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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.
|
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Figure 2. Global Navigation Satellite System (GNSS) and Real-Time Kinematic (RTK) system (trilateration concept).
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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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SSR MARKERS FACILITATE TESTING OF

GENETIC PURITY AND PREDICTION OF

BIOLOGICAL PARENTS FOR BREEDING
CROSSES OF OIL PALM

NORHALIDA MOHAMED SERDARI"**; TING NGOOT-CHIN'; RAJINDER SINGH'; KANDHA
SRITHARAN?; MARYAM MOHAMED REHAN?; JALANI BIN SUKAIMI® and MAIZURA ITHNIN'

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.

Keywords: BC, x BC,, genetic purity, interspecific hybrid, parental genotypes reconstruction.
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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).
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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
5.00 ° 5.00 ve® ]
g 4.00 o0 .o o S o ° 4.00 . o, . ° 4 e
$ 3.00 . g & 3.00 . ¥ o
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Q 200 % %o o o p LF W o e 2.00 - ® e o .
9 e ® . 9o e e? . ® L ..' LA ° oo e o
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= ® L ]
~ 0.00 ° * s . 0.00 — e o ® o o .‘s i
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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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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.
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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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CMR103/34-23 T+ —a
CMR102/36-21 - | | | cde
CMR102/33-16 [ T F— cde
CMRO075/28-19 - —{ T F— e
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CMR074/32-14 - i | f——— bc
CMR074/28-14 - [ T 1+—w
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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.

Keywords: abiotic stress, drought, salinity, tolerance, transcriptome.
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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.

gPCR analysis (Salt x Drought)
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y = 0.8509 * x + (-0.3659)
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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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Description of domains
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Description of motifs

Symbol  Motif Consensus
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MGRAPCCD
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DOIKTLEENFKEHNKLDPKQKLRLARDLGLQPROVE IWFONRRARWKAKQ
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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
Enhancer Binding protein; HAP5 - Heme Activator Protein 5 subunit; SRPBCC - START/RHO_alpha_C/PITP/Bet_v1/CoxG/
CalC; CBFD_NFYB_HMF - Histone-like transcription factor (CBF/NF-Y) and archaeal histone.

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 -
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800 -
700 A
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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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ENDOTHELIAL DYSFUNCTION BIOMARKERS IN
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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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combined and prolonged.
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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.
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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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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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3.4 28.6
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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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