6.6-9.0) and 10 (trial 6.6-10.0),
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were included in the present study. Population 9
(332/5.2-5.0 x 19/5.2-6.0) and 10 (438/5.2-5.0 x
19/5.2-6.0) consisting of 95 and 110 progeny palms,
respectively (Figure 1), were created by crossing two
sibs of the same family to a common paternal palm
(19/5.2-6.0).

DNA Extraction

Young leaves were collected and preserved in
the —80°C freezer while waiting for DNA extraction.
The extraction of DNA was carried out using
the modified CTAB method (Suzana et al., 2015).
The quality of extracted DNA was checked by
restriction enzymes (Haelll and EcoRI) digestion
and gel electrophoresis (1.0% agarose). This was
followed by measuring the optical density (OD) of
DNA using the Multiskan Go spectrophotometer
(Thermoscientific, USA) to determine their purity
(A, /Ay, and A,/ A,,) and concentration (ng/pL).
Good quality DNA samples with purity >1.8 were
diluted to the 50 ng/uL working stocks for SSR
analysis.

SSR Markers Screening and Genotyping

Screening was first carried out using 40 SSR
primer-pairs (Table 1) in a subset of 28 samples
(including the parents) to identify informative
SSR  markers. Subsequently, all samples in
both populations were genotyped using the
polymorphic SSR markers pre-selected from the
screening experiment. The standard polymerase
chain reaction (PCR) conditions as recommended
by the manufacturer (Meridian Bioscience,
USA), were applied in both screening and
genotyping procedures. The PCR reaction for

each sample contained 2.0 uL DNA (50 ng/pL),
0.03 uL Mi13-forward primer, 0.03 pL M13-
flourescent dye, 0.03 pL reverse primer, 5.0 pL
2X myTaq™ master mix (Meridian Bioscience,
USA) and 2.9 pL dH,0O. The Fluorescent Dye Set
consisting of ROX, 6-FAM, VIC and NED was
used for multiplexing and differentiating the SSR
amplicons during fragment analysis (Applied
Biosystems, USA). Sizing and calling the SSR
alleles were carried out using GeneMapper™ v4.1
(Applied Biosystems, USA). Alleles observed were
coded according to the bi-parental segregation
configurations (Billotte et al., 2005; Ting et al.,
2014).

SSR Data Analysis

The Neighbor-joining phylogenetic trees
were constructed using DARwin 6.0 (Perrier
& Jacquemoud-Collet, 2006). Allele frequency,
simulation and parentage analyses were carried
out using CERVUS 3.0.7 (Kalinowski et al.,
2007, 2010; Marshall et al., 1998). For parentage
assignments, the logarithm of the odds (LOD) at
a 95.0% confidence level was determined through
simulations performed on 100,000 samples, 1.0%
typing error and 90.0% sampling proportion,
executed separately for Populations 9 and 10. The
first round of the parentage analysis was carried
out to validate whether the candidate parents
provided were the true parents. For comparison, a
set of predicted genotype calls was also configured
for each of the parents based on the genotypes
observed among the legitimate progeny palms. The
predicted parental genotypes were then included
in the second round of parentage analysis (with
parent sexes unknown).

( E. guineensis-1 j X ( E. oleifera-1 ]

[ F, (GxO hybrid) ]

( F,-1 j X ( E. guineensis-2 j

( F,-2 j X ( E. guineensis-2 j

BC,a

BC,b

\ 4

[332/5.2—5.0) X [ 19/5.2-6.0 j

( Population 9 j

\ 4

[438/5.2—5.0) X ( 19/5.2-6.0 ]

( Population 10 j

Figure 1. Pedigree of the interspecific BC, x BC, populations in this study.
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RESULTS AND DISCUSSION
Informative SSR Markers

Of the 40 SSR markers screened, a total of
19 and 20 polymorphic markers were identified
following the analysis of selected palms
from Populations 9 and 10, respectively. The
remaining markers were either monomorphic, not
amplifiable, or amplified with unspecific and
ambiguous bands. The shortlisted informative
SSR markers were then used to genotype all
palms of the two populations, and the observed
allelic information is summarised in Figure 2. For
Population 9, the number of alleles (k) identified by
the SSR markers ranged from two to six, where two
alleles were observed in 31.6% of the markers, three
to four segregating alleles were observed in 52.6%
of the markers whereas the remaining 15.8% of the
markers revealed five to six segregating alleles. For
Population 10, 25.0% of the markers showed two
alleles, 50.0% detected three to four segregating
alleles and 25.0% showed five to six segregating
alleles.

When the SSR markers were ranked from low
to high in terms of the number of alleles (Figure 2),
a clear pattern was also observed, where increased
levels of observed heterozygosity (H,,,), expected
heterozygosity (HEXP) and polymorphic information
content (PIC) were detected. This trend was
consistent for both populations where markers
with a lower number of alleles (e.g., two and
three) had on average lower H, (0.41 and 0.48 for
Population 9 and 0.33 and 0.46 for Population 10)
and PIC (0.34 and 0.38 for Population 9 and 0.51
and 0.72 for Population 10) than markers with four
to six segregating alleles. In this set of markers, the
average of H, and PIC ranged from 0.70 to 0.99
and 0.51 to 0.72 (for Population 9) and 0.67 to 0.73
and 0.52 to 0.60 (for Population 10). The present
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Figure 2. SSR allelic information including number of alleles (k), observed heterozygosity (H,,

marker panel also included four to five markers
that deviated from the Hardy-Weinberg equilibrium
(HWE), and this is not uncommon for such a small
population as Population 9 and 10. In general, the
results indicated that the selected SSR markers are
useful for assessing the genetic variation in the two
interspecific backcross populations analysed.

Progeny Outliers

The neighbor-joining phylogenetic trees
revealed three and 32 outliers among the offspring
in Population 9 and 10, respectively (Figure 3).
These outliers formed a separate sub-cluster
in Population 9, whereas in Population 10, the
outliers formed two sub-clusters. The two sub-
clusters in Population 10 are likely to be closely
related, possibly with one common parent. Further
examination of their genotypes confirmed that
the outliers in both populations were indeed
illegitimates. For the three outliers in Population 9,
different genotypes were observed in 14 SSR
markers. For instance, in sMg00196, the outliers
were called dd and ae, whereas, genotypes for other
progeny palms were either ab or bb. In marker
sMg00051, genotypes cc and bd were only observed
in the three outliers, but the likely legitimate sibs
had genotype calls ab, ac, bb and bc.

For Population 10, distinct genotypes in the
outliers were also observed in 14 SSR markers,
including the markers described in the two
examples above. The two markers (sMg00196 and
sMg00051) revealed a mixture of aa, ab, ac and bc
genotypes in most of the progenies in Population
10. However, for the 32 outliers, distinct genotypes
such as ad, af, bb, cc, cf and de were observed. As
a result, the outliers were removed from further
analysis and the number of justifiable legitimate
offspring for Populations 9 and 10 was 92 and 78,
respectively (Figure 3b).

Population 10

k

O =N WPh oo N ©

sMo00222
sEg00154
sMg00168*
sMo00138
sMg00175
sEg00167
sMg00011*
sMo00055
sMo00246
sMg00051
sMg00235
sEg00011
sMg00071
sMg00196*

oE NN~
O ==
o‘l'o‘—qJ
oWwWoo
33 BB
0o
w D v oLl
o )
[ T

sMo00126*

—o=H,, ~®=PIC ==k —o=H__

W) expected heterozygosity (H, ) and polymorphic

Exp
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Missassignment of Parents for the Selected
Crosses

The parentage analysis was first performed by
including palms 332/5.2-5.0 and 19/5.2-6.0 (for
Population 9) and 438/5.2-5.0 and 19/5.2-6.0 (for
Population 10) as the parental candidates, based on
earlier records. This analysis was conducted for the
legitimate offspring after the removal of outliers.
Unfortunately, no significant assignment was
obtained, indicating that the candidate parents are
not the true parents (Figure 4).

To verify this further, we re-examined the
genotype calls of selected SSR markers. Markers
sEg00117 and sEg00019 revealed heterozygous
genotypes (of two and three alleles) in the
two parental palms of Population 9, showing
monomorphic genotypes (of single allele) among
the offspring. Following the Mendelian inheritance,
crossing of the two heterozygous alleles, e.g., ab
x ab in the parents, was expected to recombine
and produce the aa, ab and bb offspring. Similarly,
crossing two parents with ab and ac heterozygous
alleles (revealed by sEg00019) was expected to give
rise to a mixture of aa, ab, ac and bc genotypes in
their next generation instead of the monomorphic
cc genotype that was observed throughout the
offspring.

Unexpected genotypes in the parents of
Population 9 were also observed for another six SSR
markers (Table 2) (sEg00213, sM000222, sMo00166,
Hght7_ 0SSR, sMg00235 and sMo00132) where
the maternal and paternal palms were genotyped
as aa and bb, respectively. However, the progeny
palms had ac, cc, bb and be instead of the expected
ab genotype. Among the six markers, sEg00213
revealed a similar scenario in Population 10, where
the respective female and male parents were aa and
bb, but the offspring exhibited up to four different
genotypes.

Furthermore, the sMo000222, sMo00166 and
Hght7 0SSR genotype data showed that both
parental palms of Population 10 were homozygous
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(aa); however, their offspring were unexpectedly
heterozygous, consisting of ab, ac, bb and bc
genotypes (Table 3). In another example observed
for Population 10, the parental genotypes
for markers sMg00011, sMg00051, sMo00055,
sMg00071, sEg00154 and sMg00235 were ab,
which was expected to segregate and form
three genotypes (aa, ab and bb) in their offspring.
Instead, two to five different genotypes were
observed among the progeny palms. These
observations indicate that the candidate parents
sampled for Population 9 and 10 may not be the
true parents. Mislabeling or mix-up could have
occurred, and these have been described as the
potential causes of illegitimacy among oil palm
progenies (Budiman et al, 2019; Corley, 2005;
Hama-Ali et al., 2014; Thongtawee et al., 2010;
Zolkafli et al., 2021).

Prediction of the Genotypes of the Biological
Parents

To predict the genotypes of the actual biological
parents, only genotype calls among legitimates
were analysed while outliers were excluded. As
an example, when genotypes ac, bc, ad and bd were
observed in the offspring, the expected parental
genotypes would be ab and cd. The predicted
parental genotypes for all the informative markers
(Table 4) were included as the new candidate
parents for parentage analysis, resulting in 100% of
the progeny palms in Population 9 and 10 being
successfully assigned to the predicted parent-pairs
at the 95% confidence threshold (Table 5).

Although the sexes for the two predicted
parents were not known, parent pairs comparison
(offspring-first parent and offspring-second
parent) showed a perfect match across all the
loci analysed. Similarly, for the trio comparison,
the trio logarithm of the odds (LOD) scores
ranging from 0.05 to 0.48 were observed in 98.0%
offspring of Population 9, and LOD scores of
0.06 to 5.90 in 80.8% offspring of Population 10.

Population 10

95% Confidence interval

-30
-35
-40
-45

Figure 4. Distribution of trio logarithm of the odds (LOD) scores observed for Populations 9 and 10. No offspring were assigned to the sampled
candidate parents.
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TABLE 2. SUMMARY OF UNEXPECTED GENOTYPES OBSERVED IN POPULATION 9

Parental genotype 92 offspring genotype
SSR marker
332/5.2-5.0 19/5.2-6.0 aa ab bb cc ac be missing
sEg00117 ab ab 92 - - - - - -
sEg00019 ab ac - - - 92 - - -
sEg00213 aa bb 46 46 - - - - -
sMo00222 aa bb - 25 15 - 31 20 1
Hght7_oSSR aa bb - 49 43 - - - -
sMg00235 aa bb - 25 15 - 28 22
sMo00132 aa bb 50 - 38 - - -
TABLE 3. SUMMARY OF UNEXPECTED GENOTYPES OBSERVED IN POPULATION 10
Parental genotype 78 offspring genotype
SSR marker
438/5.2-5.0 19/5.2-6.0 aa ab bb bc ac cc missing
sEg00213 aa bb 1 24 12 - 16 12 15
sMo00222 aa aa 43 21 14 - - - 2
sMo00166 aa aa 58 - - - - - 22
Hght7_oSSR aa aa 25 18 20 - - - 17
sMg00011 ab ab 11 50 19 - - - -
sMg00051 ab ab 18 26 1 8 17 - 10
sMo00055 ab ab 39 40 - - - - 1
sMg00071 ab ab - 25 31 15 9 - -
sEg00154 ab ab 9 38 33 - - - -
sMg00235 ab ab 20 23 - 15 22 - -
TABLE 4. PREDICTED PARENTAL GENOTYPES BASED ON OBSERVED OFFSPRING GENOTYPES
Population 9 Population 10
Marker
Female parent Male parent Female parent Male parent
sMg00011 cd ab ab ab
sMg00051 be ab ac ab
sMo00055 ac aa ab aa
sMo00246 ab ab bd ab
sMg00168 ab ab ab ab
sMg00071 ae be ab be
sMg00196 bb ab cc ab
sMo00138 ab ab ac ab
sPSc00546 ab ab ab ab
sEg00017 ab bb ab bb
sEg00011 ad ab ab ab
sEg00167 ac ac ab ac
sEg00154 ab ab ab ab
sMo00222 be ab ab ab
Hght7_0SSR bb ab ab ab
sMg00235 be ab ac ab
sPSc00488 be be - be
sMo00166 ac ac - ac
sEg00213 aa ab - ab
sMo00126 - cd ab cd
sEg00117 - aa ab aa
sMg00175 - bb ab bb
sEg00019 - bb ab bb
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TABLE 5. ASSIGNMENTS OF THE PREDICTED PARENTS IN BC, x BC, POPULATIONS

Population Number of legitimate offspring Significance level (%) Critical LOD Parental assignment rate (%)
9 92 95.0 -1.84 100.0
10 78 95.0 -1.42 100.0
Population 9 Population 10
7.00 7.00
6.00 6.00 ° o
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Figure 5. Distribution of trio logarithm of the odds (LOD) scores observed for Population 9 and 10. All the progeny palms were successfully assigned
to the predicted parental-pairs at 95.0% confidence level.

A small number of offspring (two palms in
Population 9 and 15 palms in Population 10) had
slightly lower trio LOD scores ranging from -0.23
to =0.28 and -0.02 to —1.22, respectively (Figure 5),
indicating that more markers are required for a
better analysis of these samples.

As demonstrated in this study, the reconstruction
of parental genotypes is possible by evaluating the
segregation of genotypes among the offspring in
a family, which is being demonstrated here for
the first time for an interspecific hybrid cross of
oil palm. This is particularly useful when the true
parental information is unavailable either due to
a mix-up or the original parental palm being not
available before DNA analysis of the cross. In case
of a mix-up, the predicted genotypes can be used
as the reference to determine the actual parents
in the seed garden. In general, the same approach
can be applied for any species where the offspring
share at least one parent (Jones et al., 2009) such
as Eucalyptus nitens (Gea et al., 2007; Telfer et al.,
2015). Reconstruction of parental genotypes has
also been conducted for more complex breeding
systems such as salamanders (Myers & Zamudio,
2004) and fish (Neff et al., 2001) where multiple
paternity is involved.

CONCLUSION

This study reveals a set of SSR markers that
effectively assess the genetic purity of two oil palm
families where outliers have been identified among
the progeny palms. More importantly, analysis
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using the selected SSR markers revealed that the
available records did not reflect the true parentage,
raising concerns about the legitimacy of the two
families being true interspecific BC, x BC, hybrids.
Nevertheless, the reconstruction of actual parental
genotypes was successfully carried out. Although
the number of informative markers reported in
this study has allowed for an accurate assignment
of offspring to the true parents, the inclusion of
additional markers would further enhance the
resolution of the parentage analysis.
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PHENOLOGY-RELATED TRAIT INHERITANCE
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ABSTRACT
The characterisation of oil palms based on inflorescence phenology is vital for developing oil palm varieties
with precocious traits. However, the study on genetic control for these traits still needs to be improved.
This study evaluated the genetic variability at the inflorescence phase of 20 Cameroon accessions grown
at Adolina Estate, North Sumatra, Indonesia. The analysis of variance for female and male inflorescence
phenological traits showed significant differences between Cameroon accessions. This study revealed that
genetic control for phenology phases is lower than the environmental control. Also, the heritability of the
period from spear leaf to 70% open to ripening is about 23%, with a 5% genotypic coefficient of variance.
Cluster analysis successfully grouped the accession into two major groups with no relationship between
geographical origin and clustering pattern. This study gives insights into the genetic parameters and
breeding potential of Cameroon accession in a way that allows accession selection based on inflorescence

traits. A high environmental effect influences the observed phenotypes, so selection based on related traits

will not be effective.

Keywords: BBCH, cluster analysis, coefficient variability, genetic variance.
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INTRODUCTION

The narrow genetic base of current commercial oil
palm cultivars has encouraged oil palm breeders to
pay more attention to improving genetic resources
for sustainable oil palm breeding (Arias et al., 2013).
According to Sayekti et al. (2015), the introduced
germplasm is a promising genetic resource as
breeding material to increase genetic diversity. One
of the oil palm germplasm collections maintained by
the Indonesian Qil Palm Research Institute (IOPRI)
was introduced from Cameroon in 2008. Cameroon
is one of the central origins of oil palm (Elaeis
Quineensis Jacq.) in Africa (Sarimana et al., 2017), and
introducing these accessions can enrich the existing
genetic diversity.

Germplasm collections are essential resources
in plant breeding, mainly when accessions are
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described based on critical traits (Sujadi et al., 2019a).
Therefore, selecting the best accession for future
breeding programmes can be conducted through
characterisation and evaluation based on these traits
(Li-Hammed et al., 2015). Classical methods, which
focus on agronomic performance or phenotype,
are still efficient for understanding differences
between accessions (Santosa et al., 2015). One of
the morphological characterisations of oil palm
is the inflorescence phase, known as phenology
(Hernawati et al., 2022), which can help determine
the precocious genotypes (Sujadi et al, 2019b).
Trimanto et al. (2020) stated that phenology-related
traits are particularly important as they relate to the
initial stages of plant breeding. Therefore, studies
on these traits, such as precocity, are valuable in
germplasm collection breeding programmes.

Both genetic and environmental factors
influence the phases of development and sex
determination in oil palm inflorescence (Suresh
et al.,, 2021). However, Corley and Tinker (2015)
reported that determining the flowering pattern
on oil palms may require more work due to the
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different phases and periods of male and female
flowering. Previous studies described the influence
of the environment on oil palm inflorescence
development, such as temperature (Pradiko
et al., 2019), rainfall, soil water depth (Mubarok
et al.,, 2022) and length of irradiation (Legros et al.,
2009). The influence of genetics contributing
to oil palm inflorescence has yet to be widely
reported. Identifying oil palm genotypes with
precocious traits in plant breeding supports yield
improvement programmes (Maskromo et al., 2017).
So, studying the genetic role in inheriting precocity
traits should be a high concern.

Genetic parameters, such as genotype,
phenotype, environment, genotype by environment
(GxE) interaction, genetic diversity coefficient and
heritability must be estimated before improving
the trait (Lubis et al., 2014). Furthermore, the
population’s genetic variability and trait inheritance
pattern are responsible for the success of plant
improvement (Adhikari et al., 2018). Nevertheless,
the information on genetic parameters based on
phenology-related traits is still limited. Therefore,
this study aims to evaluate the genetic variability
and population structure of oil palm based on the
inflorescence phases of Cameroon accession.

MATERIALS AND METHODS
Planting Materials

The open-pollinated palms were collected from
seven sites (Nkong Biyen, Maloundou, Ballong I,
Fapdolop, Bamese, Efok and Kola) in Cameroon.
These palms were from IOPRI collection, labelled
as CMR and was planted in the AD13S trial in 2010.
The experiment was conducted at Adolina Estate,
PT. Perkebunan Nusantara IV, Serdang Bedagai,
North Sumatra, Indonesia. The climatic conditions
at the study site included (1) temperature was
around 25°C-28°C with an average of 27°C; (2)
annual rainfall ranging from 1,718 to 2,130 mm/yr;
(3) average daily humidity ranged at 75.0%-—
89.0%; and (4) average solar radiation at
15.6 MJ/m?/ day.

Data Collection

The phenology of inflorescence phases was
recorded from January 2017 to June 2023. The
duration of the phenological phase, starting
from the opening of leaves to fruit development,
was recorded for each leaf frond every 10 days
based on the scale of Biologische Bundesanstalt
Bundessortenamt und Chemische Industrie (BBCH)
(Moreno & Romero, 2015). The number of leaf
fronds was recorded as replication in this study.
The number of inflorescences was calculated as the
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sex ratio (ISR) defined as the ratio of female flower
(FF) to total inflorescences (Adam et al., 2011). The
description of the observed traits in this study is
presented in Table 1.

TABLE 1. INFLORESCENCE AND RELATED TRAITS
DESCRIPTION IN THIS STUDY

BBCH code Description
Female flowering
159 Spear leaf 70.0% open
501 Emergence of 10.0% of the floral structure
601 female p.re-anthesis 1:
The rachillae are tight toward the centre
607 .Female anthesis:
Opening of the stigma lobes
807 Fruit ripens
Male flowering
159 Spear leaf 70.0% open
501 Emergence of 10.0% of the floral structure
601 Pre-anthesis
607 Anthesis
609 End of flowering

Flower production
Female flower
Male flower
Hermaphrodite

Sex ratio

Note: BBCH - Biologische Bundesanstalt Bundessortenamt und
Chemische Industrie.

Statistical Methods

The mixed linear model used in this study
based on Henderson (1985) is as Equation (1):

y=Xp+Z +e (1)

where, y is the vector of observed traits, X is the
design matrix of observed fixed effects, g is the
vector of experimental effects (fixed effects), Z is the
design matrix of observed random effects, a is the
vector of accession palm effects (random effects),
and e is the vector of residual effects.

Analysis of variance was conducted to part
the source of variation following the model by
Swaray et al. (2021). The analysis of variance is
presented in Table 2 and for the differences between
treatments, the Duncan test (P < 0.01 and P < 0.05)
was conducted using RStudio version 1.3-1 with the
agricolae package (De Mendiburu, 2019).

The components of variances were estimated
to determine the genetic variation, heritability and
genotypic coefficients of variation among accession
on phenology-related traits. Broad-sense heritability
() is described as the proportion of the genotypic
(03) to the phenotypic variance (0;) estimated
using the formula given by Hanson et al. (1956)
[Equation (4)]. Johnson et al. (1955) categorised the
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broad-sense heritability (%) as low (<30%), moderate
(30%-60%) and high (>60%). The genotypic
coefficients of variation (GCV) were estimated
from the following Equation (5) by Burton (1952),
where a trait has a wide genotypic variability if
the genotypic coefficient of variation (GCV) value
is >20%, moderate 10%-20%, and low 0%-10%
(Sivasubramaniam & Madhava Menon, 1973).
The genetic variation is analysed by Restricted
Maximum Likelihood (REML) using program
RStudio version 4.3.1 Ime4 package [Equation (2)].
PBSTAT-CL (https:/ /apps.pbstat.com) is used for
cluster analysis.

Genetic variance (aé )= (M#ZVISE) @)
Error variance (02) = MSE 3)

Broad sense heritability (i) = Eg;«i; x 100 (4)
GCV = ‘/%Z_L x 100 5)

where, X is general mean for the characters.

RESULTS AND DISCUSSION
Performance of Inflorescence Phases

Analysis of variance shows highly significant
differences among Cameroon accessions at each
phase of female and male inflorescence (Tuble 3).
The differences among the accessions also indicated
a high genetic diversity in these populations
(Maskromo et al., 2017). In addition, genetic diversity
positively contributed to increasing the genetic base
in oil palm populations for future oil palm breeding
programmes (Swaray et al., 2021).

The female inflorescence period of 20
Cameroon accessions is presented in Table 4. The
results show significant differences at 1.0% and
5.0% levels based on Duncan’s multiple range test
(DMRT). The period from the first leaf to visible
inflorescence in the axil (BBCH 159-501) ranges
from 266-362 days, with an average of about 315
days. Accession CMR075/24-14 has the shortest
duration and significantly differed from the others,
while CMR001/35-14 has the longest time. This
result indicates a longer duration when compared
to previous studies on other cultivars, such as
Golden Hope (238 days), Dami (250 days), United

TABLE 2. ANALYSIS OF VARIANCE AND EXPECTED MEAN SQUARES OF OIL PALM PHENOLOGY TRAITS

Source of variation Degree of freedom

Mean square Expected mean square

Accession (g) (g-1)
Replication (r) (r-1)
Error (e) (r-1) (g-1)

MSG 0: + no; + nroy
MSR 0: + nog + nro;
MSE o2

Note: n - harmonic mean destined for accession palms/ replicate; MSG - mean square of genotype; MSR - mean square
of replicate; MSE - mean square of error; 0§ - genotypic variance; af - environmental variance; of - replication

variance.

TABLE 3. ANALYSIS OF VARIANCE OF CAMEROON ACCESSION FOR FEMALE AND INFLORESCENCE

DURATION (DAY)
Characters MSG MSR MSE CV (%)
Female inflorescence stage
159-501 38,922.8" 150,911.9** 3,257.9 18.1
501-601 1.1 1.5* 4122 48.7
601-607 45.2* 73.4* 26.0 40.4
607-807 34.6" 135.1** 5.8 315
159-807 61.3** 118.1** 3.5 9.6
Male inflorescence stage
159-501 57,465.0** 40,295.7** 6,572.5 28.2
501-601 1,296.9** 458.3™ 443.0 53.1
601-607 68.0** 27.9 24.5 38.8
607-609 15.2** 3.2m 5.9 222
159-609 46,714.1* 33,659.0** 6,794.2 24.2

Note: **- significant at a = 1%; *- significant at a = 5%; MSE - mean squares of environment; MSG - mean squares
of genotype; MSR - mean squares of replicate; (159-501) - duration from spear leaf 70% open to inflorescence
visible in axil; (501-601) - duration from inflorescence visible in axil to pre-anthesis; (601-607) - duration from pre-
anthesis to anthesis; (607-807) - duration from anthesis to ripening of fruit; (159-807) - duration from Spear leaf
70.0% open to ripening of fruit; (607-609) - duration from anthesis to end of flowering; (159-607) - duration from
Spear leaf 70.0% open to anthesis; CV - coefficient of variation.
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Plantations (218 days) and Guthrie (242 days)
(Forero et al., 2012), as well as on the commercial
plant DxP Simalungun (227 days) (Pradiko et al.,
2019). Cameroon accessions in this study are
categorised as non-precocious genotypes.

In the inflorescence phase, from visible in axil
to pre-anthesis (BBCH 501-601), the development
of FF requires 42 days. Accession CMR102/33-16
has the shortest duration and was not significantly
different from the other 14 accessions. The average
duration range from pre-anthesis to anthesis
(BBCH 601-607) is about 13 days. CMR075/24-14,
which shows the shortest duration in the first leaf
appearance, also shows the shortest duration in
the anthesis phase at 11 days. These results show
a shorter duration compared to the flowering of
8 varieties belonging to the IOPRI reported by
Pradiko et al. (2019) on the duration from visible
in axil to pre-anthesis (55-100 days) and from pre-
anthesis to anthesis (12-20 days).

The required time from anthesis to ripening
of fruit (BBCH 607-807) is 200-288 days, with an
average of 243 days. Accession CMR075/24-14 has
the shortest duration, followed by CMR023/25-16,
CMRO047/32-22, CMR073/30-11, CMRO028/36-4,
CMR103/34-23 and CMR102/36-21. Meanwhile,

CMRO075/28-19 and CMR074/32-14 has the longest
time. In this phase, Cameroon accession palm
shows longer duration compared to Deli x Nigeria
(153-155 days) (Suresh et al., 2021) and Angola
accessions (144-174 days) (Sujadi et al., 2017).
The difference in duration from anthesis to fruit
ripening is due to genetic and environmental
factors. This phase involves complex biological
processes from fruit formation and enlargement
to oil synthesis in the kernel and mesocarp (Razali
et al., 2012). Arifin et al. (2014) added that the oil
synthesis phase in oil palm fruit at 17 weeks after
anthesis was influenced mainly by climate such as
temperature and rainfall.

The total time of female inflorescence, from
spear leaf 70% open to ripening of fruit (BBCH
159-807), takes about 613 days on average, with
a range of duration between 522 and 668 days.
Accession CMR075/24-14 has the shortest female
inflorescence emergence period while CMR001/35-
14 has the longest time. Female inflorescence has a
longer period compared to previous studies, such
as in the DxP Marihat took 444 days (Mubarok
et al., 2022), Angola accession (385495 days) (Sujadi
et al., 2019a) and 8 IOPRI varieties (452484 days)
(Pradiko et al., 2019). Comprehensive analyses with

TABLE 4. MEAN COMPARISON AND STANDARD ERROR (+) OF CAMEROON ACCESSION FOR FEMALE INFLORESCENCE

DURATION
Female inflorescence stage
Accession
159-501 501-601 601-607 607-807 159-807

CMRO001/29-16 297.4'+7.5 4244 +2.6 11.6™ + 0.6 273.8 +10.1 62544+ 7.8
CMRO001/35-14 362.3*+ 7.5 37.0¢+£2.6 13.4% + 0.6 254.9*¢ +10.1 667.8°+7.8
CMR023/25-16 313.1¢+ 7.5 445 +26 11.7°+ 0.6 212.8% +10.1 5822+ 7.8
CMRO023/26-14 337.4*+7.4 40.2>4 £ 2.6 13.3 + 0.6 238.3% + 10.0 629.4>4 +7.7
CMR028/31-18 332.0°4+7.6 40.1%4 £2.7 12.0°+ 0.6 237.0% +10.3 621.2°%¢+7.9
CMRO028/36-04 324.9°¢+8.1 37.8>4+29 14.4*+0.7 226.8%% +10.9 604.1%8 + 8.4
CMRO032/30-24 29221+ 8.2 38.0>4 £ 2.9 12.2%¢ 4+ 0.7 2446 £ 11.0 587.1%"+ 8.5
CMR032/33-27 296.6°+7.9 40.4>4+2.8 12.2%¢ + 0.7 246.4%f +10.7 595.7'" + 8.2
CMRO047/27-26 316.9%1+7.1 52.5°+2.5 11.8> + 0.6 255.5"¢+9.7 636.8 +7.4
CMRO047/32-22 330.5%4+8.3 42224 +29 11.7°+ 0.7 217.1% £11.2 601.7" + 8.6
CMRO073/30-11 301.9+7.0 42,14+ 2.4 123+ 0.6 221.0¢ + 9.4 577.5"+7.2
CMR073/35-09 325.0¢+7.9 38.6"4+2.8 12.3% + 0.7 257.7°4+£10.7 633.8+ 8.2
CMRO074/28-14 339.4*+7.9 46.5°+2.8 13.8°+0.7 253.4*¢ +10.6 653.2%° +8.2
CMRO074/32-14 303.1¢+ 7.3 37.9>4 £ 2.6 13.4% + 0.6 288.2°+9.9 642.6+7.6
CMRO075/24-14 266.98 +7.9 43.9% + 2.8 11.1°+£ 0.7 200.48 +10.6 522.5'+ 8.2
CMRO075/28-19 301.2+7.8 45,0+ 2.7 14.0°+0.7 281.5" +10.5 641.8+ 8.1
CMR102/33-16 323.5"¢+7.8 34.04+2.7 13.3% + 0.7 253.6°¢ +10.5 624.6° + 8.1
CMR102/36-21 340.2° + 8.0 40.9>4 +2.8 12.0°+ 0.7 232.1%% +10.8 6253+ 8.3
CMR103/34-23 293.5'+7.3 448 +25 12.2%¢ 4+ 0.6 229.5%%+ 9.8 580.28" + 7.5
CMR103/36-14 311.2%f+ 7.8 41.6°4+£2.7 13.1%+ 0.7 240.8 + 10.5 606.8% + 8.1
Mean + SE 3155+7.7 41.6+28 12.6 £0.7 2433 +10.4 613.0 +£8.0

Note: 159-501 - duration from spear leaf 70% open to inflorescence visible in axil; 501-601 - duration from inflorescence visible in axil
to pre-anthesis; 601-607 - duration from pre-anthesis to anthesis; 607-807 - duration from anthesis to ripening of fruit; 159-807 -
duration from spear leaf 70% open to ripening of fruit; Means with the same letters of the alphabet within the same column are not
significantly dissimilar at p < 0.05 with Duncan’s new multiple range test (DNMRT); SE - standard error.
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weather data need to be conducted to determine
how weather factors influence the length of the
inflorescence phase. However, for selection options
on phenology characters, CMR075/24-14 can be
selected as a precocious accession when compared
to the other accessions and can prioritised in
selection programmes aimed at enhancing early
maturity.

Table 5 displays the male inflorescence period
of 20 accessions. The duration ranges from 239-370
days for BBCH 159 to BBCH 501, with an average
duration of about 290 days. Accession CMR023/25-
16 has the shortest duration at 239 days. During
the inflorescence phase, from visible in axil to pre-
anthesis (BBCH 501-601), the development of male
flowers (MF) requires 39 days and CMR001/29-16
has the shortest time. As seen in the previous female
inflorescence results, the timing of MF and FF is
different. Because of their different morphologies,
the male and female inflorescences have different
phase times (Yaakub et al., 2023). Corley and Tinker
(2015) found that the male inflorescence rachis
bears 100 and 300 spikelets, with each spikelet
containing 400-1,500 flowers. Conversely, the female
inflorescence comprises around 150 rachillas, each
containing between five and 30 flowers.

The average time from pre-anthesis to anthesis
(BBCH 601-607) was approximately 13 days, with
accession CMR074/28-14 having the shortest
duration. The phase from anthesis to the end of
flowering (BBCH 607-609) had an average duration
of 11 days across all Cameroon accessions. Accession
CMRO023/25-16 shows the shortest time, around
9 days, which is not significantly different from
the other 12 accessions. The Cameroon accessions
needed slightly longer time as Mubarok et al. (2022)
found that the timeframe from anthesis to the
conclusion of flowering was about eight days.

The phase duration from spear leaf 70.0%
open to fruit ripening varied between and within
individual accessions, as presented in Figure 1.
There is high variability between 20 accessions,
although some are from the exact origin, i.e.,
Accession CMR075/24-14 with CMRO073/30-11,
CMRO075/28-19 and CMR074/32-14. The variability
is also found within individual accession palms,
as indicated by the extensive range of short and
longer inflorescence phases. This variation is
due to the Cameroon accessions derived from
open-pollinated crosses, which account for the
high genetic variability among individual palms.
The result of this study is in line with those of

TABLE 5. MEAN COMPARISON AND STANDARD ERROR () OF CAMEROON ACCESSION FOR MALE INFLORESCENCE

STAGE
Male inflorescence stage
Accession
159-501 501-601 601-607 607-609 159-609

CMRO001/29-16 370.3*+19.6 31.0°+£5.1 11.2¢4+£1.2 13.4*+0.5 412.6°+19.9
CMRO001/35-14 264.1°% +13.9 53.4°+ 3.6 152+ 0.8 10.6% + 0.4 332.7°¢ + 14.1
CMR023/25-16 239.2¢+27.0 41.4%+7.0 11.7°4+ 1.6 9.2¢°+0.8 292.4°+27.4
CMRO023/26-14 276.3"+ 15.3 41.1°*+3.9 12.7°4+0.9 11.4°4 + 0.4 330.2°¢+15.5
CMR028/31-18 330.7° + 21.6 33.1°+5.6 13.5*+ 1.3 10.2% £ 0.6 377.4%® +22.0
CMRO028/36-04 248.0°+13.3 42.3% +3.4 14.074+0.8 10.6% + 0.4 304.4% +13.5
CMRO032/30-24 254.7¢+17.2 40.1°+ 4.4 13.174+ 1.0 11.1%4 £ 0.5 308.0°% + 17.5
CMR032/33-27 291.2>¢+18.1 38.6%¢ + 4.7 13.3*4+ 1.1 11.1%4 £ 0.5 343.1%¢ +18.4
CMRO047/27-26 299.8>¢ +20.2 52,5+ 52 11.5%4 + 1.2 10.7°% + 0.6 363.874 £ 20.6
CMRO047/32-22 290.3+ 21.6 375 +5.6 16.7°+1.3 11.5°4 £ 0.6 344.5¢ +22.0
CMRO073/30-11 322.8%+19.1 33.9°+4.9 12.5%4+ 1.1 10.8% + 0.5 369.3" + 19.4
CMR073/35-09 2725 +17.2 32.2¢+44 13.0°4+ 1.0 12.7%* £ 0.5 317.8°¢+17.5
CMRO074/28-14 316.8"4 +17.6 39.7%%+ 4.5 1044+ 1.0 10.9% + 0.5 367.0" +17.9
CMRO074/32-14 324.4% + 17.6 33.3°+4.5 11.1¢4 £ 1.0 12.0*+ 0.5 369.0" +17.9
CMRO075/24-14 297.95¢ +10.0 36.5°+2.5 10.6% + 0.6 10.5% + 0.3 345.0°¢ +10.1
CMRO075/28-19 291.2°¢+ 15.6 53.1%° £ 4.0 12,54+ 0.9 11.0>¢ + 0.4 356.8"4 + 15.8
CMR102/33-16 256.5% +15.3 37.6*+3.9 146"+ 0.9 10.6¢ £ 0.4 308.7¢ + 15.5
CMR102/36-21 268.9 +17.6 35.3°+4.5 13.9*4+ 1.0 10.1% + 0.5 318.1*¢+17.9
CMR103/34-23 257.0% £ 19.1 38.0° + 4.9 12.9%4+ 1.1 10.6% + 0.5 308.0 + 19.4
CMR103/36-14 325.1%¢ + 18.1 32.2¢+4.7 12.004 £ 1.1 11.3%4 + 0.5 369.4% + 18.4
Mean + SE 289.9+17.8 39.2+4.6 129+1.1 11.1+0.5 342.0+18.1

Note: 159-501 - duration from spear leaf 70.0% open to inflorescence visible in axil; 501-601 - duration from inflorescence visible in
axil to pre-anthesis; 601-607 - duration from pre-anthesis to anthesis; 607-609 - duration from anthesis to end of flowering;
159-607 - duration from spear leaf 70.0% open to anthesis; Means with the same letters of the alphabet within the same column are
not significantly dissimilar at p < 0.05 with Duncan’s new multiple range test (DNMRT); SE - standard error.
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Sarimana et al. (2017), which shows that about
26.0% of genetic variability between individuals
and 74.0% within individuals derived from open
pollination.

Genetic Performances of Inflorescence Phase

Variance components can be partitioned into
phenotype, environment and genotype variances to
obtain information on genetic variability (Lubis et al.,
2014). Based on the variance components shown
in Table 6, the environmental factors dominate all
phases of oil palm inflorescence as indicated by
the low broad-sense heritability values (<30.0%).
The lowest heritability is found in BBCH 501-601
(3.1%) and BBCH 601-607 (1.3%). Meanwhile, the
highest heritability is achieved in MF of BBCH
159-501 (29.3%). Considering the high influence of
environmental effects, selection based on related
traits will not be effective (Devesh et al., 2018).
These results also in line with Paterson et al. (2015),
who stated that oil palm phenology was related to
climatic factors affecting each inflorescence phase.
Climate factors that affect oil palm phenology have
been reported, such as rainfall (Mubarok et al., 2022),
growth degree days (Pradiko et al., 2019), length
of irradiation and drought (Legros et al., 2009). A
previous Pradiko et al. (2019) study reported that in
the temperature range of 23°C-34°C, three varieties
(DxP AVROS, DxP Dumpy and DxP PPKS 540) had
shorter inflorescence.

Based on these criteria, the GCV value of
Cameroon accessions in all female flowering
phases was low (5.0%-9.5%), while the male
flowering generally exhibited a moderate GCV.
The results indicated that inflorescence in the 20
Cameroon accessions tested was more strongly
influenced by the environment, especially in
female flowering. A high genetic variability is
required to improve or enhance the performance
of these traits. Agronomic field improvements,
such as selecting oil palm varieties based on
suitable climatic conditions or implementing water
management systems, were recommended to
reduce the duration of inflorescence development.
According to Sujadi et al. (2020), the Lame,
Langkat, PPKS 540, and Simalungun varieties,
which have longer fruit development phases, were
predicted to be better suited for regions with low
rainfall. Conversely, varieties with shorter fruit
development phases, such as Dumpy, AVROS and
PPKS 540, were expected to adapt more readily
to rising air temperatures. Suharyanti et al. (2020)
reported that water shortage affects inflorescence
period, especially in the sex determination phase,
so drought mitigation could have been pursued
through proper water management. Therefore,
it is imperative to conduct further study on the other
genotypes/ varieties to compare with this research
and reassess at the phenology of these accessions
under varying climatic conditions to gain deeper
insight into environmental effects.
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Figure 1. Box plot duration from spear leaf 70% open to the ripening of the fruit of 20 Cameroon accession palms. The same letters of the
alphabet on the graph are not significantly dissimilar at p < 0.05 with Duncan’s multiple range test (DMRT).
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Performances of Female, Male Production and Sex
Ratio

Analysis of variance among the 20 Cameroon
accessions showed highly significant differences in
ME FE hermaphrodite (HF) and ISR (Table 7). The
results also showed significant differences among
replication on all traits, indicating that accession
performance was inconsistent. Corley and Tinker
(2015) reported that the sexual phase pattern of
oil palm is complex and cannot be determined
due to the different phases and timing of male and
female inflorescence, depending on environmental
factors.

This study found that environmental effects
highly influence FF, ME, HF and ISR traits. It was
known from the low heritability value of the four
traits (<30.0%), indicating that environmental
effects play a more significant role in controlling
these traits. This result was also in line with Swaray
et al. (2021), who reported that the production of
MEF, FF and aborted flowers was more influenced
by the environment, with a percentage of the
environmental variance of more than 60% in 24
progeny-test experiments. Abdullah et al. (2017)
reported that climatic factors, such as water

availability and length of irradiation for MF and
FF production, respectively, influence the sex
differentiation of oil palms. This finding is also
supported by Harahap and Lubis (2018), who
stated that water dynamics affect the phases of oil
palm flowering development in the formation of
flower parts, sex differentiation, flower emergence
and fruit ripening.

The performance of 20 Cameroon accessions
on FF, MF, HF and ISR traits is shown in Figure 2.
The results show MF production ranges from 2
and 13 (12.0%-59.0%) flowers/palm/yr. Accession
CMR075/24-14 has the highest MF production.
Meanwhile, ISR ranges from 41.0% to 88.0%, with
an average of 64.0%. Over half (55.0%) of the
20 accessions palm shows an ISR of over 60.0%.
Accessions CMR023/25-16 and CMRO073/30-11
has the highest ISR, 88.0% and 80.0% respectively.
It indicates that the ISR of the observed Cameroon
accessions is still within a reasonable range. The
optimal ISR was considered to be between 70.0%
and 80.0%, as reported by Swaray et al. (2021). In
line with a study by Sitepu et al. (2021), ISR in six
PPKS varieties of eight years old palms ranged from
53.2% and 73.0%, indicating a sufficient availability
of pollen for pollination.

TABLE 6. VARIANCE COMPONENT, HERITABILITY AND GENOTYPIC COEFFICIENT OF VARIATIONS FOR FEMALE AND

MALE INFLORESCENE
Description ford o o, i (%) GCV (%)
Female flowering phases
(159-501) Spear leaf 70.0% open to inflorescence visible in axil 665.4 3,258.0 3,923.4 17.0 8.2
(501-601) Inflorescence visible in axil to pre-anthesis 12.9 412.1 425.1 3.1 8.6
(601-607) Pre-anthesis to anthesis 0.4 25.9 26.3 1.3 5.0
(607-807) Anthesis to ripening of fruit 539.3 5,885.4 6,424.7 84 9.5
(159-807) Spear leaf 70.0% open to ripening of fruit 1,053.0 3,498.0 4,551.0 23.1 5.3
Male flowering phases
(159-501) Spear leaf 70% open to inflorescence visible in axil 2,723.0 6,576.0 9,299.0 29.3 18.0
(501-601) Inflorescence visible in axil to pre-anthesis 40.4 442.8 483.2 8.4 16.2
(601-607) Pre-anthesis to anthesis 1.9 24.5 26.5 7.4 10.9
(607-609) Anthesis to end of flowering 0.5 6.0 6.5 7.1 6.1
(159-607) Spear leaf 70.0% open to anthesis 2,129.0 6,799.0 8,928.0 23.8 13.5

Note: 03 - genotypic variance; o; - error variance; o; - phenotypic variance; I - broad-sense heritability; GCV - genotypic coefficient of

variation.

TABLE 7. ANALYSIS OF VARIANCE AND GENETIC COMPONENTS FOR INFLORESCENE PRODUCTION TRAIT AND SEX

RATIO
Trait Mean + SE MSG MSR MSE a o o 13 (%)
FF 13.0+03 714.1% 183.2** 145 32 145 17.7 184
MF 74+03 1,975.8 89.8* 215 9.3 215 30.8 30.3
HF 02+0.1 8.7 2.5 05 0.1 05 0.6 6.5
ISR 64.2+2.8 289.5 61.3 33 13 35 46 29.2

Note: MF - male flower; FF - female flower; HF - hermaphrodite; ISR - sex ratio; MSG - mean square genotype; MSR - mean square replicate;
MSE - mean square error; o3 - genotypic variance; o; - error variance; o; - phenotypic variance; 17 - broad sense heritability.
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Figure 2. Performance of 20 Cameroon accession palms for female flower (FF), male flower (MF), hermaphrodite (HF) and sex ratio (ISR).

Genetic Distance Analysis on Flowering Phases
and Flower Production Traits

Genetic distance and genetic variability
analysis are the methods to understand the genetic
characteristics of oil palm (Faizah et al., 2016). In
this study, the evaluation of genotypic variability
based on phenological traits was carried out
through cluster analysis using Ward’s coefficient
and Gower’s method. The results divided the
twenty accessions from Cameroon into two
main groups (Figure 3). Group 1 (green colour)
comprises nine accessions that has a longer period
of inflorescence except for CMR028 /36-4 with
a similarity of 13.0%-47.0%. The accessions in
Group 2 (red colour) displays a relatively shorter
period of inflorescence with a genetic similarity
level of 10.0%-53.0%. The results of this study
differ from a study conducted by (Sujadi et al.,
2019b) on the same accessions using morphological
traits, where the genetic distance was divided into
three main groups with a degree of dissimilarity of
19.0%. Cluster analysis using molecular markers
on Cameroon accessions (with different numbers
of accessions) was also reported in several studies,
with the results of genetic similarity ranging
from 52.0% to 87.0% (Tasma & Arumsari, 2013)
and 42.5% to 67.5% (Santosa et al., 2015). Information
related to group analysis based on the inflorescence
phase characteristics of oil palm is still limited.
Therefore, the findings of this study provide a
significant contribution to further understanding
the genetic variability of oil palm, particularly in the
context of the inflorescence phase.

Based on cluster analysis, it is known
that accessions from different origins show
neighbourhoods to other accessions (Figure 3).
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In both Group 1 and Group 2, accessions from
different origins are represented, indicating that
the same accession is not consistently assigned
to a single group. In line with a study by Salim
et al. (2023), Cameroon accessions palm clustering
pattern differed based on geographical location,
as populations from different locations are
randomly distributed. Although the accessions
have the same origin palm number, the accession
palm are derived from different seeds, so they are
assumed to be non-identical. It can be caused by
the high level of genetic exchange through seed
dispersal (Arias et al., 2013). Santosa et al. (2015)
added the possibility that pollen carried by wind
or insects comes from different palm, so they
have different genomic structures. Therefore, the
consideration of genotype selection with precocious
characters should be based on individual palm
among Cameroon accessions.

CONCLUSION

This study on genetic variability and distance
analysis provides valuable insights into the
genetic characteristics of oil palm accessions from
Cameroon, particularly concerning phenological
traits. The study indicated that Cameroon
accessions are not precocious genotypes. Early
developmental stages and fruit ripening suggest
strong environmental influences, while genetic
effects at specific stages indicate substantial
diversity among accessions. However, there are
traits with high /; and GCV in the early stage of
inflorescence that show strong genetic control
and variability, making them ideal for selection.
Agronomic field improvement is recommended to
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Figure 3. Genetic distance between 20 Cameroon accession palms according to Ward's coefficient.

improve the performance of these traits. Therefore,
it is necessary to carry out further research on the
other genotypes to compare with this research and
investigate the phenology of these accessions on
different climates conditions is essential to assess
environmental impacts.
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CONSERVED TRANSCRIPTIONAL RESPONSES

TO SALT AND WATER STRESS IN OIL PALM
(Elaeis guineensis Jacq.) LEAF TISSUES
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ABSTRACT
Abiotic stresses negatively impact oil palm (Elaeis guineensis Jacq.) cultivation. Transcription factors
(TFs) are essential proteins regulating gene expression in plants. While numerous TF gene families
are implicated in plant responses to abiotic stress, their specific roles in oil palm’s drought and salinity
responses remain largely unexplored. This study aimed to get insights into the TFs’ involvement in the
oil palm’s response to these stresses. Twenty TF genes, classified into four families (MYB, HD-ZIP,
NEF-Y and HSFF) and exhibiting strong co-expression under both salinity and drought conditions, were
selected for in-depth analysis. Such behaviour suggests a shared regulatory mechanism for abiotic stress
responses. Promoter analysis revealed the presence of known stress-responsive cis-regulatory elements,
while sequence homology analysis indicated functional conservation with stress-tolerance genes in other
plants. Quantitative real-time PCR (qRT-PCR) validated RNA-Seq expression profiles for 19 of the 20
selected genes. While these findings offer promising avenues for genetic modification, a cautious approach
is necessary. Understanding the complex requlatory networks of these TFs and their potential side effects
is crucial to avoid unintended consequences. Future study should focus on the functional validation of

these TFs and integrate this knowledge with potential inherent tolerance mechanisms to develop resilient

oil palm cultivars.
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INTRODUCTION

Palm oil reigns supreme as the world’s leading
vegetable oil, with consumption in 2022-2023
reaching a staggering 85 million tonnes. This
dwarfs the output of soybean (60.0 million tonnes),
rapeseed (31.0 million tonnes) and sunflower seed
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oil (18.5 million tonnes) (Statista, 2024). Despite
possessing millions of hectares suitable for oil palm
(Elaeis guineensis Jacq.) cultivation, Brazil’s 2022
harvest only reached around 200,000 ha, ranking it
10th globally and contributing less than 1% of the
world’s production (Foreign Agricultural Services
[FAS], 2024). A whopping 93% of its plantations
are concentrated within the Legal Amazon Area,
primarily in the Northeastern region of the Para
State (Instituto Brasileiro de Georgrafia e Estatistica
[IBGE], 2024). Expanding oil palm cultivation in
Brazil presents a dilemma: Continue operating
within the Amazon Biome, with its abundant year-
round rainfall, or venture into drier climates that
present significant challenges.

Oil palm thrives in constant moisture, but
Brazil’s Midwest and Northeast regions experience
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extended droughts. Therefore, irrigation is
required for oil palm to succeed in these regions.
These trees require around 2,000 mm of water
annually and become vulnerable after just 90 days
without water (Corley et al., 2018). The Cerrado
Savanna in Brazil’'s Midwest have dry winters,
and the Northeast is semi-arid, leading to water
scarcity and a concerning trend: Soil salinisation.
As water evaporates, salts accumulate in the soil,
harming plants and threatening sustainability.
This is not unique to Brazil; globally, 30% of
irrigated land suffers from salinity, with projections
reaching over 50% by 2050 (Ivushkin et al., 2019;
Machado & Serralheiro, 2017; Shahid et al., 2018;
Zaman et al., 2018).

Plants exhibit remarkable adaptive capabilities
in response to abiotic stresses such as drought and
salinity, primarily mediated by the intricate gene
regulatory networks operating at the transcriptional
and post-transcriptional levels (Angon et al., 2022;
Wang et al, 2022). Transcription factors (TFs),
constituting a substantial portion of the plant
genome (7%-10%) (Wang et al., 2019), function
as pivotal regulators in orchestrating plant stress
responses (Zhang et al, 2022). These proteins,
organised into diverse families, regulate the
expression of downstream genes to enhance stress
tolerance (Javed et al, 2020; Wang et al, 2022).
Specifically, stress-inducible transcription factors
from the MYB, WRKY, bZIP and AP2/ERF families
are known to be pivotal for plant resilience against
various environmental stresses (Chaudhari et al.,
2023; Hajyzadeh et al., 2015; He et al, 2018).
Notably, the HD-Zip family, a large and plant-
specific group of TFs, has been implicated in both
plant growth and stress responses (Belamkar et al.,
2014; Bhattacharjee et al., 2016; Gong et al., 2019;
Sharif et al., 2021). Overexpression of HD-Zip TFs
has been shown to enhance drought tolerance
(Dezar et al., 2005; Gong et al., 2019; Jiao et al., 2022)
and confer resistance to combined drought and
salt stress conditions (Zhao et al., 2014).

Building on the work of Vieira et al. (2020)
and Salgado et al. (2021, 2022), this study further
investigates the transcriptomic response of young
oil palms to abiotic stresses. Their large-scale
analyses using miRNA and RNA-Seq elucidated
responses to high salinity and water deprivation,
respectively. This study focuses on the crucial role
of TF in early stress responses. By comprehensively
analysing all differentially expressed TF genes,
not just those targeted by miRNAs, it expands
on these prior works. This approach provides a
more complete understanding of TF families and
their constituent genes commonly affected by both
stresses. Twenty TF genes representing distinct
families were chosen for structural and functional
annotation, along with their promoter sequences.
Subsequent qRT-PCR analysis validates their
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expression patterns under both salinity and water
deficit conditions.

MATERIALS AND METHODS
RNA-Seq Data Generation

The raw RNA sequencing (RNA-Seq) data used
in this study are publicly available in the Sequence
Read Archive (SRA) database at the National
Center for Biotechnology Information (NCBI) under
BioProject ID PRJNA573093 and BioSample ID
SAMN12799239.

For details on plant material, growth conditions
and stress treatments, refer to Bittencourt et al.
(2022), Ledo et al. (2022), Salgado et al. (2021, 2022)
and Vieira et al. (2020). In brief, experiments were
conducted in a greenhouse at Embrapa Agroenergia,
Brasilia, Brazil (15° 43" 55.2” S, 47° 54’ 00.0” W).
Young bifid saplings received the treatments. Oil
palm clones, regenerated from embryogenic callus
derived from adult AM33 genotype leaves, were
used. Apical leaves from control and stressed plants
were collected after 12 days of salinity stress or 14
days of drought stress. Salinity treatments included
a control (0.0 g NaCl/100 g substrate) and a stressed
group (2.0 g NaCl/100 g substrate). Drought
treatments consisted of a control (field capacity) and
a stressed group (water withheld). Three replicates
were collected per treatment. Plant tissue was
immediately frozen in liquid nitrogen and stored
at —80°C until RNA extraction, library preparation,
and sequencing. Total RNA isolation, quality and
quantity analysis followed the methods described by
Salgado et al. (2021, 2022). RNA sequencing (RNA-
Seq) was outsourced to GenOne Company (Brazil)
using an Illumina HiSeq platform with a paired-end
strategy.

RNA-Seq Data Analysis

RNA-Seq analyses, performed using OmicsBox
version 1.3, are detailed in Salgado et al. (2021,
2022). Briefly, high-quality RNA-Seq reads were
mapped to the oil palm reference genome (Singh
et al., 2013) downloaded from NCBI (BioProject
PRJNA192219; BioSample SAMNO02981535) in
March and October 2020. The mapping used
the default settings of STAR software (Dobin
et al.,, 2013) within OmicsBox version 1.3. Gene
expression levels were quantified using HTSeq
v0.9.0 (Anders et al., 2015) with default parameters
within OmicsBox v1.3. Differential expression
analysis between control and stressed samples was
performed using edgeR v3.28.0 (Robinson et al.,
2010). This study employed a simple experimental
design with an exact statistical test in edgeR. No
filters for low-count genes were applied.
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Genes Selection and Annotation

This study unveils TF potentially critical
for stress response in young oil palm. Building
upon the work of Salgado et al. (2021, 2022) who
identified differentially expressed genes (DEGs)
through functional annotation using GhostKOALA
(Kanehisa et al., 2016), this study employed a
multi-step approach to pinpoint TF potentially
involved in the young oil palm’s stress response:
a) Relevant scientific literature was reviewed to
identify key plant transcription factor families
associated with stress responses; b) the DEGs were
filtered to retain only those belonging to the pre-
selected TF families; c) this list was further refined
by selecting DEGs that exhibited differential
expression under both salinity and drought stress
conditions; and d) finally, genes displaying the
most significant positive or negative regulation
in response to stress were prioritised for further
analysis.

Intron and exon data were retrieved from
National Center for Biotechnology Information
(NCBI) (Sayers et al., 2022). Promoter sequences
(1,432 bp upstream of ATG) for each gene were
extracted from the oil palm reference genome
(Singh et al., 2013). The PlantCARE database
(Lescot, 2002) identified known cis-elements with
a significance threshold (Score < 5). Additionally,
MEME software (Bailey et al, 2015) identified
potential TF binding motifs within promoters,
retaining only those with a statistically significant
E-value < 0.05.

Protein sequences were retrieved from the oil
palm reference genome (Singh et al.,, 2013). Only
statistically significant domains (E-value < 1) were
retained after analysis using NCBI Conserved
Domain Search. Functional annotation was
performed using EggNOG (Huerta-Cepas et al.,
2019). Multiple sequence alignments (protein and
promoter regions) were generated with Clustal W
(Thompson et al., 1994). Phylogenetic trees were
constructed using the maximum likelihood method
with 1,000 bootstrap replicates in MEGA11 (Tamura
et al.,, 2021). DNA Features Viewer (Zulkower &
Rosser, 2020) generated figures for cis-element
analysis results (motifs), protein domains and
intron/exon regions.

RNA Extraction, Reverse Transcriptase-PCR and
Quantitative Real-Time PCR Analyses

Total RNA isolation, quality and quantity
analyses were performed as described by Salgado
et al. (2021, 2022). Following quantification, the
isolated RNA was used as a template for cDNA
synthesis using the SuperScript® IV Reverse
Transcriptase kit (Invitrogen, USA) according
to the manufacturer’s instructions. The positive
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control gene was EQEfMPOBO00119, encoding the
constitutive 40S ribosomal protein S23 mRNA in
E. guineensis.

FASTA sequences for the selected genes
were downloaded from NCBI and imported into
PerlPrimer software for primer design. qRT-PCR
reactions were performed in 96-well plates on a
7,500 real-time PCR system (Applied Biosystems,
USA) using PowerUp™ SYBR™ Green Master Mix
(Thermo Fisher Scientificc USA) according to the
manufacturer’s protocol. The reaction conditions
were: 50°C for 2 min, 95°C for 2 min, followed
by 40 cycles of 95°C for 5 s and 60°C for 30 s. A
melting curve analysis was performed to confirm
amplicon specificity. Three biological replicates
were performed for each sample. The expression
level of the untreated control sample was set to 1 for
normalisation. The qRT-PCR data analysis was done
using the 222" method (Rao et al., 2013).

Pair-by-Pair Comparison and Correlation Analysis

A pairwise correlation analysis was performed
to compare gene expression changes identified
by RNA-Seq and qRT-PCR for DEGs under both
salinity and drought stress conditions. Log, (fold
change) values from each method were used as
input data for the analysis.

RESULTS AND DISCUSSION

Although roots are the primary sensors of salinity
and drought stress, this study prioritised leaf
tissue for molecular analysis due to the challenges
associated with root sample preparation and the
initial focus on morphophysiological parameters.
Despite the potential for distinct responses in roots,
the presented findings offer valuable insights
into the molecular mechanisms underlying leaf
adaptation to these abiotic stresses.

Selection of Putative Transcription Factors
Responsive to Drought and Salinity Stresses

Employing the GhostKOALA annotation
platform (Kanehisa et al, 2016), the current
study identified 36 and 19 TF families exhibiting
differential expression in response to drought
and salinity stress, respectively. Eighteen of these
families were commonly affected by both stress
conditions (data not shown). Building on previous
identification of stress-responsive  miRNAs
potentially regulating TFs (Salgado et al., 2021,
2022), as well as in the transcriptome profiles of
oil palm under both stresses (Bittencourt et al.,
2022; Ledo et al., 2022), a subset of 20 DEGs from
four TF families was selected for further analysis
(Table 1).
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TABLE 1. PROFILE OF TRANSCRIPTION FACTOR (TF) GENES FROM THE LEAF OF OIL PALM PLANTS DIFFERENTIALLY
EXPRESSED UNDER SALT AND WATER STRESS ACCORDINGLY TO RNA-Seq AND qPCR ANALYSES,
FOLD CHANGE (FC), LOG, (FC) AND FALSE DISCOVERY RATE (FDR)

Salt stress Drought stress
Gene # Gene ID Protein ID TF family RNA-Seq qPCR RNA-Seq qPCR
Log, (FC) FDR Log,(FC)  Log,(FO) FDR Log, (FC)
01 LOC105032141  XP_010904805.1 MYB 2.064 0.000 1.895 5.650 0.000 3.113
02 LOC105033230  XP_010906239.1 MYB -3.259 0.000 -5.059 —4.404 0.000 -5.059
03 LOC105038205  XP_010912232.1 HSF —2.665 0.000 -1.184 -2.762 0.000 -0.971
04 LOC105039680  NP_001306836.1 NFY-C 2.121 0.000 -0.943 4.228 0.000 -1.690
05 LOC105040563  XP_010915439.1 HSF 1.213 0.000 1.459 3.530 0.000 1.803
06 LOC105040719  XP_010915677.1 MYB -3.141 0.000 -1.358 -2.490 0.000 -2.059
07 LOC105041192  XP_010916352.1 MYB -2.226 0.000 -2.556 -1.629 0.000 -1.152
08 LOC105044046  XP_010920127.1 MYB -2.454 0.000 -3.322 -2.430 0.000 -2.322
09 LOC105048425  XP_010926024.1 MYB 2.817 0.000 3.276 4.536 0.000 2.759
10 LOC105048648  XP_010926338.1 HD-ZIP -0.832 0.016 -0.737 -3.068 0.000 -2.396
1 LOC105048799  XP_010926549.1 MYB 0.831 0.029 1.485 3.214 0.000 2.373
12 LOC105053150  XP_019708739.1 HD-zIP 1.405 0.027 1.070 -1.798 0.007 -1.690
13 LOC105053200  XP_010932583.1 MYB 1.823 0.001 1.844 -1.552 0.001 -1.737
14 LOC105053827  XP_010933430.1 MYB 1.455 0.022 0.774 3.319 0.000 0.748
15 LOC105053827  XP_010933626.2 HD-ZIP 1.127 0.024 1.736 2.140 0.000 1.118
16 LOC105055678  XP_010935898.1 MYB 3.378 0.000 2.134 3.974 0.000 1.915
17 LOC105056442  XP_010936941.1 MYB —-4.104 0.000 -5.059 -2.942 0.000 —4.059
18 LOC105056443  XP_010936942.1 MYB -1.926 0.002 -2.252 -2.513 0.000 -3.644
19 LOC105058320  XP_010939500.1 MYB 1.904 0.000 1.220 2.387 0.000 1.480
20 LOC105058124  XP_010939223.1 NFY-B -0.746 0.002 -0.059 -0.908 0.000 -0.644

Note: Protein (Super)Families: MYB - Myb transcription factor, plants (IPR015495); HD-ZIP - Homeobox-leucine zipper protein, class I,
plant (IPR045224); NFY - Histone Fold (IPR009072) - Transcription factor CBF/NF-Y /archaeal histone domain (IPR003958); HSF -

Heat Shock Transcrition Factor (PTHR10015).

This subset comprised 13 MYB (Ambawat et al.,
2013), three HD-ZIP (Chen et al., 2014), two HSFs
(Guo et al., 2016), two NF-Y from Histone Fold
Motif family (IPR009072) members (Stephenson
et al.,, 2007). Salinity stress significantly upregulated
eleven genes and downregulated nine, while
drought stress upregulated nine genes and
downregulated eleven (Table 1). A total of 18 of the
20 genes exhibited similar qualitative responses
to both stresses. However, gene 13 and 14
displayed contrasting qualitative responses, being
upregulated under salt stress and downregulated
under drought stress.

Soil salinity and water deficit, imposing severe
constraints on crop growth, constitute significant
environmental challenges (Qin et al, 2011). In
response, plantsactivate intricate signalling cascades,
encompassing both abscisic acid (ABA)-dependent
and -independent pathways (Yamaguchi-Shinozaki
et al.,, 2007). Transcription factors serve as pivotal
regulators within these pathways, modulating stress
tolerance. These proteins orchestrate the expression
of genes involved in osmotic homeostasis, ionic
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balance and other stress mitigation processes,
thereby contributing to overall plant resilience
(Ni et al., 2013; Xu et al., 2015).

Differential Expression and Correlation Analyses

To further characterise the response of the 20
selected genes to abiotic stress, their expression
levels were quantified using qRT-PCR. Primer
sequences are provided in Table 2. qRT-PCR
analysis revealed significant upregulation of gene
1, 5,9 and 11 under water deprivation stress, with
the remaining genes showing downregulation
(Figure 1). Similarly, under salt stress, genes
1, 5, 9, 11-16 and 19 exhibited upregulation,
while genes 2-4, 6-8, 10, 17, 18 and 20 displayed
downregulation (Figure 1).

Gene expression patterns showed a high
correlation (R2 = 0.7317) between salt and drought
stress (Figure 2), indicating similar responses for
most genes. However, gene 12 and 13 displayed
contrasting regulation. These findings align with
prior studies (Hazzouri et al.,, 2020; Li et al., 2019;
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TABLE 2. PAIRS OF PRIMERS USED FOR DIFFERENTIAL EXPRESSION ANALYSIS USING THE qRT-PCR
TECHNIQUE OF THE 20 PROSPECTED GENES

Gene # Forward primer Reverse primer

01 5-GATAAGAATGGTCTGAAGAAGGG-3 5-CAATTGCTGACCACTTGTTCC-3
02 5-GGAGGACCAGAAACTTGTAGAC-3’ 5-ATTAGAGACCATCTGTTGCCC-3
03 5-TTTTCGCAAGATTGATGCTG-3 5-TCATGAGATGCTCCTGTTGC-3
04 5-GGTAGACCTCTCTGCATCG-3 5-CCTACCACCAGCTGAAAATACC-3
05 5-GCTCAACACCTATGGGTTTCG-3' 5-ACCTTCTCTTCGATCTTCCTCTG-3
06 5-CACCACTTAAGATCCGTTGCC-3 5-GCTATCAAATCCCACCTGTCAC-3’
07 5-ACGAGAAGCTCATTAACTACATCC-3 5-CTATCAATGACCACCGATTGCC-3
08 5-GGACCAAGGAGGAAGATGAC-3 5-AGAGACCATTTGTTGCCGAG-3’
09 5-CTAAGTGCTCAGGCTTGAAGAG-3’ 5-GTCCTCCAGTAGTTCTTTATCTCG-3’
10 5-TCGAGCGTGGTGTTTAATG-3’ 5-CGGAGCAGTACCAAGAGAGG-3
1 5-TTTAGGCAATAGGTGGGCAG-3 5-TATTGAGCTTCTCCACAGACAG-3’
12 5-AGTCACAGTTCACAAGAGCAC-3 5-CATTCAGAGCACGAAGGAGAG-¥
13 5-AGCTAGCAGGATTGCTTAGG-3’ 5-CTGGTCAACAGTTTCAGCG-3’
14 5-CAAGGGTTCATGGACACCAG-3’ 5-TTCGACCATTTGTTTCCAAGC-3
15 5-GACACAAGCCATGATTGAAG-3’ 5-TAGCGAGCAACCCTTTTATCTC-3
16 5-CAAGCAAGCTGGTCTATTGAGG-3 5-CGGCTGGTTTGGATTCACTC-3
17 5-CTTCACTCTAGCGATATCTACCG-3 5-AACGTTTCAACCCTGCTCTC-3
18 5-CCATGTTGTTCAAAGGAGGG-3’ 5-GCAATTAGAGACCATCTGTTTCC-3
19 5-CCTACTAATACTGGGCTGATGAG-3 5-GGTGTTCCAATAGTTCTTGATGTC-3'
20 5-GGTGGGAATTCTTCCTCTTC-3 5-TAATTCAGAGACCAACCCAACC-%
ICG 5-CCAGGGTTCAGCTGATTAAG-3 5-TCGTCCAAATCCAGCAATC-¥

Note: ICG - Internal control gene: EQEfMPOB00119.

Rasmussen et al., 2013; Zhu, 2002) suggesting a core
set of genes involved in early responses to both
stresses in oil palm.

Gene expression profiles (Figure 3) largely
agreed between RNA-Seq and qRT-PCR, with
one exception: Gene 4 showed positive regulation
under both stresses in RNA-Seq but negative in
gRT-PCR. This discrepancy highlights potential
technique-specific variations. Further analysis
using alternative methods or replicates may be
needed to confirm gene 4’s expression pattern under
stress.

Annotation of the Promoter Region from the Genes
Coding for the Putative TFs

Phylogenetic  analysis based on the
1,432-nucleotide promoter sequences upstream
of the start codon for each gene revealed four
distinct groups among the 20 TFs (data not shown).
However, these groupings did not correlate with
the expression profiles of the genes under drought
and salinity stress (Table 1). MEME analysis
identified three conserved promoter motifs present
in all 20 genes. Similar to the phylogenetic analysis,
the distribution of these motifs did not exhibit
any significant pattern within the four previously
identified phylogenetic groups.
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Analysis of the promoter regions using the
PlantCARE database revealed the presence of seven
putative cis-acting elements potentially associated
with stress responses in the 20 selected TF genes.
These elements included the ABA-responsive
element (ABRE), stress-responsive element (STRE),
motifs responsive to methyl jasmonate (MeJA)
signalling (CGTCA-motif and TGACG-motif), the
core promoter elements TATA-box and CAAT-
box and the salicylic acid and auxin-responsive
element as-1.

Consistent with their regulatory role, all 20
TF gene promoters contained key cis-elements.
Notably, both CAAT-box and TATA-box elements
were ubiquitous, suggesting their potential role
in stress response. The CAAT-box, known for
enhancing promoter activity, might contribute to
increased expression under stress (Song et al., 2018).
The TATA-box, often found in stress-responsive
genes (Roelofs et al., 2010), could facilitate rapid
and variable regulation under stress conditions
(Yu et al., 2012).

Despite ubiquitous CAAT-box and TATA-box
elements, TF promoters exhibited variation. Notably,
HSF genes (3 & 5) possessed ABRE, as-1, and stress-
related motifs (CGTCA, TGACG) alongside core
elements. Interestingly, genes 2, 6-10 displayed all
identified cis-elements (ABRE, STRE, as-1, CGTCA,
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Figure 1. Log, (FC) in transcript abundance of 20 selected genes measured using gRT-PCR. Panel A depicts the results for young oil palm plants
exposed to drought stress and panel B shows the results for plants exposed to saline stress. FC denotes fold change.
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Figure 2. Log, (FC) correlation analysis of transcript abundance changes for the 20 selected genes identified through gRT-PCR. The analysis compares
gene expression profiles under saline stress (“salt”) and water stress (“drought”). FC denotes fold change.
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Figure 3. Correlation analysis of the Log,(FC) for the 20 selected genes. Panel A compares FC in gene expression under saline stress and panel B
compares under drought stress, as measured by qRT-PCR and RNA-Seq. FC denotes fold change.

TGACG) associated with ABA, heat/osmotic,
salicylic acid and methyl jasmonate responses.
While 18/20 genes showed similar expression
under both stresses (validated by RNA-Seq and
gRT-PCR), no correlation between cis-element
number/position and expression patterns was
observed.

Structural and Functional Annotation of the
Coding Region of the Putative TFs

The 20 TF genes displayed coding sequence
lengths varying up to 7,500 nucleotides (Gene 4)
and intron numbers ranging from zero (Gene 20)
to nine (Gene 12), with distinct intron-exon
patterns for each TF family - egMYB: 2 introns;
egHSFF: 1 intron; egNFY: 0-1 introns; egHD-ZIP:
2-9 introns (data not shown). Phylogenetic analysis
based on protein sequences identified three
clades (Figure 4a), with Gene 9 (MYB) forming a
solitary clade, eight MYB proteins in a second clade
and the remaining proteins from all TF families
clustering within the third clade.

Arabidopsis studies revealed contrasting stress
responses upon HSFA4A activation (tolerance)
vs. inactivation (hypersensitivity) under salt
stress (Pérez-Salamé et al.,, 2014). Similarly, over-
expression of lily HSFA3 genes in Arabidopsis led to
salt hypersensitivity (Wu et al., 2018). The present
study found a HSFA3 (Gene 3) was negatively-
regulated, while HSFC2b (Gene 5) was positively-
regulated under drought and salinity stresses.
This suggests potentially distinct roles for these
HSFs in oil palm stress responses.

Analysis of conserved protein domains revealed
23 distinct types among the 19 stress-responsive
proteins (excluding gene 6). Notably, PLN03091
and PLN03212 domains were consistently present
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in all MYB TFs (Genes 1, 2, 7-9, 11, 13, 14, 16-19;
Fiqure 4b). REB1, Myb and SANT domains were
also identified within these MYB proteins, but their
distribution varied.

Analysis of conserved protein domains in
the coding regions revealed distinct domain
compositions for the identified stress-responsive
proteins (Figure 4b). HSF proteins (Gene 3 & 5)
possess HSF and DNA-binding domains,
suggesting roles in heat stress response and
gene activation. Proteins from Gene 4, 10, 12, 15
and 20 exhibited domains HOX, homeodomain,
homeodomain superfamily, Homeobox, HHTI,
HALZ, and H4, suggesting a potential role in
developmental regulation. Additionally, the
presence of domains like Histone superfamily,
START, HAP5, HD-ZIP_N, START Argleabra2_
like and CBFD_NFYB_HMF highlights potential
interactions with chromatin remodelling and other
transcription  factors. Notably, the HD-ZIP_N
domain suggests membership in the HD-Zip
family.

MEME analysis revealed seven motifs (8-50
amino acids) in 18/20 proteins (Figure 4c). The
number of motifs per protein varied between one
and five, with the proteins from genes 11 and 19
exhibiting the highest number of motifs. Motif 1,
2 and 4 consistently occurred within PLN03091/
PLNO03212 domains (Gene 1, 2, 7-9, etc.). Motif 5
was unique to HSFF proteins (Gene 3 & 5), while
motif 6 was specific to potential HD-Zip family
members (Gene 10, 12 & 15). Motif 3 had the
broadest presence (9 proteins), while motif 7 was
identified in only 3 (Gene 10, 11 & 19).

Analysis of conserved domains and motifs
(Figure 4b, 4c) aligned with GhostKOALA’s
functional predictions (KO0300 - Transcription
Factor group). Proteins within the same TF family
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Note: HSF - Heat Shock Transcrition Factor; HD-ZIP_N - Homeodomain-leucine zipper; HOX - homeobox; START - StAR-related Lipid
Transfer; HALZ - Homeobox associated leucine zipper; SANT - SWI3, ADA2, N-CoR and TFIIIB; REB1 - RNA polymerase 1
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Figure 4. In silico Analysis of Stress-Responsive Protein Sequences. (a) Phylogenetic tree constructed using MEGA11 software. (b) Protein domain
architecture. (c) Conserved motifs were identified within the amino acid sequences. Different colours represent distinct domains or motifs.

shared similar domain architectures and motif
compositions. This consistency reinforces the in-
silico annotation and suggests family-specific
sequence features relevant to their regulatory
roles.

GO term enrichment analysis revealed diverse
functions for the 20 identified TFs. The associated
GO terms spanned biological processes (87 terms),
molecular functions (nine terms), and cellular
components (four terms). Notably, some TFs
had more assigned GO terms, suggesting greater
functional complexity (e.g., gene 14: 29 terms,
Genes 9, 11, 19: 23 terms each). This highlights the
potential for varied roles of these TFs in the oil
palm’s stress response.

Thirteen DEGs encode MYB TFs, known
for diverse stress responses (Dubos et al., 2010;
Roy, 2016; Wang et al., 2021). MYB20 (Gene 13)
showed contrasting expression: Salinity-induced
(positive) vs. drought-repressed (negative). Gao
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et al. (2014) reported AtMYB20’s negative role
in ABA-mediated drought response, while Wang
et al. (2021) linked its salinity tolerance to MYB
TFs repressing ABA repressors (PP2Cs). MYB30
(Gene 16) exhibited increased expression under
both stresses. This TF regulates salt tolerance via
AOX1s (mitochondrial alternative oxidase) and
wax synthesis genes for cuticle reinforcement,
protecting leaves from stress (Gong et al., 2020;
Lee & Suh, 2015; Wang et al., 2021).

Two DEGs encode NF-Y family members. These
hetero-trimeric TFs (NF-YA, NF-YB, NFE-YC) bind
to CCAAT boxes in promoters, regulating gene
expression (Nelson et al.,, 2007). Studies link NF-Y
to abiotic stress responses (Leyva-Gonzdlez et al.,
2012; Li et al., 2013; Kumar, 2014; Zhao et al., 2014).
Notably, NF-YA, a target of miR169, enhances salt
tolerance in Arabidopsis (Li et al., 2013).

The present study revealed differential
expression of NF-Y subunit genes (NF-YB3,
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NF-YC2) under both stresses. NF-YB3 (Gene 20)
showed negative regulation, while NF-YC2
(Gene 4) displayed positive regulation. Our prior
work linked miR169 to NEF-Y regulation in oil
palms under stress (Salgado et al., 2021, 2022).
miR169 was down-regulated, while NF-YA protein
increased only under salinity stress.

Leyva-Gonzélez et al. (2012) proposed a model
for NF-Y regulation under stress, postulating that
stress induces NF-YA activation while concurrently
decreasing miR169 levels. The findings of Salgado
et al. (2021), demonstrating negative regulation
of miR169 and positive regulation of NF-YA
protein in oil palm leaves under salinity stress,
align with this proposed model. Elevated NF-YA
might form inactive complexes with NF-YB/YC
subunits, potentially repressing stress response
genes and acting as a negative feedback loop
during prolonged stress. However, this model
seems salinity-specific. Drought stress also reduces
miR169 (Salgado et al., 2022) but lacks the NF-YA
protein increase, suggesting additional drought-
specific regulatory mechanisms requiring further
investigation.

Previous studies have indicated stress-
specific functions for NF-Y subunits. AtNF-YB1 in
Arabidopsis and its maize orthologous ZmNF-YB2
have been shown to enhance drought tolerance
(Nelson et al., 2007), establishing them as potential
markers for stress resilience. The present study
revealed the upregulation of NF-YC2 (Gene 4)
under both salinity and drought conditions. This
expression pattern aligns with the overexpression
of PwHAP5 (NF-YC2 homologue) in Picea wilsonii,
which has been associated with increased stress
tolerance (Li et al., 2013), suggesting a potential
positive role for NF-YC2 in oil palm stress
responses.

Three DEGs (10, 12 and 15) encode HD-Zip
TFs in the present study. HD-Zip TFs belong
to a diverse plant superfamily involved in
development and stress responses (Belamkar
et al., 2014; Gong et al., 2019; Li et al., 2022; Sharif
et al., 2021). These Genes displayed contrasting
expression: Gene 15 (positive under both stresses),
Gene 10 (negative under both) and Gene 12
(positive under salinity, negative under drought).
This suggests potential subfamily- or gene-specific
roles for HD-Zip TFs in oil palm’s abiotic stress
responses.

Class I HD-Zip TFs are known for their
positive roles in plant stress responses (Dezar
et al., 2005; Gong et al., 2019; Jiao et al., 2022; Zhao
et al., 2014). This study identified three DEGs from
distinct subfamilies: HD-Zip I (Gene 10), HD-Zip 1I
(Gene 15) and HD-Zip IV (Gene 12). Their
contrasting  expression patterns (Gene  10:
Negative under both stresses, Gene 15: Positive
under both, Gene 12: Positive under salinity,
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negative under drought) suggest potential
subfamily-specific roles in oil palm’s abiotic stress
responses.

Two DEGs encode HSFs, key regulators in
plant stress responses (Guo et al., 2016). They
induce heat-shock proteins (HSPs) and activate
stress-responsive genes (Ohama et al, 2017).
HSFs respond to various stresses, including heat,
drought, cold and salt (Li et al., 2019). There are
three HSF classes: A (activators), B (repressors)
and C (unknown function) (Ohama et al., 2017;
Wu et al., 2018).

At last, understanding a gene’s regulatory
influence is crucial. For example, consider Gene
15, an oil palm HD-Zip II gene was positively
regulated under both stresses, which silencing
using techniques like RNAi or CRISPR-Cas9
could be a promising strategy for engineering
tolerance. Does it have a widespread regulatory
role, affecting dozens or hundreds of genes under
stress conditions, or is its influence limited to
just a few target genes? Additionally, how many
regulatory factors control Gene 15 itself? These
questions are vital because manipulating genes
with extensive regulatory roles carries a higher
risk of unintended consequences. Future research
should focus on functionally validating these
TFs and identifying those that enhance stress
tolerance without disrupting other crucial plant
functions. Integrating these findings with existing
knowledge of inherent tolerance mechanisms will
be vital for developing robust stress-tolerant oil
palm cultivars.

A Gene Regulatory Network (GRN), named
EG-Net was constructed for Elaeis guineensis to
address some of the aforementioned questions.
EG-Net, a GRN derived from 428 oil palm
transcriptomes (comprising 21,852 target genes
and 3,069 regulators), indicates that this oil
palm HD-Zip II gene regulates 3,925 genes
(235 downregulated and 165 upregulated by
both salinity and drought stresses). Conversely,
it is regulated by 58 regulators, including 49
transcription factors, seven long non-coding
RNAs (IncRNAs) and two epigenetic regulators
(EpRs). Based on these findings, silencing this gene
could directly impact 400 genes exhibiting similar
qualitative responses to both abiotic stresses.
Notably, 25 of these genes encode transcription
factors that, in turn, regulate a substantial number of
genes.

CONCLUSION

The present study investigated the potential for
engineering stress-tolerant oil palm cultivars by
identifying TFs involved in the response to salinity
and drought stress. To the best of our knowledge,
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there were no prior reports to suggest inherent
tolerance in oil palms to such stresses. Transcriptome
data was collected from young oil palm leaves
subjected to severe stress (high salinity and water
deprivation) for two weeks (this study, Salgado
et al. 2021, 2022). This induced visible signs of stress,
such as browning and wilting. The data reflects
the plants’ responses to these extreme conditions,
rather than their inherent tolerance mechanisms.
It's important to note that prolonged exposure to
such severe stress would likely be detrimental to
the plants.

This study identified 20 TFs from four distinct
families that appear to play a crucial role in the
response to both salinity and drought stress.
The consistency observed in the behaviour
of these TFs suggests the existence of shared
molecular pathways. This overlap presents a
valuable opportunity to pinpoint genes capable
of conferring tolerance to both stresses. However,
further consideration is required before selecting
candidate TF genes for genetic engineering or
editing.

Stress-responsive ~ TFs  offer  significant
potential for engineering plants with enhanced
stress  tolerance. A  systematic  approach
involving the identification, characterisation
and functional validation of TFs can accelerate
the development of stress-resilient crops. While
TF research has been extensive, it often neglects
the broader context of GRNs. The development
and incorporation of such GRN analysis into this
process might, as shown for an oil palm HD-Zip
I gene in the present study, certainly provide
valuable insights into the complex regulatory
mechanisms underlying stress responses, leading
to more effective and targeted genetic engineering
strategies.
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ABSTRACT
Particle bombardment is a transformation method that uses a mechanical injury mechanism to deliver
deoxyribonucleic acid (DNA) into plant cells. In early studies, a few aspects influencing the efficiency of DNA
delivery through biolistic have been determined. However, the developed protocol yields low transformation
efficiency, which requires further improvement. Re-evaluation of bombardment parameters by monitoring
the expression of reporter genes for a longer duration post-bombardment will provide more conclusive results
on stable expression than the previous two-day evaluation. Several bombardment parameters were evaluated;
helium pressure, distance between the stopping screen and tissues, size of gold, DNA quantity and the
bombardment number. Each parameter was assessed by monitoring the expression of red fluorescent protein
(RFP) transiently in oil palm embryogenic calli (EC). The optimal parameters were determined based on the
highest RFP signals retained in the EC after three months of bombardment. The optimal parameters were
obtained when EC were bombarded three times at 2,000 psi pressure using 1.0 um of gold particles coated
with 1.0 ug of DNA and the distance between the stopping screen and tissues was fixed at 6 cm. The optimal
parameters could improve DNA delivery through bombardment and lead to the production of edited oil palm

at high efficiency.
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INTRODUCTION

Malaysia is the world’s major producer and exporter
of palm oil. It is one of the sectors contributing to
Malaysia’s economic growth (Parveez et al., 2022).
Furthermore, palm oil also contributes to the world’s
oil and fat supply and demand has increased over
the years. The challenges such as climate change,
disease and the limitations of arable farmland have
affected palm oil production. Study on genetic
enhancements is likely to be the potential solution
for achieving maximum yields (Masani et al., 2018;
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Parveez et al., 2015). Genetic enhancements through
genome editing, such as CRISPR/Cas9 technology,
could provide opportunities for plant improvement
by precisely targeting gene modification at a specific
site. Recently, genome editing studies have been
initiated to edit the oil palm genome precisely
(Bahariah et al., 2023; Jamaludin et al., 2023; Yeap
et al, 2021) which will lead to the production of
improved planting materials and subsequently fulfil
palm oil supply in the future.

One factor affecting genome editing efficiency is
the success of deoxyribonucleic acid (DNA) delivery
into oil palm tissues. A few DNA delivery systems
have been developed for oil palm, such as particle
bombardment or biolistic (Parveez, 2000; Parveez
et al., 2015), Agrobacterium-mediated transformation
(Izawati et al., 2009, 2015), polyethylene glycol-
mediated transfection and DNA microinjection
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(Masani et al, 2014, 2022). The transformation
efficiency of oil palm is relatively low (0.7%-1.5%),
with the highest at 1.5% obtained from DNA
delivery using the bombardment method (Parveez
et al., 2015). In contrast, other crops, such as wheat,
have reported a transformation efficiency of up
to 12.9% (Miroshnichenko et al., 2020). Thus, the
transformation efficiency in oil palm must be
improved by optimising bombardment parameters.

Particle bombardment is a mechanical injury
technique that delivers the foreign gene into
the cells. It delivers rapid DNA and can transfer
multiple genes in one shot (Ramkumar et al.,
2020). Since this system has no biological or host
limitations, it can target various plant species
and tissues (Lacroix & Citovsky, 2020). Particle
bombardment as an efficient DNA delivery method
has been applied in many plant species, such as
soybean (Khalafalla et al., 2005), rice (Zhao et al.,
2011) and wheat (Melchiorre et al., 2002). For oil
palm, the bombardment protocol was established
by Parveez (2000). The protocol has been applied
to transform and regenerate transgenic oil palms.
However, molecular analyses revealed that most
regenerated oil palms were escapes and chimeric
(Nurfahisza et al., 2014). To overcome these
problems, the protocol must be re-established to
increase DNA delivery efficiency and produce more
transformants. In addition, Parveez (2000) might
have used different oil palm clones, influencing
the established bombardment protocol. Therefore,
using the same clone to optimise bombardment
parameters is also important.

Since oil palm requires a long regeneration time,
stable transformation results cannot be obtained
quickly (Masani et al.,, 2018). Therefore, optimal
bombardment parameters were determined
through transient expression studies. This approach
allows an easy and rapid assay and serves as a
reliable indicator for stable transformation. In
plant studies, the most commonly utilised reporter
gene expression systems include (3-glucuronidase
(GUS) (Xiong et al., 2011), green fluorescent protein
(GFP) (Parveez & Majid, 2018; Stewart, 2001), red
fluorescent protein (RFP) (Okwuonu et al., 2015;
Sun et al., 2018) and luciferase (LUC) (Hastings &
Morin, 2006). The bombardment protocol reported
by Parveez (2000) was based on the optimal
parameters obtained from the GUS transient assay.
Although GUS can be easily observed by staining
with a substrate, its assay is laborious, disruptive,
and very toxic to the cells; subsequently, monitoring
of expression along with cell development is almost
impossible.

In contrast, RFP, GFP and LUC expression
can be visualised and monitored in real-time in
living tissues. More importantly, gene expression
can be observed along with plant development
(Hastings & Morin, 2006; Stewart, 2001). RFP,
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such as the Discosoma Red Fluorescent Protein
(DsRED) gene, derived from coral (Discosoma sp.),
was chosen as a visual reporter gene in our study
due to the advantage of RFP expression that could
be monitored in all stages of plant development.
Moreover, Fizree et al. (2019) reported that DsRED
produced distinct bright RFP signals compared
to the pale background in the non-transformed
samples and showed improved signal retention
in oil palm embryogenic calli (EC). DsRED has a
much higher extinction coefficient and fluorescence
quantum yield as compared to GFP (Baird et al.,
2000), which showed no abnormalities in the
regenerated transgenic plants (Jach et al.,, 2001)
and is much easier to detect DsRED expression in
green tissues compared to GFP (Jach et al., 2001).
Due to this characteristicc, DsRED has been used
widely in plant transformation, such as in soybeans
(Cho et al., 2022), wheat (Tanaka et al., 2022) and
walnuts (Zhang et al., 2015).

In this study, we used a visual reporter gene
(DsRED) and performed assessment times longer
than those previously developed by Parveez (2000).
Transient expression occurs almost immediately
after gene transfer, where non-integrated DNA is
eventually degraded by nucleases. Thus, the highest
signal retained over a longer duration may have
a higher possibility of integration into the plant
genome, leading to a stable transformation. This
study presents the current optimal bombardment
protocol utilising DsRED as a reporter gene, which
is potentially reliable for producing stable transgenic
palms with higher efficiency.

MATERIALS AND METHODS
Plant Materials

Oil palm friable calluses derived from cabbage
of P164 clones were obtained from the Clonal
Propagation Group of the Malaysian Palm Oil
Board (MPOB). The friable calluses formed
after being cultured for one to three months
were then induced to suspension calli using
liquid induction media [MS salts (Murashige
& Skoog, 1962), Y3 vitamins (Eeuwens, 1976),
0.1 g/L myo-inositol and L-glutamine, 3% sucrose,
5 uM 2,4-dichlorophenoxyacetic acid (2, 4-D)] and
incubated in the dark at 28°C for six months. The EC
formed were collected and cultured on Y3A-4 solid
media (Masani et al., 2014, 2022) and incubated at
28°C for a week before bombardment.

Particle Bombardment Transformation
This study used a construct, namely pAMDsSRED

(Fizree et al, 2019), carrying the DsRED gene
driven by the CaMV35S promoter as a plasmid
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DNA for precipitation with gold particles. High
concentration (>2.0 pg/puL) and good quality
plasmid DNA (an A260/280 ratio between 1.8
and 2.0) was isolated from bacterial culture using
NucleoBond PC 500, Maxi kit (Macherey Nagel)
following the manufacturer’s instructions. The
precipitation procedure to bind gold particles with
DNA was performed according to Nurfahisza et al.
(2020).

The bombardment was performed according
to the method described by Parveez (2000). Five
parameters (Table 1) were examined independently
during the bombardment. Standard parameters that
were optimised by Parveez (2000) (marked with *
in Table 1) were used as a control for comparison.
Four replicates (each containing about 0.5 g
of EC per plate) were carried out for each tested
parameter. The bombarded calli were then incubated
at 28°C in dark conditions and subcultured on
fresh Y3A-4 solid media (Masani et al., 2014, 2022)
without selection for every four weeks.

TABLE 1. FIVE BOMBARDMENT PARAMETERS WERE
EXAMINED INDEPENDENTLY

Treatments

650, 900, 1,100%, 1,350,
1,550, 1,800, 2,000

6.0,7.5%,9.0,10.5, 12.0

Parameters

Helium pressure (psi)

Distance from stopping screen
to tissue (cm)

Number of bombardments 1%2,3
Size of gold (um) 0.6,1.0% 1.6
DNA quantity (ug) 1.0,1.5% 2.0

Note: The asterisk mark (*) represents the standard conditions
(Parveez, 2000) used as control during the bombardment.

RFP Monitoring and Transient Assessment

RFP signals were observed through a Nikon
AZ100 fluorescence microscope paired with an ET-
mcCherry, Texas Red® filter set (Chroma, USA).
An imaging system, QICAM-12bit (QImaging,
Canada), was also attached to a fluorescence
microscope to capture the image in real time. The
RFP signals from four replicates of each treatment
were observed and scored at a week, a month, two
months and three months after the bombardment.
Then, the average number of RFP signals and the
standard error were calculated based on three
months of observation data from four replicate
plates of each treatment. The significant differences
among the treatments were analysed using
Duncan’s multiple range test (DMRT) with p < 0.05.
In addition, a graph was plotted to identify the
optimal parameter based on the highest average
number of RFP signals retained after three months
of bombardment.
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RESULTS AND DISCUSSION

To efficiently transfer gene constructs through
bombardment, it is necessary to determine specific
parameters that affect the efficiency of DNA delivery.
A brief overview of the optimised parameters is
illustrated in Figure 1. Five parameters that affect
DNA delivery were systematically evaluated. Since
the efficiency of particle bombardment in most
plants is species- and genotype-dependent, all the
samples used as explants in this study were from a
similar genetic background. This study was carried
out using EC from the P164 clonal palm. P164 is
a high-yielding hybrid resulting from crosses
between the Dura and Pisifera varieties (Amanina
et al., 2022). Using biological samples from a similar
P164 genetic background could reduce experimental
variation and improve data precision. The efficiency
of bombardment parameters was evaluated by
monitoring and counting the red fluorescing spots
or RFP signals optically for a week, a month and
up to three months after bombardment. Usually,
none or, most likely, very few RFP signals will
be observed after three months of bombardment.
This occurred possibly due to the inevitable loss
of vector DNA after several cell replication cycles.
After three months of bombardment, the RFP
signals may have a higher potential for stable
DNA integration into the plant genome. Thus, the
optimal parameter was identified based on the
highest average number of RFP signals retained
three months after bombardment, since the scores
imply the number of successful DNA that might be
integrated into the targeted tissues.

Effect of Helium Pressure

The pressurised helium gas accelerated the
DNA-gold particles to penetrate through different
cell layers of tissues. The strength of acceleration
may influence the depth of penetration and
distribution of gold-DNA particles into the target
tissues (Mahdavi et al., 2014). In the first week after
bombardment, the highest average number of RFP
signals was observed when EC was bombarded
at 650 psi (367.75 spots). This was followed
by 1,100 psi (289.50 spots), 2,000 psi (252.25
spots), 1,800 psi (198.00 spots), 1,350 psi (181.25
spots) and the least using 900 psi (121.25 spots)
(Figure 2). Meanwhile, bombardment using 1,550
psi only showed 29.50 spots of RFP signals. After
a month and two months of bombardment, a
pressure of 650 psi maintains the highest average
number of RFP signals among the tested pressures.
However, after three months of bombardment,
the average number of RFP signals dropped
about five-folds for 650 psi (from 33.25 to 6.50
spots) compared to two-folds for 2,000 psi (from
14.00 to 7.75 spots). Since the pressure at 2,000 psi
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Figure 1. A brief overview for optimisation of bombardment parameters affecting the transient expression of
discosoma red fluorescent protein (DsRED) gene in oil palm embryogenic calli (EC).

could retain the highest average number of RFP
signals after three months, this parameter was
chosen as the optimal helium pressure for oil palm
bombardment.

The result contrasted with the studies reported
by Liu et al. (2024) in Chinese cabbage microspore,
Mahdavi et al. (2014) in male banana flowers, and
Mousavi et al. (2009) in date palm EC, which showed
that helium pressure at 1,100 psi is the most optimal
pressure to penetrate the target tissues. Previous
studies in oil palm EC also showed 1,100 psi as the
optimal pressure (Nurfahisza et al., 2020; Parveez,
2000). The contrasted results may be attributed to
different biological materials for bombardment
and various durations for evaluating transgene
expression. This present study used EC derived
from the cabbage of the P164 clone, while Parveez
(2000) used EC derived from various clones
and tissues, such as immature embryos, leaflets
and roots. Meanwhile, the optimal pressure at
1,100 psi evaluated by Nurfahisza et al. (2020)
was based on the number of putative transgenic
shoots generated. A study on tobacco showed
the best pressure at 1,350 psi (Davlekamova
et al., 2023). Moreover, a study by Tee and Maziah
(2005) showed the different optimal pressures
obtained from the same species, Dendrobium Sonia
17, which were 1,100 and 650 psi for type-A and
type-B calli, respectively. Our result showed
that 2,000 psi was the best pressure to penetrate
through oil palm P164 clonal EC. Using low-
pressure bombardment may cause low penetration
of gold-DNA into target tissues (Mousavi et al.,
2009; Parveez, 2000).
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Effect of Distance from Stopping Screen to Tissue

The distance between the stopping screen and
the tissue can be adjusted according to the slot
provided in the biolistic device, which is a distance
of 6.0, 9.0 and 12.0 cm. The distance at 7.5 and 10.5
cm can be adjusted when an extra plate is put on
stages at 9.0 and 12.0 cm slots, respectively. It is
necessary to determine the optimal distance to
distribute the DNA-gold particles evenly to the
target tissue without causing severe tissue damage
(Chernobrovkina et al., 2007).

At a week of bombardment, the highest
average number of RFP signals (789.75 spots) with
significant differences (p < 0.05) were obtained
when using 6 cm. The average number of RFP
signals observed in EC that were bombarded using
a distance of 6 cm was continually maintained as
the highest number (compared with other tested
distances) for a month (141.25 spots), two months
(132.25 spots) and three months (11.50 spots) after
bombardment, even though the signal count has
reduced throughout observation period (Figure 3).
The second and third highest average number
of RFP signals were recorded at a distance of 7.5
and 9.0 cm, respectively. Meanwhile, 10.5 and
12.0 cm showed very low signal counts from the
first to the last observation.

Significant differences in RFP signal numbers
were observed between the shortest (6 cm) and
longest (12 cm) distances. The distance between
the stopping screen and the target tissues possibly
influences the number of RFP signals obtained. If
the distance is too far, the DNA may not reach and
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Figure 2. Effects of helium pressure on discosoma red fluorescent protein (DsRED) expression in oil palm embryogenic calli (EC).
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Figure 3. Effects of distance from stopping screen to tissue on discosoma red fluorescent protein (DsRED) expression in oil palm embryogenic calli (EC).
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penetrate the target tissue efficiently (Nurfahisza
et al., 2020). Moreover, the gold-DNA acceleration
through the tissue may reduce across the distance
(Parveez et al., 1997). This study showed that 6 cm
was the optimal distance, whereby the RFP signals
were consistently the highest during the period of
observation. The result was in agreement with other
studies conducted on soybeans (Khalafalla et al.,
2005), bananas (Mahdavi et al., 2014) and Chinese
cabbage (Liu et al., 2024), which showed 6 cm from
the stopping screen to the tissue as the optimal
distance for bombardment.

Effect of Number of Bombardments

Generally, three-times bombardments may
deliver a high amount of DNA into tissue as more
DNA is being penetrated into tissue. However,
multiple bombardments tended to create severe
injury and cause the cell not to be able to survive
for tissue development. The injured cells may
cause the delivered gene not to be expressed (Dhir
et al, 2010; Mahdavi et al., 2014). Furthermore,
the capacity of cell damage may also depend on
the target tissue type. During the first week of
observation, there was no significant difference in
the number of bombardments tested on oil palm
EC (Figure 4). The average numbers of RFP signals
for one, two and three-times bombardment were
587.5, 611.0 and 594.5 spots, respectively. After
three months of observation, the RFP signals

900 -

a,b

800 -
700 A
600 -
500 -
400 1
300 -
200 -
100 1

Number of RFP

were reduced for each treatment, but the lowest
average of RFP signals was observed when EC was
treated with a one-time bombardment (14.0 spots).
Meanwhile, the highest average of RFP signals was
observed when EC was bombarded three times
(27.5 spots).

Multiple bombardments might cause the target
tissue to undergo severe injury and subsequently
reduce its ability to generate shoots. Studies in oil
palm (Nurfahisza et al., 2020; Parveez et al., 1997),
medical plant (Erigeron breviscapus) (Zhao et al.,
2023) and banana (Sreeramanan et al., 2005) showed
one-time bombardment was enough for high
transgene expression. Contrary, studies in soybean
(Khalafalla et al., 2005), Indian mulberry (Bhatnagar
et al., 2002), Centella asiatica (Lai et al., 2011) and
orchid (Da Silva & Tanaka, 2009) revealed that the
highest transgene expressions were obtained when
the samples were bombarded two-times compared
to one or three-times of bombardment. These
studies agree that multiple bombardments increase
the transformation efficiency but may cause low
tissue survivability when bombarded three times.
However, our results showed that three-time
bombardments gave much better RFP signals than
one-time bombardments. Bombardment for more
than one time might produce higher RFP signals
as the coverage area of bombardment increases.
Besides that, multiple bombardments may
improve penetration through compensation from
misfires caused by faulty or improper rupture disk

1 week

1 month

2 months

3 months

M 1x

587.50

207.25

156.50

14.00

M 2x

611.00

232.50

172.75

21.25

M 3x

594.50

209.25

120.00

27.50

Figure 4. Effects of bombardment number on discosoma red fluorescent protein (DsRED) expression in oil palm embryogenic calli (EC).
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set-up. Fitch et al. (1990), Kuehnle and Sugii (1992),
and Zhao et al. (2018), also showed three-times
bombardments as efficient transformations for
liana, orchid and papaya, respectively. These types
of plants belong to woody plants, which are related
to the degree of lignification of the tissues that
cause less injury (Zhao et al., 2018). Similarly, three-
times bombardments were seen as the optimal
number of bombardments to improve penetration
and increase the transformation efficiency of oil
palm. Higher signal expression at three times
bombardment demonstrated the ability of oil palm
EC to survive and subsequently regenerate into
plants.

Effect of Size of Gold Particles

Gold particles act as a microcarrier to assist the
DNA in penetrating target tissues. Even though
gold particles are expensive, they are uniform in
size and biologically inert (Bhatnagar et al., 2002;
Dhir et al., 2010). The different sizes of gold particles
(0.6, 1.0 and 1.6 um) may affect the number of DNA
carried into the target tissue and it also affects the
capacity for tissue damage. The highest average
number of RFP signals was obtained at 1.0 um
followed by 1.6 and 0.6 pm at all observation
periods (Figure 5). The 1.0 um is the medium size
of gold particles which showed better penetration
into oil palm tissues compared to the smallest

700 7
600 1
500 A
400 A
300 A
200

100

Number of RFP

(0.6 pm) and largest (1.6 pm) sizes tested. Since
a significant difference was observed among the
treatments, the results conclusively indicated
that the treatment with 1.0 pm size scored the
highest number of RFP signals retained until three
months (Figure 6e-h) compared to treatments with
0.6 um (Figure 6a-d) and 1.6 pm of gold particles
(Figure 6i-1).

Several studies showed that the smallest size
of gold particles (0.6 pm) gave efficient DNA
penetration into explants, such as in soybean
(Khalafalla et al., 2005), sorghum (Wang et al., 2021)
and maize (Sreenu et al., 2016). At the same time,
studies in date palm (Mousavi et al., 2009) and
sunflower (Mohamed et al., 2006) were in contrast
to our findings as the highest gene expressions were
obtained when the DNA was precipitated using
1.6 pm of gold particles. However, most studies
in plants such as rice (Mukhtar & Hasnain, 2018),
banana (Mahdavi et al., 2014) and giant reed (Dhir
et al., 2010) have documented that 1.0 um is the
suitable size of gold particles for bombardment.
Theoretically, the large size of gold particles may
carry a higher amount of DNA, which may increase
the expression of the transgene. However, factors
such as tissue types could have different impacts. A
study by Ma et al. (2013) showed that hard tissues
like stems needed 1.6 um gold particles compared to
calli, which only required 1.0 pm gold particles for
better penetration.

1 week 1 month 2 months 3 months
M0.6 um 196.50 72.75 35.00 3.75
1.0 um 480.00 141.50 89.75 18.50
H1.6um 356.75 92.00 66.25 7.25

Figure 5. Effects of gold particle sizes on discosoma red fluorescent protein (DsRED) expression in oil palm embryogenic calli (EC).
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1 week 1 month

*

Figure 6. Red fluorescent protein (RFP) spots observed in oil palm embryogenic calli (EC) bombarded with gold particles, at size (a-d) 0.6, (e-h) 1.0
and (i-1) 1.6 um. No RFP spots were observed for non-bombardment control, (m) under white light and (n) red light. No RFP spots were observed for
bombarded calli, (o) under white light but the spots were observed under (p) red light. The yellow arrow indicated RFP spots in EC.

Effect of DNA Quantity

Gold particles could coat the appropriate
amount of DNA for efficient delivery of DNA
into tissue (Mookkan, 2018). The concern is
choosing the right amount of DNA to avoid using
a high concentration of DNA that may cause large
aggregation. The large aggregation may cause
inefficient DNA delivery. Thus, three different
DNA quantities were evaluated: 1.0, 1.5 and 2.0 pg.
In this study, RFP signals observed in the first
week up to three months showed bombardment
with 1 ug of DNA, resulting in the highest average
number of RFP signals compared to 1.5 and 2.0 pg
of DNA (Figure 7). The results contrasted with
our expectations, as the lowest DNA quantity
consistently showed the highest RFP signals
throughout the observation.

Generally, the transgene expression may
reduce when less DNA is transferred into the
targeted tissues. The results may be due to several
factors, such as the ratio of gold-DNA precipitation
to form aggregates, which might affect the DNA
transfer. Our results demonstrated that 1.0 pg of
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2 months 3 months

DNA was the appropriate ratio of DNA to bind
with gold particles. It was noticeable that the RFP
signals reduced when the DNA quantity increased,
indicating an amount greater than 1.0 pg may
cause improper DNA coating. This may contribute
to improper particle aggregation, resulting in
inefficient DNA delivery. A study by Mahdavi
et al. (2014) on bananas showed that 1.5 pg of
DNA per bombardment was the optimal DNA
quantity. They also concluded that transient gene
expression was reduced at lower (less than 1.5 pg)
and higher (more than 1.5 ug) DNA quantities due
to insufficient DNA-microcarrier binding and poor
cell penetration efficiency, respectively.

Optimal Bombardment Parameters of Oil Palm EC

In this study, the efficient bombardment
transformation system was determined by studying
the effect of different bombardment parameters.
Simultaneously, we are systematically evaluating
the amenability of the P164 clone for oil palm
transformation. The optimal parameters were
identified based on the highest number of RFP
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Figure 7. Effects of DNA quantity per bombardment on discosoma red fluorescent protein (DsRED) expression in oil palm embryogenic calli (EC).

signals retained after three months of bombardment.
This study revealed that, except for gold particle
sizes for bombardment, the optimal parameters
differed from those identified by Parveez et al.
(1997, 1998). The differences in penetration impact
during bombardment may relate to genotype and
target tissue types. Parveez et al. (1997, 1998) used
EC from diverse genetic backgrounds, whereas
this study focused solely on P164 clone calli,
potentially explaining the optimal parameter
discrepancy. Additionally, Parveez et al. (1998)
showed varying GUS expression in EC derived
from different tissue types, with calli from immature
embryos exhibiting the highest GUS expression
compared to those from leaflets or roots. However,
most researchers will prefer using leaflets for
the successful initiation of EC (Yarra et al., 2019).
Therefore, using biological materials from the
same genetic background in empirical studies is
preferable for generating precise data with fewer
variables.

On the other hand, in previous studies by
Parveez et al. (1997, 1998), the transient GUS
expressions were monitored after two days
of bombardment, contrary to our data which
monitored for a longer time, three months after
the bombardment. The signals of expression
remaining at a longer period showed the stability
of transformation compared to the shortened time.
Besides that, the highest signals observed at the
early observation did not exactly remain high after
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along time. For example, in helium pressure and the
number of bombardment studies, the high signals
observed in the first week were scored at 650 psi
and two times bombardment, respectively. Later
observation at three months after bombardment
showed the highest signal for helium pressure,
and the number of bombardments was at 2,000 psi
and three times of bombardment, respectively. The
reduced number of signals over the period may be
because of the DNA not integrated into the plant
genome or the foreign DNA being degraded in the
cytoplasm. Thus, it is not too speculative to suggest
that data obtained over a longer time of monitoring
is much more convincing as it reflects the reliability
of stable transformation.

CONCLUSION

Further improvement of DNA delivery into the
oil palm through bombardment is necessary
since the developed protocol produced a low
transformation efficiency. Modification of transient
expression involving a longer duration of
assessment using DsRED as a reporter gene gave
a more definitive conclusion on stable expression
over the previous two-day evaluation using the
GUS destructive assay. By monitoring the highest
DsRED expression that was retained in plant cells
for up to three months and using sample from the
same genetic background, a new optimal protocol
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was determined. The 2,000 psi helium pressure,
the 6 cm distance of stopping screen to tissue,
three-times bombardment, using 1 pm of gold and
1.0 pg of DNA per bombardment were identified
as optimal parameters for oil palm transformation.
These optimal parameters could lead to further
improvements in oil palm transformation, leading
to the production of transgenic or edited palms at a
higher efficiency in the future.
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POSTPRANDIAL INVESTIGATION ON PLANT
AND ANIMAL DERIVED PALMITIC ACID
VERSUS OLEIC ACID-RICH HIGH FAT DIETS ON
ENDOTHELIAL DYSFUNCTION BIOMARKERS IN

HEALTHY MEN: A PILOT STUDY
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ABSTRACT
Prolonged postprandial lipemia has been associated with endothelial dysfunction and an increased risk of
cardiovascular disease. While the effect of dietary fatty acids on postprandial lipemia is well recognised, less
is known about their effects on endothelial dysfunction biomarkers. We investigated the effects of palmitic
acid rich high-fat diets from either plant (palm olein) or animal (lard) compared with an oleic acid-rich
high-fat diet (virgin olive oil) on endothelial dysfunction biomarkers in healthy young men. This pilot study
employed a randomised crossover design involving 10 healthy men. Each subject consumed 50 g of test
fat incorporated in a diet. The diets were consumed on three different days, with blood samples collected
at baseline and hourly over 4 hr post-meal. Plasma concentrations of monocyte chemoattractant protein-1
(MCP-1), E-selectin, soluble vascular cell adhesion molecule-1 (sVCAM-1), soluble CD40 ligand (sCD40L)
and plasminogen activator inhibitor-1 (PAI-1) were analysed. All types of fat consumption were linked
with a significant decrease in plasma PAI-1 and sCD40L throughout 4 hr, but did not influence other pro-
inflammatory markers measured during the postprandial state. In conclusion, palmitic acid-rich high-fat

diets from different sources had limited effects on endothelial dysfunction biomarkers in the postprandial

state, underscoring the need for further investigation in larger cohorts.
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INTRODUCTION

Prolonged postprandial lipemia has been
associated with endothelial dysfunction and
increased cardiovascular risk (Zhao et al., 2021).
While numerous studies have explored how
saturated fats (SFA) influence the magnitude of
postprandial lipemia, less is known about their
effects on endothelial markers in the postprandial
state (Berry et al., 2007; Masson & Mensink, 2011;
Sanders et al., 2011; Teng et al., 2011, 2015, 2017;
Tholstrup et al., 2011).

Animal fats and vegetable oils, such as lard and
palm oil, are rich sources of palmitic acid (16:0),
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a dietary SFA known for its cholesterol-raising
effects. However, the cholesterol response to palm
oil containing 44% palmitic acid does not align
with predictions made by Mensink’s equations
(Mensink et al., 2003). This may be due to the
differences in the positional distribution of palmitic
acid within triacylglycerol (TAG) molecules. In
palm oil, palmitic acid is mainly positioned at the
outer sn-1 and sn-3 positions, whereas in lard, it is
predominantly at the sn-2 position. Study suggests
that fats containing sn-2 fatty acids are efficiently
absorbed as monoglycerides and transported to
the liver, where they may influence cholesterol
homeostasis differently compared to when
occupying the sn-1,3 positions (Hunter et al., 2001;
Kritchevsky, 2000; Kritchevsky et al., 2000).

The quantity and quality of dietary fats have a
substantial influence on the postprandial lipemia
(Kdekian et al., 2020). Monounsaturated fatty acids
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(MUFA) and polyunsaturated fatty acids (PUFA)
have been shown to reduce postprandial lipemia
compared to SFA in both healthy individuals and
those with metabolic syndrome (Dror et al., 2017;
Margioris, 2009; Masson & Mensink, 2011; Telle-
Hansen et al., 2017). However, some findings
are contradictory. Sciarrillo et al. (2019) reported
higher postprandial lipemia with MUFA and PUFA
than with SFA. Notably, a study found lower TAG
responses after consuming SFA-rich lard compared
to palm olein (Teng et al., 2011).

Postprandial lipemia has been associated with
low-grade-systemic inflammation and endothelial
dysfunction (Zhao et al, 2021). Endothelial
dysfunction is characterised by increased
permeability, allowing low-density lipoprotein
(LDL) infiltration and oxidation. Oxidised
LDL promotes pro-inflammatory responses by
stimulating the release of cytokines like TNF-a
and IL-6. These cytokines increased endothelial
adhesion molecule expression (e.g., ICAM-1 and
sVCAM-1) and the secretion of chemokines such
as MCP-1, fostering immune cell adhesion and
migration, which accelerates the development
of endothelial dysfunction and atherosclerosis
(Badimon & Vilahur, 2014; Fritsche, 2015; Meessen
et al., 2020; Wang et al., 2017; Zhao et al., 2021).
Epidemiological evidence linked SFAs with
increased markers of inflammation (Ferndndez-
Real et al., 2003; Klein-Platat et al., 2005). This
was also supported by human trials (Baer et al.,
2004; Dumas et al., 2016; Lopez-Moreno et al.,
2017). However, the findings were inconsistent,
with some studies reporting no significant effects
(Dehghan et al.,, 2017; Siri-Tarino et al., 2010).
Conversely, PUFA- and MUFA-rich meals have
been shown to lower postprandial inflammatory
markers at 4-6 hr compared to SFA-rich meals
(Cruz-Teno et al., 2012; Masson & Mensink, 2011;
Rathnayake et al., 2018).

Despite having similar fatty acid content, the
distinct physical properties of fats from different
sources, such as palm olein (plant-based) and lard
(animal-based), may result in varying effects on
postprandial endothelial function. To address the
limited understanding of these divergent impacts,
this study aimed to investigate the postprandial
responses of endothelial dysfunction biomarkers
after consuming SFA-rich high-fat meals derived
from different sources, compared to meals rich in
MUFA (oleic acid), in healthy individuals.

MATERIALS AND METHODS
Subjects

Ten healthy males with a body mass index
(BMI) between 18.5-30.0 kg/m?* and a mean age of
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21.9 0.7 yr were recruited. A history of
cardiovascular disease, diabetes, hypertension,
plasma cholesterol levels more than 5.2 mmol/L,
TAG levels more than 1.7 mmol/L, intake of
medication and smoking were among the exclusion
criteria. Prior to the enrolment, all potential
participants attended a screening session for
medical evaluation and blood collection for further
determination of their health and fitness. In the
end, 10 eligible participants met the inclusion
criteria. All participants gave informed written
consent. This study protocol was approved by the
University Malaya Medical Centre Research Ethics
Committee, Reference number 732.22 and was
registered at ClinicalTrials.gov under the identifier
NCTO01124487. Table 1 presents the baseline
characteristics of study participants.

TABLE 1. BASELINE CHARACTERISTICS OF THE STUDY

PARTICIPANTS

Variables Mean + SD
Male (n) 10
Age (yr) 21.9+0.7
BMI (kg/m?) 21.0+1.6
Systolic BP (mmHG) 126.8+8.6
Diastolic BP (mmHG) 71.3+4.9
Waist (cm) 79.5+6.2
Total cholesterol (mmol /L) 4.8+0.7
TAG (mmol/L) 09+0.7
LDL cholesterol (mmol /L) 2.6+0.8
HDL cholesterol (mmol/L) 1.6+0.4

Note: BP - blood pressure.; BMI - body mass index; TAG -
triacylglycerol; LDL - low-density lipoprotein; HDL - high-
density lipoprotein

Experimental Procedures

Study design. This study employed a single-blind,
randomised crossover design, with all subjects
receiving three experimental meals in a random
order. A three days wash out period was given
after each meal. Subjects were instructed to avoid
consuming high-fat meals, caffeinated drinks and
alcohol. Additionally, they were asked to refrain
from strenuous physical activities a day before the
study visit. A regular low-fat dinner (containing
less than 10 g of fat) was also given to the subjects
the night before their postprandial testing.
Subjects reported to the study centre at 7.30 am after
a 10 hr overnight fast and baseline blood samples
were collected. Subjects finished their meals
within 15 min and blood samples were obtained
hourly for 4 hr. Drinking water ad libitum was
permitted.
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Test meals. The meals were made at the study
centre. The test meals comprised 60 g of mashed
potato incorporated with 50 g test fat (virgin olive
oil, palm oil, or lard); baked beans (180 g), skimmed
milk (50 mL) and orange juice (200 mL). The meals
provided a total energy of 754 kcal. Table 2 presents
the nutrient compositions of the test meals. Unilever
Best Foods Italia s.r.l., Italy, supplied the olive oil.
Wilmar International Limited, Singapore, provided
the palm olein. Sainsbury’s in the United Kingdom
provided the lard.

TABLE 2. NUTRIENT COMPOSITION OF TEST MEALS

Nutrient composition  Olive oil Palm olein Lard

Total calorie (kcal) 754 754 754

Energy (%)
Carbohydrates 33.0 33.0 33.0
Protein 7.0 7.0 7.0
Fat 60.0 60.0 60.0
SFAs 9.2 39.7 44.1
MUFAs 44.6 27.7 27.8
PUFAs 6.2 8.6 5.9

Fatty acid composition

(mol %)
Palmitic acid (C,,,) 124 33.7 254
Stearic acid (C,y,) 2.7 3.7 17.0
Oleic acid (C,q,) 72.1 46.1 422
Linoleic acid (C,,) 10.1 13.8 9.1
Linolenic acid (C,,,) 0.6 0.3 0.6
Others 2.1 24 5.8

Note: Values are means of double determinations; SFAs - saturated
fatty acids; MUFAs - monounsaturated fatty acids; PUFAs -
polyunsaturated fatty acids.

Laboratory Procedures

Blood sampling. Blood samples were drawn into
K2 EDTA vacutainers (Becton Dickinson, USA) and
centrifuged at 1,300xg for 15 min at 4°C. Plasma
samples were stored at —80°C until they were
analysed.

Endothelial ~ biomarkers. Plasma endothelial
biomarkers (sVCAM-1, MCP-1, PAI-1, E-selectin
and sCD40L) were analysed with the (Panomics
Inc. USA) Procarta® Cytokine Assay Kit (Panomic
Inc. USA). Multiple protein targets were detected
and quantified simultaneously using XxMAP®
technology and multi-analyte profiling beads.
Intra-assay values were 4.4% for sVCAM
(n=20), 9.3% for MCP-1 (n = 20), 7.8% for E-selectin
(n = 16), 8.3% for PAI-1 (n = 20) and 6.5% for
sCD40L (n = 20).
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Statistical Analysis

All data were corrected with baseline values and
a general linear model for repeated measures was
used for statistical analysis. GraphPad Prism 5.03 for
Windows and PASW Statistics 18.0 from Chicago,
USA were used for all analyses.

RESULTS AND DISCUSSION

The primary findings of the present study revealed
that ingesting a high-fat meal, irrespective of
the fat type, is linked to a significant decrease in
plasma PAI-1 and sCD40L concentrations (time
effect, P .,,, = 0.007; P,, , = 0.041) over time up
to 4 hr as shown in Figure 1a-1b. This observation
was consistent with other studies that have also
reported a decreased response in PAI-1 level in
a postprandial setting due to diurnal variation
(Teng et al., 2015; Tholstrup et al., 2003). SFA has
a tendency to decrease PAI-1 antigens 8 hr after
ingestion when compared to the unsaturated fatty
acids (Tholstrup et al.,, 2003). Elevated plasma
free fatty acids (FFAs) levels have been shown to
further elevate endothelial injury via endothelial
activation with an increase in plasma TNF-a, IL-6,
SICAM-1 and sVCAM-1 after an intake of a high-fat
meal (Nappo et al., 2002). We previously reported
that FFA decreased after a post-meal period and
displayed a transient increase after 1 hr. Notably,
lard resulted in a smaller increase in plasma FFAs
at 2 and 3 hr compared to olive oil and palm olein
(Teng et al., 2011). However, this observation was
not consistent with the plasma PAI-1 levels. Lack
of response of PAI-1 levels indicated that healthy
and lean subjects were included in the trial. Intake
of stearic, oleic and linoleic acids for 5 weeks had
similar effects on thrombotic factors in healthy
subjects (Thijssen et al., 2005). Similarly, Delgado-
Lista et al. (2008) also found that dietary SFAs,
MUFAs, and carbohydrate intake did not show
significant differences in PAI-1 levels after 4 weeks
in healthy subjects.

Elevated sCD40L levels were reported in
obese people (Unek et al., 2010) but decreased
after weight loss. Higher waist circumferences,
which indicate higher visceral fat, are associated
with elevated sCD40L concentrations. Our finding
suggests that individuals with a healthier body
composition, as indicated by normal BMI and
waist circumference, may exhibit different sCD40L
responses compared to obese individuals with
larger waist circumferences. Understanding the
role of sCD40L and its relationship with body
composition may provide valuable insights into
metabolic and cardiovascular health.

No apparent changes were noted in plasma
MCP-1, sVCAM-1 and E-selectin (Figure Ic-le)
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measured to identify inflammatory responses
related to atherosclerosis. Corroborating with
our data, De Souza et al. (2022) and Rubin
et al. (2008) have observed no alterations in these
biomarkers after high-fat meals in healthy and
obese individuals. Another study has also reported
that dietary fats in meals had varying effects on
acute inflammation and endothelial activation
in overweight and obese individuals. PUFA has
activated the inflammatory factor, nuclear factor-
Kappa B (NF-kB) with no response in sSICAM-1.
Whereas SFA induced sICAM-1 and sVCAM-1
are slightly reduced following all meals in these
individuals (Peairs et al., 2011). In a different study
with lean and obese men there was a decrease
of sICAM-1 and sVCAM-1 after consuming
milkshakes rich in SFA, MUFA and PUFA, although
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postprandial TAG responses were increased in
MUFA compared to SFA and PUFA (Esser et al.,
2013). Similarly, other studies have reported a lack
of response of sVCAM-1 and E-selectin after high-
fat meals (Cortés et al., 2006; Tsai et al., 2004). In
contrast with ours and others, a postprandial study
has reported significant elevation in adhesion
molecules for 4 hr after a high-fat meal compared
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and type 2 diabetes mellitus individuals (Nappo
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Figure 1. Mean changes for endothelial markers (a) PAI-1, (b) sCD40L, (c) sVCAM-1, (d) MCP-1 and (e) E-selectin after high- fat meals containing
palm olein or lard or olive oil. Data are mean + SEM (n = 10). Changes from baseline values were assessed using repeated-measures ANOVA, with
Bonferroni’s multiple comparison tests used to compare the three test meals across the time points (0-4 hr). No significant differences were observed for
type test meals, but a significant time effect was observed for sSCD40L, (P = 0.007) PAI-1, (P = 0.041) over time up to 4 hr.

The Diet-Body-Brain (DietBB) postprandial
study was carried out with older adults at risk for
cardiometabolic diseases revealed that consuming
an energy-rich Mediterranean diet compared to
two types of Western diets [approximately 4,300
kilojoules (kJ)] resulted in significant increases in
glycemia, lipemia and inflammatory responses.
Notably, the Mediterranean diet exhibited more
favourable effects on these postprandial responses
compared to the Western diets (Diekmann et al.,
2019; Schonknecht et al., 2020). In the secondary
data analysis of the DietBB study, which examined
the changes in inflammatory response to meal
intake over a 5 hr periods, the magnitude of the
inflammatory response was similar between
subjects with pro-inflammatory markers and those
without for all meals. In other words, individuals
who exhibited proinflammatory markers prior
to the meal showed a comparable inflammatory
response to the meal as those without such markers.
This suggests that the presence of pre-existing
proinflammatory markers did not significantly
influence the acute inflammatory response to
the meal in this group of older individuals with
metabolic syndrome traits (Schonknecht et al.,
2020, 2022).
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Limitations of This Study

Some limitations of our study should be noted.
Firstly, the ideal postprandial period should have
been extended from 4 to 6 hr, as recommended
in previous literature (De Souza et al., 2022).
However, due to the discomfort it would inflict
on the participants, performing sequential blood
sampling for more than 4 hr would be challenging.
In our study, the high-fat meal used might not
have been high enough to induce significant
endothelial damage and inflammatory response.
Obtaining different results might have been
possible by including higher proportions of SFA
and extending the testing period to at least 4 hr or
observing the effects after the meals throughout
the day. It is worth noting that while SFA levels
were comparable between the two palmitic acid-
rich fats, other types of fatty acids such as MUFA
and PUFA were present in the test fats as well.
These fatty acids could still contribute to the
different metabolic responses despite the similar
SFA content between the two tested palmitic acid-
rich diets.

It is crucial to note that this study was conducted
on healthy male subjects, which means that the
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interpretation of the data may not be directly
applicable to other populations, including women.
Gender differences can significantly influence
postprandial lipemia and inflammation (Kolovou
et al, 2006; Manning et al., 2008; Orem et al.,
2018; Schillaci et al., 2001). Men and women have
distinct physiological and biological characteristics
that can affect metabolic outcomes, including
the regulation of lipid metabolism, which can
vary due to hormonal factors (Lee et al, 2016;
Lindegaard et al., 2018). In women, protective
hormones such as estrogen play a crucial role in
maintaining vascular health and metabolic stability
(Schillaci et al, 2001). These hormones help
regulate lipid profiles, reduce inflammation
and improve overall cardiovascular function.
However, following menopause, the protective
effects of female sex hormones diminish, leading
to a narrowing of the gender disparity in risk for
cardio-metabolic diseases (Lee et al., 2016). This
shift suggests that estrogen and possibly other
sex hormones are significant contributors to the
differential risk profiles between men and women
for conditions such as cardiovascular disease
and metabolic syndrome (Henstridge et al., 2019;
Lindegaard et al., 2018).

It should also be noted that the small sample
size in this pilot study may limit the ability to detect
significant changes acutely following a high-fat meal.
While this study provides valuable preliminary
insights, a future study involving a larger cohort,
including patients with metabolic syndrome,
would be necessary to observe meaningful changes
in plasma endothelial biomarkers and better
understand the broader implications for gender-
specific metabolic responses.

CONCLUSION

In summary, this pilot work indicates that the acute
consumption of high-fat meals containing lard and
palm olein, both rich in palmitic acid, does not
have a significant effect on endothelial dysfunction
biomarkers. The specific mechanisms underlying
this outcome remain unclear based on these findings.
Moreover, in-depth investigations are required
to assess the long-term health implications of
consuming different quantities and types of dietary
fats in larger cohorts.
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ABSTRACT
Although red palm oil (RPO) is rich in carotenes (500-800 ppm) and vitamin E (800 ppm), its unique
flavour may not be appealing to some consumers. Incorporating RPO in candy not only toning down the
flavour but also serves as a convenient delivery system and increases its market acceptability. In this study,
direct compression was chosen for preparing candy, as it generates minimal heat, thereby preserving most
of the carotenes and vitamin E. The primary objective of this study was to optimise the formulation of RPO
candy to achieve desirable responses: Hardness and friability. The process began with the screening of raw
materials. Screening results indicated that erythritol with the highest sweetness-to-calorie ratio was a good
candidate with a mesh size of 80-100, exhibited fair flow properties and good homogeneity. Gum arabic was
selected among the three tested binders due to its highest binding ability. The mixture design was employed
to examine the interaction of the three components: Erythritol, RPO powder (RPOP) and gum arabic on the
responses. Through the optimisation process, the formulation consisting of 50.0% erythritol, 10.0% RPOP

and 33.5% gum arabic was successful in producing intact RPO candy.
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INTRODUCTION

Red palm oil (RPO) is a type of refined palm oil
rich in carotenes (500-800 ppm) and vitamin E
(800 ppm). The carotenes in RPO function not
only as pro-vitamin A, which is essential for eye
health, but also act as a strong antioxidant with
several health effects (Bohn, 2019; Parveez et al.,
2023; Tan et al., 2021). In addition, the vitamin E
in RPO is predominantly composed of tocotrienols,
which exhibit higher antioxidant properties
compared to the commonly recognised form of
vitamin E - i.e. tocopherols (Szewczyk et al.,
2021).

' Malaysian Palm Oil Board,
6, Persiaran Institusi, Bandar Baru Bangi,
43000 Kajang, Selangor, Malaysia.
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Studies conducted on RPO have revealed
several promising health benefits. A meta-analysis
conducted by Dong et al. (2017) demonstrated that
RPO effectively addresses vitamin A deficiency in
both adults and children. Furthermore, RPO may
help reduce cholesterol and triglycerides supported
by evidence from both human and animal studies.
Its antiatherogenic properties contribute to improved
cardiovascular health (Loganathan et al, 2017).
Due to its antioxidant-rich composition, RPO could
improve oxidative status by reducing oxidative
stress in patients with cardiovascular disease, cancer
and other chronic diseases. Subsequently, lowering
the risk of atherosclerosis and supporting overall
wellbeing (Oguntibeju et al., 2009).

In animal models, RPO shows potential
in preventing neurodegenerative diseases like
Alzheimer’s disease. It improved cognitive function,
increased levels of dopamine and antioxidant
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biomarkers and enhanced the spatial memory of
treated rats. These effects are attributed to RPO’s rich
antioxidant profile, which helps mitigate neuron,
mitochondrial, protein and DNA damage caused
by aging-related oxidative stress (Zubaidi et al.,
2021).

Despite RPO numerous health benefits, its
distinct flavour may be unappealing to some
individuals. Moreover, the commercially available
RPO is typically in liquid form and is heat sensitive.
Therefore, incorporating RPO into the food
matrix could increase its acceptability and ease of
consumption while preserving its nutrient profile.
For instance, candy provides a ready-to-eat option
that requires no additional preparation, making it
a practical and desirable alternative for delivering
RPO.

Candy is generally well-accepted due to its
sweet taste, appealing flavour, ease of consumption,
no additional preparation required during
consumption and most importantly ability to mask
RPO’s distinct flavour. However, the use of sugar
(usually sucrose) in conventional candy making
has drawbacks. For example, the candy must be
heated to melt and the mixing process with other
ingredients is conducted at high temperatures. In
view that carotenes are heat sensitive, they start to
degrade at temperatures of 65°C (Demiray & Tulek,
2017). Thus, using the conventional candy-making
process can lead to a significant loss of carotenes
as well as other heat-sensitive vitamins during the
process.

Besides that, high sugar content in candy can
pose health issues such as tooth decay and type 2
diabetes if consumed excessively (Jayadevan
et al.,, 2019; Qin et al., 2020). While sugar substitutes
are widely used to replace sugar to avoid these
problems, some of them, particularly artificial
sweeteners such as aspartame possess side
effects, including being harmful to individuals
with phenylketonuria and possibly carcinogenic
(Czarnecka et al.,, 2021). The existing evidence is
inconclusive regarding the potential heightened
risk of certain cancers with extended and frequent
use of artificial sweeteners (Mishra et al., 2015).
Nevertheless, this uncertainty contributes to
consumer apprehension about the use of artificial
sweeteners.

Although being natural does not necessarily
mean that a product is safe, it is important
to consider consumer preferences in product
development. Natural sweeteners, such as sugar
alcohols, are gaining prominence in recent years
due to their safety guarantees, low calorie content
and absence of oral issues (Mazi & Stanhope, 2023).
They have gained interest as good candidates as
sugar replacers with fewer side effects and possess
the added benefit of providing bulkiness (better
texture or mouthfeel) to the product.
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Another important ingredient in candy making
is the binder. Gum arabic is a good candidate due
to its good binding effects, film-forming capability
and can improve texture while preventing sugar
crystallisation, making it beneficial for soft candies
and gummy products (Afoakwah et al, 2023).
Microcrystalline cellulose is also used as a binder. It
enhances texture and stability in candy formulations
by acting as a filler, disintegrant, lubricant and
glidant (Bordoloi et al., 2021; Zhao et al., 2022).
Additionally, staple food ingredients like rice flour,
especially glutinous rice, have a higher oil-binding
ability when heat-treated (Tabara et al., 2015).

Binders play a crucial role in candy making
especially in processes like direct compression
which involves minimal heat. For candy-making
process, direct compression is one of the best
methods for preparing candies that contain heat-
sensitive compounds. Under short compression,
the heat generated is minimal, allowing for the
preservation of carotenes and vitamins in RPO.
However, incorporating RPO into candy via direct
compression may impose several challenges. Firstly,
the addition of oil can reduce the flowability of
the premix powder, causing clumping. A flowable
powder is crucial to ensure smooth candy production
during the feeding process of direct compression.
Additionally, the presence of oil can interrupt the
binder function of ingredients, causing a reduction
in candy hardness and an increase in friability.
Therefore, the main objective of this study is to
determine the optimal composition for producing
RPO candy, specifically addressing challenges
related to flowability, hardness and friability of the
product.

MATERIALS AND METHODS
Materials

RPO powder (RPOP, 70% w/w oil content) was
procured from Lipidchem Sdn. Bhd., Johor, Malaysia
and stored at —20°C prior to use. Erythritol, gum
arabic, microcrystalline cellulose and other food
ingredients used in the candy-making process were
of food grade. The RPO used in this study contained
874.4 ppm carotenes and 503.1 ppm vitamin E.

Experimental Design

A screening was performed to select sugar
alcohol types and the mesh size of the sugar alcohol
with the highest sweetness to calorie ratio, binder
types and RPOP range. Following the screening
process, the selected ingredients were incorporated
into the mixture design to study their interactions
in terms of powdered mix flowability, hardness and
friability of the produced candy.
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Sugar Alcohol Selection and Evaluation

The sweetness level and calories of various
sugar alcohols were evaluated through a literature
search. The ratio of sweetness per calorie was
calculated, and the sugar alcohol with the lowest
calorie was chosen.

Mesh Size Selection of Selected Sugar Alcohol
Based on Granular Separation and Flowability

Two sets of chosen sugar alcohols with
different mesh sizes (40-60 and 80-100 mesh sizes)
were tested for granular separation and flowability
after being thoroughly mixed with other candy
making ingredients. For homogeneity, the mixtures
were tapped 700 times using a tap density tester
(Electrolab, India). The colour distribution
within the mixture was used as an indicator to
determine the granular separation of the sample.
Non-granular separation showed uniform yellow
colour distribution whereas granular separation
displayed non-uniform yellow colour distribution.
The mixtures’ flowability was then tested using an
angle of repose. The test method involved carefully
pouring 100 g of powdered mix into a funnel with
a 10 mm nozzle to build a cone, with the height
of the funnel to the base being 100 mm (Mat Dian
et al., 2019). The diameter and the height of the built
cone were measured, and the angle of repose was
calculated using the following Equation (1):

2 X height> (1)

_ -1
Angle of repose = tan < diameter

The mesh size of sugar alcohol that was able
to form a homogenous candy mixture and able to
flow without aid (as determined by angle of repose)
was chosen.

Binder Selection and RPOP Range

Four different binders, namely gum arabic,
microcrystalline cellulose (MCC), glutinous rice
flour (GRF) and cooked GRF, were evaluated for
their binding abilities based on the intactness of
candy produced. The screening process began with
the mixing of ingredients. The amount of sugar
alcohol, glidant and lubricant was kept constant,
while the amount of binder and RPOP were varied.
The process started with 10% RPOP and 33% binder
to give a total composition of 43% while other
ingredients were kept constant, then progressed
to 15% RPOP with 28% binder, and continued in
5% intervals up to a maximum of 30% RPOP. The
mixtures were then used to produce candy using
an automatic tableting machine, Model EP200
(Elizabeth Parle, India). During this process, the
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integrity of the produced candies was observed. A
candy was deemed intact if it remained unbroken
upon release from the mould. Binders capable of
producing intact candy with higher amounts of
RPOP were chosen and this value was used to set
the upper limit of RPOP in the mixture design.

Optimisation of RPO Candy

Design of experiment. Mixture design is commonly
used when the responses depend on the proportions
of the different ingredients rather than the
absolute amount. Unlike factorial and response
surface methodology, where the ingredients are
treated independently, this method is suitable in
formulation studies as the total amount of the overall
composition remains constant despite changes in
the formulation. Therefore, in this study, a Mixture
Design-Optimal (Custom) Design was generated
by Design-Expert® v13 software (Stat-Ease Inc.,
USA) and used to study the formulation of the
candy ingredients. The selection of ingredients/
components and the lower and upper constraints of
each component were based on the screening results
and literature reviews. Three major components
comprising chosen sugar alcohol, RPOP and binder,
and the responses of flowability of powdered
mix, hardness and friability of the candy, were
studied. The ranges for erythritol (A), RPOP (B)
and gum arabic (C) in the candy formulation were
set from 50.0%-73.5%, 10.0%-20.0%, 10.0%-33.5%,
respectively and their combination was 93.5% of
the formulation. Other additives constituted the
remaining 6.5% were kept constant. A total of 16
runs (formulations) were generated by the software.

Preparation of powdered mix and candy. All
ingredients were sieved and thoroughly mixed to
create the powdered mix. The flowability of the
powdered mix was assessed by angle of repose.
Subsequently, the powdered mix was used to
produce candy wusing an automatic tableting
machine, Model EP200. The hardness and friability
of the resulting candy were analysed.

Data Analysis, Model Fitting and Evaluation of
Mixture Design

The software was used to analyse experimental
data and create the models to define the relationship
between components and responses. All responses
were fitted to linear, quadratic, special cubic
and cubic models. Statistical analyses were
performed using analysis of variance (ANOVA).
The model selection was based on the p-value of
the model (must be lower than 0.05), coefficient
of determination (R?), adjusted R? predicted R?
predicted residual sum of squares (PRESS) and lack
of fix (p-value must be higher than or equal to 0.05).
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Subsequently, the data were checked for normality
and homogeneity using Box-Cox plots to determine
if transformation was needed. Cook’s distance was
used to identify any outliers.

Optimisation of Candy Formulation

Based on the well fitted model obtained,
optimisation was conducted to achieve the
acceptable flowability and maximum value of
hardness, while minimising friability of the candy
with maximum RPOP content.

Flowability of powdered mix. The flowability of
the ingredients was determined using the angle of
repose as described previously.

Hardness of candy. Hardness of the candies
was measured using a Texture Analyser, model
TAXTplusC  (Stable Micro System, United
Kingdom) according to Nakhon et al. (2023) with
slight modification. A 30 kg load cell weight and a
cylinder probe p35 were used. Five samples were
compressed with a trigger distance of 1.6 mm and
a force of 100 g. The maximum force recorded was
defined as the hardness of the candies.

Friability of candy. Friability of the candy was
determined using a friabilitor, model PI-FTV-01
(Pharmag Instruments, India). The test was
conducted at a rotation speed of 25 rpm for 100
cycles. Initially, 10 tablets (candies) were weighed
and placed in the friabilitor. After completing 100
cycles, the tablets (candies) were weighed again to
determine the final weight. The weight loss was
calculated by subtracting the final weight from the
initial weight. The weight loss percentage, friability
was determined as Equation (2) (Osei-Yeboah &
Sun, 2015).

(Weight, .. - Weight

Weight.

initial

Friability = [ ﬁml)} x100  (2)

Data Analysis

All experiments were performed in triplicate
unless otherwise stated. Results are expressed as
means + standard deviations.

RESULTS AND DISCUSSION
Selection of Sugar Alcohol and Its Mesh Size

There are several types of sugar alcohols
available in the market, such as erythritol, xylitol,
sorbitol, maltitol and mannitol. Although many of
these are claimed as zero calories, they do contain
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some calories. The results of the literature review
and the calculated sweetness per calorie ratios are
presented in Table 1. Most of the sugar alcohols
exhibit lower sweetness compared to sucrose.
However, erythritol has a high sweetness per
calorie ratio of 2.5-3.5. This suggests that erythritol
has lower calories while providing acceptable
sweetness, making it a suitable ingredient for
lower-calorie products while providing sufficient
sweetness, particularly useful in products such
as confectionery, beverages and baked goods (Li
et al., 2023). Considering that obesity is a significant
health issue in many countries, creating low-
calorie products could be an effective approach
to address this problem (Nogueira-de-Almeida &
Filho, 2021). Besides, consumption of erythritol
does not raise the blood sugar level and may help
in preventing diabetes. It is also a good alternative
for diabetic patients, allowing for controlled
consumption without impacting blood sugar levels.
Furthermore, candy made with erythritol does
not pose the oral health problem, since it is not
metabolised by oral bacteria that cause tooth decay.
Therefore, in this study, erythritol with the highest
sweetness per calorie ratio was selected for the
development of the RPO candy.

Particle size significantly influences the
flowability of ingredients. Generally, the granulated
form (smaller mesh size) of the same ingredients
exhibits better flowability than powdered forms
(larger mesh size), as granulated ingredients have
lesser interactions between particles (Mullarney
et al., 2003). Although a small mesh size (big
particles) offers better flow properties, it may cause
granular separation when mixed with other fine
particles. This phenomenon occurs when the larger
particles tend to concentrate at the top and smaller
particles settle at the bottom during shaking or
vibration (Porion et al., 2004).

TABLE 1. SUGAR ALCOHOLS’ SWEETNESS AND CALORIE

CONTENT

Relative Calorie Ratio
Sugar alcohol sweetness (sweetness/

(kcal/g) .

to sucrose calorie)
Erythritol 0.5-0.7 0.2 2.50-3.50
Xylitol 1.0 3.0 0.33
Sorbitol 0.5-0.7 2.6 0.19-0.27
Maltitol 0.9 3.0 0.30
Mannitol 0.5-0.7 1.6 0.31-0.44
Sucrose (as reference) 1.0 4.0 0.25

Source: Health Canada (2005).

In this study, the flowability and granular
separation effect of two common mesh sizes of
erythritol (40-60 and 80-100 mesh sizes) were
assessed after mixing with other candy-making
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ingredients to form the powdered mix. The
powdered mix with 40-60 mesh erythritol exhibited
higher flowability (good range); however, granular
separation was observed after 700 taps. This
indicates that the powdered mix using this mesh
size of erythritol can cause a non-homogeneous
sample during candy production. In contrast, the
flowability of the powdered mix containing 80-100
mesh erythritol fell within the fair range, but no
granular separation was observed after 700 taps.
This suggests that the mix could flow freely during
the feeding process of candy production while
maintaining homogeneity with other ingredients.
Flowable raw materials are essential in direct
compression, as the materials must be able to
flow and properly fill the mould. Raw materials
that do not flow freely can form arches or ratholes
in the hopper leading to production stoppage.
Nevertheless, flowability can be improved using
various tools such as vibratory feeders and stirring
devices (Héormann-Kincses et al., 2022). Therefore,
erythritol with an 80-100 mesh size that ensures
homogeneity and consistency was chosen for the
production of RPO candy.

Screening of Binder and RPOP Range

In the candy production, binders play an
important role in holding ingredients together.
Binders are crucial as they determine the texture and
structural integrity of the candy, such as its softness,
or hardness, which ultimately affects the mouthfeel
of the final product. The ability of various binders
to form an intact candy with different amounts of
RPOP is shown in Table 2. Powdered mixes using
gum arabic and MCC as binders successfully
formed intact candy with up to 20% of RPOP.
However, when GRF and cooked GRF were used,
the powdered mixes failed to form intact candy even
at the lowest amount of RPOP (10%), indicating
poor binding properties. Gum arabic not only
demonstrated superior binding properties compared
to other binders, but it also did not possess the dry
mouthfeel effect associated with MCC. Therefore,
gum arabic was chosen for the subsequent mixture
design study, with the maximum range of RPOP set

at 20%, beyond which intact candies could not be
formed.

The following parameters, determined through
screening, were incorporated into the mixture design:
Erythritol (sweetener), 80-100 mesh erythritol, gum
arabic (binder) and RPOP (maximum 20%).

Evaluation of Mixture Design

Modelling fitting of the responses. The flowability
of the powdered mix, hardness and friability of
the produced candy, were determined and are
presented in Table 3. None of the models fitted
well with the flowability of the powdered mix,
as p-values of the models were higher than 0.05,
indicating non-significance in the models (data
not shown). The observed variation in flowability,
represented by the angle of repose, ranged between
36.94 and 40.58 (Table 3), indicating a narrow
range. This suggested that the flowability of the
powdered mix was not significantly influenced by
the three components within the designed range.
Generally, the flowability of the powder is greatly
influenced by the oil content and the particle size of
the ingredients.

Given that the powdered mix was made from
erythritol with the same mesh size (80-100) and
a narrow range of RPOP, the lack of statistical
significance in the models was anticipated.
Nevertheless, the angle of repose of the powdered
mixes remained within the free-flow range (36-40)
and none of the samples within 16 runs formed
arches or ratholes in the hopper during the candy
making process (Mat Dian et al., 2019). Even though
no model could be built for flowability, it still
fulfilled our objective. Widening the range of RPOP
to more than 20% or below 10% to allow a model
to be built, could lead to the production of broken
candy for RPOP above 20%, while using less than
10% RPOP would compromise the purpose of
making RPO candy.

Statistical analysis suggested that the best
model for hardness was the quadratic model with
a p-value of 0.0011 (significant), while for friability
the best model was linear with a p-value of less
than 0.0001 (Table 4). Model validation was assessed

TABLE 2. BINDER EFFECTIVENESS WITH DIFFERENT RED PALM OIL
POWDER (RPOP) PERCENTAGES

RPOP % (w/w)

Binder

10 15 20 25 30
Gum arabic O O O X X
Microcrystalline cellulose (MCC) O O O X X
Glutinous rice flour (GRF) X X X X X
Cooked GRF X X X X X

Note: O - intact, X - not intact.

585



JOURNAL OF OIL PALM RESEARCH 38 (3) SEPTEMBER 2026

TABLE 3. COMPOSITION OF RED PALM OIL (RPO) CANDY (16 RUNS) AND THE RESPONSES

Component Responses
Run A B C Angle of repose  Hardness of candy Friability
(%) (%) (%) (N/A) N) (%)
13 62.4 20.0 11.1 39.73+0.35 6.22+£0.50 28.64+2.95
3 57.5 20.0 16.0 38.28 + 0.62 8.45 £ 0.80 19.65 £ 6.48
11 67.6 15.9 10.0 38.67 + 0.56 8.74£0.51 19.30 £5.92
16 53.0 19.2 21.3 38.54 +0.25 8.83+0.73 11.45+3.02
14 63.6 14.5 15.4 39.50 + 0.45 9.77 £0.51 12.27 £2.03
7 67.6 15.9 10.0 38.68 £ 0.32 9.85+0.39 10.13+3.70
12 50.0 16.4 27.1 38.83+0.24 1042 £ 0.74 4.64 +£1.40
8 63.6 14.5 15.4 39.57 +0.29 11.75 + 0.66 11.88 +2.97
2 50.0 16.4 27.1 37.70 £ 0.50 12.29 +£0.69 8.66 +2.77
15 60.8 11.8 20.9 39.76 + 0.25 16.27 £ 0.68 7.87 £5.08
4 60.8 11.8 20.9 36.94 +0.55 18.43+1.35 6.16 £1.15
9 73.5 10.0 10.0 40.58 +0.38 18.44 £ 1.33 4.30 +£0.56
6 60.8 11.8 20.9 38.52+0.31 20.95 +1.47 481+1.62
1 68.4 10.0 15.1 37.32+0.29 22.70 £1.10 5.59 £3.85
5 56.0 10.0 27.5 37.65 +0.59 2943 +1.16 3.46 +0.29
10 50.0 10.0 33.5 39.11+0.37 31.30 + 1.47 3.37+1.23

Note: Mean value + standard deviation; N - Newton; N/ A - not applicable; A - erythritol; B - red palm oil powder (RPOP); C - gum arabic.

using indicators such as lack of fit, R? and other
relevant metrics, as detailed below: The lack-of-fit
was insignificant for both of the models, indicating
a good fit to the data, with p-values of 0.6748 and
0.7107 for hardness and friability respectively. The
hardness model also demonstrated a high R* of
0.9714, adjusted R*of 0.9571 and predicted R* of
0.9229, indicating a good fit and strong predictive
power. The model’s adequate precision of 24.56
(greater than 4) suggests a good signal-to-noise
ratio (Kumar, 2020). For friability, the R? adjusted
R*and predicted R* values were 0.8289, 0.8025 and
0.7207, respectively, indicating a good fit to the data
with slightly lower predictive power. The adequate
precision of the friability model was 16.88, which
was also higher than 4. Cook’s distance showed no
outliers in the data for either response. The Box-
Cox plot suggested that no data transformation was
needed for hardness, while a log transformation of
the data was needed for friability. Coded Equations
(3) and (4) of the models are shown as follows:

Hardness = 19.28A + 47.30B + 31.66C — 3)
95.96AB - 1.61AC - 123.08BC
Log,, friability = 0.831A + 2.12B + 0.44C (4)

where, A is erythritol, B is RPOP and C is gum arabic.

Table 5 presents the coefficients along with the
corresponding variance inflation factors (VIF) of the
equation. The coefficients in the equation quantify
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the change in response for a one-unit change in the
component, assuming all remaining components
are held constant. A positive value indicates a
positive effect, while a negative value indicates a
negative effect on the response. VIF measures the
multi-collinearity of the coefficients. If the value is
1, there is no correlation between the components.
A VIF greater than 1 indicates multicollinearity. The
greater the VIE the more severe the correlation of
factors.

Hardness of candy. The coefficients in Table 5
indicate that gum arabic has a greater positive
effect on the hardness of candy, with a coefficient
of 31.66, compared to erythritol’s coefficient of
19.28. The low VIF for both gum arabic (2.91) and
erythritol (3.47) shows that their coefficients are
less correlated with other ingredients, or higher
accuracy towards the prediction of the hardness of
the candy. Since both components positively affect
the hardness of candy, it was anticipated that their
interaction should produce a synergistic effect.
However, the negative coefficient of erythritol
and gum arabic combinations (AC), indicated that
both ingredients counteract each other, resulting
in a reduction in candy hardness. Fortunately, the
antagonistic effect is just minor, with a coefficient of
-1.61. Overall, the results suggest that an increase
in these two components can help to improve the
hardness of the candy but gum arabic has a more
prominent effect due to its high coefficient value
(31.66) and low VIF value (2.91). In order to improve
the hardness of the candy one must increase the
amount of gum arabic rather than erythritol.
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TABLE 4. FIT SUMMARY OF THE MODELS

Suggested model Source Se;g:::lnut ial L;:l:a(l)lfl:it R? Adjusted Rz Predicted R? ?)ii(il:i?::
Hardness Quadratic 0.0011 0.6748 0.9714 0.9571 0.9229 24.56
Friability Linear <0.0001 0.7107 0.8289 0.8025 0.7207 16.88
Note: R? - coefficient of determination.
TABLE 5. COEFFICIENTS IN TERMS OF CODED FACTORS
Coefficient
Component
Hardness VIF Log,, friability VIF

A 19.28 3.47 0.8296 1.47

B 47.30 62.83 2.1200 1.72

C 31.66 291 0.4448 1.35

AB -95.96 33.63 - -

AC -1.61 2.58 - -

BC -123.08 24.47 - -

Note: VIF - variance inflation factor; A - erythritol; B - RPOP; C - gum arabic; AB - erythritol + RPOP;
AC - erythritol + gum arabic; BC - RPOP + gum arabic.

Meanwhile, the RPOP which had the highest
coefficient (47.30), reflects the greatest positive
effect on the hardness of candy. However, the
high VIF value (62.83) indicated that its coefficient
was highly correlated with other components
in the formulation. This is evident from RPOP’s
interaction with erythritol (AB), which had a
negative coefficient value of —95.96, and interaction
with gum arabic (BC), which had a negative
value of -123.08. The result indicated that increasing
the amount of RPOP in the formulation will have
a substantial negative effect on the hardness of the
candy. Similar results have been observed in hard
candies, where an increase in liquid components
(such as water or oil content) led to a reduction in
hardness (Souiy et al., 2023). Overall, in order to
maximise the RPOP, the gum arabic amount should
be increased to counterbalance the negative impact
and the amount of erythritol must be reduced.

The interaction plot of two component mixes
(AB, BC and AC) and a contour plot of three
components on the hardness of candy are
illustrated in Figure 1. The two component mixes in
Fiqure 1a-1b revealed the non-linear interaction
of RPOP with erythritol and gum arabic toward
the hardness of the candy. When the percentage
of RPOP reduced linearly (and other components
increased linearly), the hardness of the candy
increased exponentially. This shows a strong
inverse relationship between RPOP content and
candy hardness. In other words, the hardness
of the candy was significantly influenced by the
RPOP content, as a linear increase in RPOP can
trigger a substantial exponential reduction in
hardness (Figure 1b). To resemble a soft chewable
tablet, the hardness of the candy should be above
1.5 kp (around 15 N) and should not exceed
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12.0 kp (117 N) (Robinson et al., 2006; U.S. Food and
Drug Administration [FDA], 2018). This implies
that RPOP has to be kept low in the formulation to
maintain the hardness of the candy within the soft
chewable range. It can be deduced from Figure 1b that
the maximum RPOP is approximately 12.5%.

Apart from this, the two-component mix plot of
AC (Figure 1c) revealed that the linear interaction of
erythritol and gum arabic blending on the hardness
of candy, with gum arabic having a dominating
effect on improving hardness (indicated by the
increase of hardness when its amount increases).
The contour plot (Figure 1d) summarises the effects
of three components on the hardness of the candy.
The colour transitions from dark blue through
green to red, indicating an increase in hardness
from low to high values. The plot also illustrated
that the maximum hardness of the candy (~31 N)
can be achieved with the lowest amount of RPOP
and erythritol, with the maximum amount of gum
arabic. Maximising RPOP in a candy production
using direct compression while maintaining its
hardness was a challenge nevertheless through
adjustment of gum arabic content and sugar
amount, the desired sweetness and hardness can be
achieved.

Friability of candy. Friability is another criterion in
tablet making. It describes the tendency of candy to
break, chip and crumble under mechanical stress,
such as handling, packaging and transportation. It
can also be applied in candy making to determine
how susceptible a candy is to mechanical stress (Zhao
et al., 2022). High friability suggests that a candy
is likely to break easily. Referring to Equation (4),
RPOP (B) had a higher coefficient of 2.12, indicating
a significant positive effect on friability of the candy,
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Note: The X-axis across the bottom of the two-component plot represents two variables. For instance, plot (a) the component associated
with the X1 axis (A: Erythritol) increases in value from left to right in the top row, while the component associated with the X2 axis [B:
Red palm oil powder (RPOP)] decreases in value from left to right in the bottom row. Dashed lines represent the 95.00% confidence
interval. In the contour plots, colour represents the hardness of the candy, with values transitioning from low (blue) to high (red). The
three values, A, B and C, are placed on the sides of the triangle, representing the maximum of each component for instance on the right
side the 33.50 means 33.50% of gum arabic. The value at the middle of the triangle 50, 10, 10 represents the minimum value of opposite
angle components, for example 50 indicates the minimum value of the erythritol in the design is 50.00%.

Figure 1. (a, b and c) Two component mix plots and (d) contour plots for the hardness of candy.

which is undesirable. In contrast, erythritol had
a lower coefficient (0.8296), showing a moderate
contribution to the friability of the candy. Gum
arabic with the lowest coefficient value (0.4448),
demonstrated that it can help reduce friability.
With VIF values closer to 1 (as shown in Table 5),
all the coefficients in the friability model can be
considered to have a low correlation. This indicates
that multicollinearity is not a concern in this model.
Overall, the result suggests that an increase of RPOP
in the candy could make it easier to break, while
increase of gum arabic and erythritol improves this.
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Therefore, in order to maximise RPOP content in
candy, it is unavoidable erythritol amount needs to
be reduced, as gum arabic has a more prominent
effect in reducing the friability.

The interaction plots of two-component
mixes (AB, BC, AC) and a contour plot of three
components on the friability of candy are illustrated
in Figure 2. The two-component mix plots revealed
that RPOP had a linear interaction with erythritol
and gum arabic on the friability of the candy when
its percentages was close to 10%. An increase in
RPOP in the formulation (while other components
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were reduced) caused an increase in friability.
This suggests that the initial increase in RPOP is
consistent and could predict friability, as evidenced
by the closer 95% confidence interval (CI) bands
(represented by the dashed line) in Figure 2a-2b.
In contrast, as the RPOP percentages approach its
maximum (20%) the friability tends to increase
exponentially and becomes harder to predict, as
illustrated by the wider 95% CI bands. This can
be observed in the screening results, whereby the
RPOP content increased by just 5% from 20% to
25%, the candies broke down into pieces during
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N w
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L L
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production even without mechanical stress,
indicating that the friability was 100% since the
candies were not intact. Meanwhile, for the two-
component plot of erythritol and gum arabic
(Figure 2c), their effects towards the friability were
linear with an increase in gum arabic reducing
friability. The contour plot (Figure 2d) illustrates
that gum arabic was the key component to maintain
the low friability of candy, with erythritol having
a similar but slightly lower effect. Low friability is
important as it helps maintain the integrity of the
candy.

(b)

Two component mix

40 1

Friability (%)

0 .
B:10.00 1250 1500 17.50 20.00
C:2175 1925 1675 1425 1175

B: RPOP (%) C: Gum arabic (%)
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A: Erythritol (%)
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3.4 28.6

33.50
B: RPOP (%)

50.00

33.50
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Note: The X-axis across the bottom of the two-component plot represents two variables. For instance, plot (a) the component associated
with the X1 axis (A: Erythritol) increases in value from left to right in the top row, while the component associated with the X2
axis [B: Red palm oil powder (RPOP)] decreases in value from left to right in the bottom row. Dashed lines represent the 95.00%
confidence interval. In the contour plots, colour represents the friability of the candy, with values transitioning from low (blue) to
high (red). The three values, A, B and C, placed on the sides of the triangle, represent the maximum of each component for instance
on the right side the 33.50 means 33.50% of gum arabic. The value at the middle of the triangle 50, 10, 10 represents the minimum
value of opposite angle components, For example 50 indicates the minimum value of the erythritol in the design is 50.00%.

Figure 2. (a, b and c) Two-component mix plot and (d) contour plot for the friability of the candy.
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In pharmaceuticals, polyvinylpyrrolidone and
similar types of binders are used to improve or
reduce friability (Kurakula & Rao, 2020). Although
these binders are effective in direct compression
formulations, they have seldom been used in food
products due to concerns regarding their safety and
regulatory status. In this study, we demonstrate that
achieving lower friability is feasible by adjusting the
content in the formulation.

Optimisation of Red Palm Oil Powder

Higher RPOP content in candy is desirable and
preferable since it offers optimal health benefits.
Unfortunately, it also compromises the candy’s
resistance to mechanical stress and reduces its
hardness. Therefore, optimisation should consider
maximising the RPOP and the hardness of the candy
while minimising friability. In the optimisation
procedure, the goal of RPOP and hardness was set
to maximum; while friability was set to minimum.
However, the suggested formulation had a very
low desirability score of 0.448. Therefore, the
goal was adjusted to set the RPOP in range given
the significant impact of RPOP on the hardness
and friability of the candy. The new optimum
formulation of the candy as suggested by the
mixture design comprised 50.00% erythritol,
10.00% RPOP and 33.50% gum arabic, with an
acceptable desirability of 0.834. The experimental
values for the candy’s hardness (29.61 + 2.09 N)
and friability (3.87 + 0.84%) fell within the 95.00%
prediction intervals.

CONCLUSION

Erythritol, with a high sweetness-to-calorie ratio
of 2.5-3.5, emerged as an ideal sweetener for RPO
candy production. Its mesh size (80-100) played an
important role in the homogeneity of the powdered
mix. Together with the most effective binder, gum
arabic helped improve candy hardness and reduce
friability, which were negatively affected by the
oily ingredient RPOP. The optimisation result
showed that the desirable amounts of erythritol,
RPOP and gum arabic in RPO candy production
were 50.00%, 10.00% and 33.50%, respectively. The
resulting candy had moderate hardness (around
30 N) and low friability (3.87%) fell within 95.00% of
the predicted interval, indicating that the optimised
formulations met the desired quality standards. This
formulation can serve as a healthier confectionery
product and a convenient means of delivering RPO
to consumers. This product aligns with the current
market trend toward healthier options for those
seeking to reduce sugar intake as well as enjoy the
health benefits of RPO without compromising on
taste. The success will motivate RPO manufacturers
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to look into another food segment such as snacks and
ready-to-eat products. Lastly, future studies such
as sensory studies and large-scale products should
be conducted to further understand consumer
preferences and challenges regarding scalability.
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