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Abstract. Putra ETS, Purwanto BH, Wulandari C, Alam T. 2021. Metabolic activities of eight oil palm progenies grown under
aluminum toxicity. Biodiversitas 22: 3146-3155. In Indonesia, oil palm is mostly cultivated on red-yellow podzolic soils, which mainly
contain the high availability of aluminum (Al). This condition might affect oil palm growth i.e stunted growth and root damage. Therefore, this
study was aimed to characterize metabolic activities and growth of eight oil palm progenies under Al toxicity. The study was conducted
from January to December 2018 in Bendosari Hamlet, Madurejo Village, Prambanan Sub-District, Sleman District, Province of
Yogyakarta, Indonesia. The trial was laid out in a randomized complete block design (RCBD) factorial with three blocks as replications,
with experimental factors including oil palm progenies and Al concentration. The observation was conducted on Al concentration in the
planting medium, metabolic activities, and oil palm growth. The data were analyzed using ANOVA, PLS-SEM, stepwise regression,
hierarchical clustering heatmap, and GGE-Biplot. The results showed that Simalungun, Dumpy, and Yangambi progeny could grow and
adapt better than other progenies in Al toxicity conditions. The resistance to Al poisoning mechanism was shown by a relatively low
activity of Oz7, H202, MDA, and REL, whereas SOD, POD, GB, AARed, a-Toch, TPC RDW and, SDW showed higher relatively.

Keywords: Aluminium toxicity, oil palm, progeny, red-yellow podzolic

Abbreviations: AARed: Reduced ascorbic acid, GB: Glycine betaine, H202: Hydrogen peroxide, Oz Superoxide radical, POD:
Peroxide dismutase, Pro: Proline, RDW: Roots dry weight, SDW: Shoots dry weight, REL: Leakage of reactive electrolytes, SOD:

Superoxide dismutase, TPC: Total phenolic, MDA: Malondialdehyde, a-Toch: Alpha-tocopherol

INTRODUCTION

Oil palm is the most important plantation commodity in
Indonesia. The area currently reaches 16.4 million hectares,
of which 13 million hectares are cultivated on mineral soils
and only 3.4 million hectares are planted on organic soils.
In Indonesia, oil palm is cultivated on the islands of
Sumatra, Kalimantan, Sulawesi, and West Papua (Statistics
Indonesia 2019). The dominant mineral soils for oil palm
cultivation in Indonesia are red-yellow podzolic. The red-
yellow podzolic characteristics are high acidity level, a
predominance of acid reacting cations, and deficiency of
alkaline reagent cations. The dominant acid reagent cations
are aluminium (Al), iron (Fe), and manganese (Mn) (Alam
et al. 2020; Febriani et al. 2017; Irawan and Putra 2019;
Khoiriyah et al. 2016; Nurmalasari et al. 2016; Ratnasari et
al. 2017; Utami et al. 2019).

Aluminum (Al) is one of the dominant acid reaction
cations in red-yellow podzolic. At high acidity levels, the
presence of Al is directly toxic and indirectly triggers a
nutritional imbalance. Potential toxicity and nutrient
imbalance that occurs due to the high availability of Al in
red-yellow podzolic are the main causes of disruption in
the growth and development of oil palm. If the growth of
oil palm is disturbed in the long term, it will lead to the low
productivity of oil palm plantations in the long run. The

low productivity of oil palm occurs for two reasons: the
smaller number of fresh fruit bunches (FFB) per stand and
the smaller FFB size (Utami et al. 2019; Ratnasari et al.
2017; Khoiriyah et al. 2016).

The impact of high Al availability on red-yellow
podzolic directly causes poisoning to oil palms, which
begins with stunted growth and root damage. Plant roots
become stunted and tend to be short, so that their ability to
absorb water and essential mineral nutrients is not optimal
(Utami et al. 2019; Ratnasari et al. 2017; Khoiriyah et al.
2016). Al with a high level of availability in red-yellow
podzolic causes plant roots to accumulate these ions at high
levels. The accumulation of Al in the roots causes the
fixation of carboxylate and phosphate groups on the walls
and membranes of the root cells so that the root cells are
damaged and lose their permeability. In root cells that are
still meristematic, especially in the apical part of the roots,
Al toxicity causes membrane leakage and meristem cell
death. This fails in mitotic division and enlargement of cell
size, so that root elongation is severely inhibited. Therefore,
plants that experience Al poisoning show shorter root
organs and irregular curved ends. In large numbers, these
irregularly curved root tips provide a visual appearance of
the curly root system (Shetty et al. 2021; Utami et al. 2019;
Jaiswal et al. 2018; Ratnasari et al. 2017; Khoiriyah et al. 2016).

However, the metabolic mechanism behind the
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inhibition of root development due to Al poisoning is not
completely clear. It is suspected that the event involved an
increase in free radical reactivity triggered by Al poisoning
and nutritional imbalances. Several groups of free radicals
whose expression is expected to increase with the
occurrence of Al toxicity are superoxide radical (Oy),
hydroxyl (OH"), and hydrogen peroxide (H20;) (Shetty et
al. 2021; Guo et al. 2018; Shahnawaz and Sanadhya 2017).
The increased expression of some of these radical
compounds causes cell death which begins with membrane
damage. Cell membrane damage is caused by membrane
lipid peroxidation. Damage to the cell membrane can be
indicated by increased malondialdehyde (MDA) and
membrane leakage (indicated by leakage of reactive
electrolytes). This incident causes the roots not to develop
and fail to carry out their function in absorbing water and
nutrients. Plants have the potential to lack a supply of water
and essential nutrients. Plants that experience this event can
also increase free radical activity at the shoots. Increased
free radical activity in shoots triggers oxidative damage,
which leaves behind damage. Plant leaves experience
chlorosis, dry out, and eventually die. This event is
especially true for plants that do not have a tolerance to Al
toxicity (Hasanuzzaman et al. 2020; Guo et al. 2018;
Shahnawaz and Sanadhya 2017; Khoiriyah et al. 2016;
Navascues et al. 2012).

Certain types of plants can tolerate Al toxicity. Plants
that are tolerant of Al toxicity can develop mechanisms to
counter the negative effects of free radicals. This resistance
is in the form of an increase in antioxidant compounds.
Antioxidant compounds are quite effective in detoxifying
the damaging effects of free radicals. Antioxidant
compounds can be divided into two groups, namely
enzymatic and non-enzymatic. Some enzymatic antioxidant
compounds are superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), and peroxide dismutase
(POD) (Hasanuzzaman et al. 2020; Guo et al. 2018;
Shahnawaz and Sanadhya 2017). In contrast, some non-
enzymatic antioxidant compounds are proline (Pro), glycine
betaine (GB), reduced ascorbic acid (AARed), alpha-
tocopherol (a-Toch), carotenoids, and total phenolic (TPC).
Plants that have a high tolerance to free radicals due to Al
poisoning are thought to have the ability to increase the
synthesis and activity of several types of antioxidants (Guo
et al. 2018; Khoiriyah et al. 2016; Navascues et al. 2012).

Considering that the dominant oil palm commodity
occupies red-yellow podzolic, which has the potential for
Al poisoning, innovation is needed in several sectors,
namely the development of oil palm seeds and agronomic
technology to increase tolerance to Al poisoning. This
study focuses on identifying the relationship between Al
toxicity, nutrient imbalance, and free radicals with
antioxidant compounds, root and shoot growth of eight oil
palm progenies predominantly cultivated in Indonesia. The
eight progenies of oil palms are Yangambi, Avros,
Langkat, PPKS 239, Simalungun, PPKS 718, PPKS 540,
and Dumpy. Some of them are expected to have a tolerance
to Al toxicity through the emergence of antioxidant
compounds to detoxify the damaging effects of free radical
compounds.

3147

MATERIALS AND METHODS

Characteristics of location

The study was conducted during January-December,
2018 in Bendosari Hamlet, Madurejo Village, Prambanan
Sub-District, Sleman District, Province of Yogyakarta,
Indonesia. This area was located £15 km to the northeast of
downtown Yogyakarta City. The altitude of the study site
was +37.00 meters above sea level. The total rainfall
observed during the experiment was +727 mm. The
average air temperature, relative humidity, and wind
velocity were 26.45°C, 78.00%, and 7.00 m s,

Experimental design

The trial was laid out in a randomized complete block
design (RCBD) factorial with three blocks as replications.
The genetic materials used in this study were eight oil palm
progenies that were mostly used cultivated in Indonesia
sourced from the Indonesian Oil Palm Research Institute
(IOPRI) (IOPRI 2013). Eight oil palm progenies consisted
of Yangambi, Avros, Langkat, PPKS 239, Simalungun,
PPKS 718, PPKS 540, and Dumpy used in the study. The
Al concentration tested consisted of two levels, namely
normal (without Al toxicity) and Al toxicity with
concentration of 300 ppm (Utami et al. 2019; Ratnasari et
al. 2017; Khoiriyah et al. 2016). Each treatment combination
in each block uses five polybags as replications so that the
total polybags in each block were 80 units.

Field layout and treatment applications

Four-month-old oil palm seedlings were chosen as the
object of research because their conditions were quite
stable and they had begun to accept environmental
conditions by the real conditions on the site. Until they
were ready for planting, the four-month-old seedlings were
in the main nursery stage in the two-stage oil palm nursery
model. At the main nursery stage, selected oil palm
seedlings were planted in large polybags measuring 40 x 40
cm, without shade and placed on sites with a 90 x 90 x 90
cm spacing. The research location was in the same
condition as the site characteristics for oil palm cultivation,
especially in the aspect of the planting medium. The
planting medium used was red-yellow podzolic because it
was the dominant soil for oil palm cultivation. Maintenance
activities include fertilizing, watering, controlling weeds,
pests and diseases at the main nursery stage following
IOPRI recommendations (IOPRI 2013).

Oil palm was treated with Al poisoning, and the
planting medium was given Al in aluminum sulfate
(Alx(SO4)3) with a concentration of 300 ppm. Giving
compound Al(SO.)s twice during the research period,
namely the fifth month (May 2018) and the seventh (July
2018) after planting in the main nursery stage. The volume
of Alx(SO4); was 300 ppm for each polybag with an
application time by 500 mL. If the solution was given twice
during the study period, each polybag received 1000 mL of
300 ppm of Aly(SO4)s, so the dose of Aly(SOa)s per
polybag was 300 mg. The dose was chosen because from a
preliminary study, 300 mg per polybag Al>(SO4); had
poisoned oil palms in the primary nursery stage.
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Data collection
Soil sampling and analysis

Soil analysis was carried out to determine the degree of
acidity and Al concentration in the planting medium. Soil
sampling was carried out once in August 2018, exactly a
month after giving the second Al solution, while sampling
of plant tissue to determine the Al concentration in the
roots and shoots of oil palm seedlings was carried out in
September 2018, exactly two months after giving the
second Al solution. It was expected that the level of Al
uptake by oil palm seedlings was maximum, considering
that the sampling period had been two months since the last
time the Al solution was given (Sulaeman et al. 2005). Soil
analysis was carried out at the General Soil Laboratory,
Faculty of Agriculture, Universitas Gadjah Mada,
Yogyakarta, Indonesia.

Metabolic activities

Tissue sampling to determine free radical compounds,
antioxidant compounds, roots and shoots dry weight was
carried out in December 2018. This timing was selected
because oil palm seedlings were eight months old in the
main nursery stage or twelve months old in the pre-nursery
stage. At that age, oil palm seedlings were generally ready
to be transferred to the location. The sample used to
measure the activity of free radicals and antioxidants and
indicators of cell damage were oil palm seedlings leaves.
The leaves selected as samples were the third fully
developed leaves counted from the shoots.

The activities of free radical compounds are superoxide
radical (SO2) (Malecka et al. 2014) and hydrogen peroxide
(H202) (Bouazizi et al. 2007). Indicators of cell damage
due to free radical compound activity were
malondialdehyde (MDA) (Gao et al. 2000) and leakage of
reactive electrolytes (REL) (Valentovic et al. 2006).
Enzymatic antioxidant compounds that were the main
indicators of this study were superoxide dismutase (SOD)
(Beyer and Fridovich 1987) and peroxide dismutase (POD)
(Saravan et al. 2004). Non-enzymatic antioxidant
compounds that were also used as indicators of the level of
resistance of oil palm plants to Al toxicity were proline
(Pro) (Bates et al. 1973), glycine betaine (GB) (Grieve and
Grattan 1983), reduced ascorbic acid (AARed) (Ribeiro et
al. 2012), alpha-tocopherol (a-Toch) (Baker et al. 1980),
and total phenolic (TPC) (Chun et al. 2003). The dry
weight of the oil palm was separated between roots and
shoots. A sampling of roots dry weight (RDW) and shoots
dry weight (SDW) was carried out simultaneously with
sampling for biochemical characterization.

Statistical approach

Data on Al toxicity in planting media, metabolic activities,
and oil palm dry weight must be the normally distributed
and homogeneity assumptions before analysis of variance
(ANOVA). The data that fulfilled the assumptions were
performed using ANOVA (p <0.05) and continued by
LSD-Fisher test (p <0.05) as a post hoc test (Hinkelman
and Kempthorne 2008; Welham et al. 2015). The
relationships between metabolic activities with oil palm dry
weight were analyzed using partial least square structural
equation modelling (PLS-SEM) and stepwise regression
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analysis (Suryanto et al. 2020). The selection of palm oil
progenies under normal and Al toxicity conditions were
analyzed using genetic-genetic by environment biplot
(GGE-Plot) with average environment coordinate (AEC)
method and hierarchical clustering heatmap (Gabriel 1971;
Yan et al. 2000; Yan 2001). ANOVA and stepwise
regression analysis was carried out using SAS software
version 9.4 for Windows with PROC GLM and REG (SAS
Institute Inc 2013). PLS-SEM was performed using
SmartPLS 3 software (Smith et al. 1993). GGE-Biplot with
AEC method was analyzed using Genstat 18" software
(Goedhart and Thissen 2016) and hierarchical clustering
heatmap performed using R statistical software (v. 3.6.3; R
Development Core Team) with the corrplot and entropart
package (Marcon and Hérault 2015; Wei 2013).

RESULTS AND DISCUSSION

Al toxicity in soil medium

The Al concentration of the planting medium, the
degree of acidity of the planting medium, the Al
concentration of the roots and shoots of oil palm seedlings
were not influenced by the interaction between progenies
and Al toxicity factors (Table 1). Individually, the
progenies factor also did not have a significant effect on all
of these variables. All of the progeny tested had the same
Al concentration and the degree of acidity of the growing
medium and shoot Al concentration. However, the Al
toxicity factor significantly affected the Al concentration in
the planting medium, the Al concentration in the roots and
shoots of oil palm plants. Only the acidity of the planting
medium was not affected by the Al toxicity factor. The
media for planting oil palm seedlings that get Al at the
same toxicity level as the planting media for oil palm
seedlings that get Al. The Al concentration in the planting
medium that received Al application at a toxic level was
significantly higher when compared to the planting
medium without Al.

Application of Al to the growing media under
poisoning conditions significantly increased its availability.
This showed that the roots of oil palm seedlings more
easily absorb Al (Utami et al. 2019; Ratnasari et al. 2017,
Khoiriyah et al. 2016). The results showed that oil palm
seedlings planted on media with Al toxicity absorbed more
Al than media without Al. This was evidenced by the
increasing concentration of Al in the roots and shoots of oil
palm seedlings planted on media with high Al
concentrations. Oil palm seedlings planted on planting
media without the addition of Al had lower Al
concentrations in roots and shoots than those treated with
Al toxicity (Table 1).

Oil palm seeds planted on planting media without Al
poisoning still absorb Al at normal levels. This condition
causes no metabolic disorders to occur in the oil palm
seedlings. Oil palm seeds grown on planting media with Al
toxicity had a very high Al absorption. Al concentrations in
roots and shoots were very high, exceeding normal limits
(Table 1). This situation can cause metabolic stress in the
tissue, especially in intolerant oil palm progenies, so that in
the long term, it can inhibit growth and development and



PUTRA et al. — Al toxicity in oil palm progenies 3149

low vyields of oil palm. Stress metabolic in oil palm
progenies can damage the plant for a long time.

All the metabolic variables focused in this study
consisted of superoxide radical (O2), hydrogen peroxide
(H20), superoxide dismutase (SOD), peroxide dismutase
(POD), proline (Pro), glycine betaine (GB), reduced
ascorbic acid (AARed), alpha-tocopherol (a-Toch), and
total phenolic (TPC) were significantly affected by the
interaction between oil palm progenies and Al toxicity
(Table 2). Oil palm seedlings that received Al treatment at
a toxic level experienced increased free radical activity in
the form of Ozand H,0,, except for Yangambi, Simalungun,
and Dumpy progeny. The Avros, Langkat, PPKS 239,
PPKS 718, and PPKS 540 progeny significantly increased
in Ozand H,0, when the planting medium was given Al at
toxic levels. This occurs because giving Al to the planting
medium at a toxic level increased the concentration of Al in
the roots and shoots of Avros, Langkat, PPKS 239, PPKS
718, and PPKS 540 progeny (Table 1). The increase in
roots and shoots Al concentrations might stimulate the
synthesis and activity of Oz-and H.O; (Table 2). In Avros,
Langkat, PPKS 239, PPKS 718, and PPKS 540 progeny,
the increase in free radical synthesis and activity cannot be
stopped because all these progenies cannot develop a
defense system in the form of enzymatic or non-enzymatic
antioxidant compounds. In Al toxicity conditions, the
progeny of the Avros, Langkat, PPKS 239, PPKS 718, and
PPKS 540 decreased the synthesis and performance of O,
H.02, AARed, and a-Toch. Synthesis of Pro, GB, and TPC
in Al toxicity conditions showed constant values compared
to normal conditions in Avros, Langkat, PPKS 239, PPKS
718, and PPKS 540 progeny. Al toxicity conditions caused
Ozand H;O; to be uncontrolled in the Avros, Langkat,
PPKS 239, PPKS 718, and PPKS 540 progeny.

There were differences in Oy, H.O,, SOD, POD, Pro,
GB, AARed, a-Toch, and TPC responses in Yangambi,
Simalungun, and Dumpy progeny when compared to
Avros, Langkat, PPKS 239, PPKS 718, and PPKS 540
progeny (Table 2). The Yangambi, Simalungun, and
Dumpy progeny maintained that Oy'and H,O; activity did
not increase in Al toxicity conditions. This increased was

not followed by an increase in Al concentration in the roots
and shoots of Yangambi, Simalungun, and Dumpy progeny
in Oyand H,0, activity. This happens because the
Yangambi, Simalungun, and Dumpy progeny can develop
tolerance mechanisms to increase the synthesis of
enzymatic and non-enzymatic antioxidant compounds. The
Yangambi and Simalungun progeny developed a type of
enzymatic antioxidant compound, while Dumpy progeny
was under Al toxicity by SOD and POD. The non-
enzymatic  antioxidant compounds developed by
Yangambi, Simalungun, and Dumpy progeny in Al toxicity
were Pro, GB, AARed, a-Toch, and TPC (Table 2).

The increase in SOD in Yangambi, Simalungun, and
Dumpy progeny during Al poisoning caused degradation of
Ozs0 that its concentration and activity decreased
significantly. Oyis converted to H,O, by SOD. The
Yangambi, Simalungun, and Dumpy progeny can increased
POD synthesis and activity under Al toxicity. The high
concentration and activity of POD in Yangambi,
Simalungun, and Dumpy progeny in Al poisoning can
degrade H,0O, to water and oxygen. These factors were the
main cause of low Ozand H2O; in Yangambi, Simalungun,
and Dumpy progeny in Al poisoning.

The Yangambi, Simalungun, and Dumpy progeny can
also increase the concentration and activity of several non-
enzymatic antioxidants, namely Pro, GB, AARed, a-Toch,
and TPC in Al stress conditions. Increased Pro, GB, and
AARed, o-Toch, and TPC neutralized radical electrons
from several free radical compounds, including Ozand
H,O,. Electrons derived from Oz, H,O, and other free
radical compounds were captured by Pro, GB, AARed, a-
Toch, and TPC (Shetty et al. 2021; Hasanuzzaman et al.
2020; Guo et al. 2018; Shahnawaz and Sanadhya 2017;
Khoiriyah et al. 2016; Navascues et al. 2012). This
situation inhibits the rate of lipid peroxidation in the cell
membrane so that cells do not leak the membrane and
avoid death due to the activity of free radical compounds.
The presence of Pro, GB, and AARed, a-Toch, and TPC
can gradually neutralize the presence of Ozand H,O; so
that the concentration of both in cells decreases to normal,
especially in Yangambi, Simalungun, and Dumpy progeny.

Table 1. The effects of oil palm progenies and Al toxicity in planting medium

Al toxicity in planting medium

Treatments Al Exchange Al concentration in Al concentration in
pH H20 ! .
(ppm) roots tissue (ppm) shoots tissue (ppm)
Progenies
Yangambi 150.21 a 5.34a 435.28 a 376.19a
Avros 145.32 a 52la 440.22 a 364.37 a
Langkat 14754 a 534 a 430.98 a 382.00 a
PPKS 239 149.22 a 543 a 435.00 a 367.43a
Simalungun 148.68 a 541a 437.39a 368.57 a
PPKS 718 148.43 a 5.01a 432.17 a 380.54 a
PPKS 540 14579 a 523a 438.13 a 378.42a
Dumpy 146.31 a 5.07a 433.47 a 370.62 a
Al toxicity
Normal 115.23q 520 a 125.46 q 102.37q
Toxic 645.86 p 4.85a 537.79 p 458.85p
Interaction () (-) () ()

Note: Numbers followed by the same letters in the same row were not significantly different by LSD-Fisher test (p<0.05). (*) indicates

no interaction between treatment factors
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Table 2 provides information that the concentration of
MDA, REL, roots and shoots dry weight of oil palm
seedlings were strongly influenced by the interaction
between progeny and Al toxicity. Oil palm seedlings that
received Al toxicity treatment experienced an increase in
several indicators of cell damage, namely MDA and REL,
except for Yangambi, Simalungun, and Dumpy progeny.
Avros, Langkat, PPKS 239, PPKS 718, and PPKS 540
progeny experienced an increase in cell damage due to Al
toxicity as indicated by increased levels of MDA and REL.
Avros, Langkat, PPKS 239, PPKS 718, and PPKS 540
progeny had significantly higher levels of MDA and REL
under Al toxicity when compared to normal conditions.

The MDA indicator positively correlates with the level
of membrane damage due to lipid peroxidation caused by
Ozand H,0.. If cells have high levels of MDA, it means
that the cell membrane has been damaged. Membrane
damage also occurs due to membrane leakage, triggered by
free radical activity, especially in ROS and the REL level
indicates the leakage rate. The REL indicator measures the
membrane leakage rate based on the electrolyte solution
that leaves the cell and is then captured by the electrodes
(Shetty et al. 2021; Shahnawaz and Sanadhya 2017;
Khoiriyah et al. 2016; Navascues et al. 2012). Avros,
Langkat, PPKS 239, PPKS 718, and PPKS 540 progeny
had high levels of MDA and REL when suppressed by Al
due to increased Ozand H2O; activity in cells. In Avros,
Langkat, PPKS 239, PPKS 718, and PPKS 540 progeny, if
the Al uptake is high, ROS activity cannot be avoided
because there is no defense mechanism development the
form of enzymatic or non-enzymatic antioxidants.
Therefore, Avros, Langkat, PPKS 239, PPKS 718, and
PPKS 540 progeny had higher cell damage levels than
Yangambi, Simalungun, and Dumpy progeny, which
experienced Al stress based on MDA and REL indicators.

The Yangambi, Simalungun, and Dumpy progeny were
proven to prevent cell damage when planted in Al stress
conditions because the levels of MDA and REL were
relatively the same compared to plants grown in normal
conditions. Cell membrane damage can be prevented in
these three progeny because with Al stress, ROS reactivity
can be neutralized using enzymatic or non-enzymatic
antioxidant compounds (Shetty et al. 2021; Hasanuzzaman
et al. 2020; Guo et al. 2018; Shahnawaz and Sanadhya
2017). In Yangambi, Simalungun, and Dumpy progeny in
Al stress, all of these progeny can improve the performance
of SOD, POD, Pro, GB, AARed, a-Toch, and TPC so that
damage to cell membranes from ROS compounds can be
controlled. Therefore, the cell membranes in the Yangambi,
Simalungun, and Dumpy progeny remained healthy, which
was indicated by low levels of MDA and REL even though
oil palm seedlings were exposed to Al stress.

Avros, Langkat, PPKS 239, PPKS 718, and PPKS 540
progeny experienced a metabolic crisis when exposed to Al
poisoning as indicated by increased activity of ROS
compounds, no development of enzymatic or non-
enzymatic antioxidant performance, and cell membrane
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damage. This condition causes the cells not to divide and
expand, so the organs do not grow and develop. The failure
of organ growth causes oil palm seedlings to have shorter,
smaller, lighter roots and canopies. This condition causes
the Avros, Langkat, PPKS 239, PPKS 718, and PPKS 540
progeny to have a dry weight of roots and shoots in Al
poisoning than oil palm seedlings grown in normal
conditions.

Different things were found in the Yangambi,
Simalungun, and Dumpy progeny. The three progeny did
not experience a metabolic crisis due to Al toxicity as
indicated by the weak activity of ROS compounds,
maximum performance of enzymatic and non-enzymatic
antioxidants, and low levels of cell membrane damage. The
Yangambi, Simalungun, and Dumpy progeny cells
remained healthy even though the oil palm seeds grew
under Al toxicity. The three progeny have succeeded in
developing internal defence mechanisms to protect
themselves from free radical attacks using antioxidant
compounds. The indicator that the cells in the Yangambi,
Simalungun, and Dumpy progeny remained healthy,
namely the low levels of MDA and REL in oil palm
seedlings that grew in Al stress. Healthy cells can carry out
the mitotic division and enlargement activities perfectly so
that the Yangambi, Simalungun, and Dumpy progeny have
longer, larger, and heavier root and canopy sizes even in a
state of Al toxicity. In the three progeny, root and canopy
size were almost the same when growing in Al stress and
normal environment.

Relationship between metabolic activities and oil palm
dry weight

A general assessment of the relationship between
metabolic activities with oil palm dry weight can be carried
out using partial least square structural equation modelling
(PLS-SEM) and stepwise regression analysis. The PLS-
SEM results were used for the initial screening of
parameters  derived from  enzymatic  antioxidant
compounds, non-enzymatic compounds, free radical
compound activity, and indicators of cell damage due to the
free radical compound activity, which showed significant
differences (Figure 1). PLS-SEM results showed that
enzymatic  antioxidant compounds,  non-enzymatic
compounds, free radical compound activity, and indicators
of cell damage due to the free radical compound activity
showed a very significant difference to dry weight (p<0.01)
(Figure 1). The results of screening using PLS-SEM was
used as a guide for stepwise regression analysis. The results
of the stepwise regression showed that hydrogen peroxide
(H202) had a very significant effect (p <0.01) on the dry
weight of palm oil, while glycine betaine (GB) and
malondialdehyde (MDA) had a significant effect (p <0.05).
Increasing the H,O,, GB, and MDA values generally
reduced the dry weight of palm oil. The stepwise regression
equation was Y = 153.61**-0.53 H,0,**-0.009 GB*-13.61
MDA* (R? = 0.990**).



Table 2. The interaction between oil palm progenies and Al toxicity in metabolic activities and dry weight

Metabolic Activities and Dry Weight of Oil Palm Progenies

Treatments Oy H20:2 SOD POD Pro GB AARed a-Toch TPC MDA REL RDW SDwW

(umolg?)  (ppm)  (unitmL™?) (unitmgprotein™) (umolg?) (ppm) (mgg?’) (mgg?) (mggh) (umolg?h) (%) (@) (@)

Normal  Yangambi 0.35b  11.00b 1.50 b 0.15b 25.38b  30000b 250b  1.02b  3.08b 050b  10.00b 55.30a 130.22a

Avros 0.30b  15.26b 1.55b 0.10b 2095b  29045b 245b  145b  258b 045b  12.38b 4588a 13545a

Langkat 029b  13.47b 1.46 b 0.14b 2426b 30596b 238b  1.08b  3.24b 0.60b  11.42b 60.84a 140.86a

PPKS 239 0.40b  12.98b 1.38b 0.11b 2526b  300.80b 2.80b  142b  3.06b 0.39b  10.87b 5865a 138.85a

Simalungun 0.32b  16.65b 1.43b 0.15b 2284b  29588b 255b  130b  350b 055b  12.22b 5545a 135.20a

PPKS 718 0.39b  11.24b 1.27b 0.12b 2387b  31048b 245b  120b  2.98b 054b  1155b 53.24a 136.21a

PPKS 540 0.34b  15.26b 1.29b 0.12b 2445b  31098b 265b  132b  336b 059b  10.33b 54.28a 134.43a

Dumpy 0.38b  1321b 1.39b 0.14b 25.08b  30058b  224b  1.40b  3.00b 047b  1324b 5532a 132.48a

Toxic Yangambi 0.40b 13.02b 5.00 a 0.55a 115.08a 954.32 a 6.58 a 290 a 9.86 a 0.65b 1048b 50.44a 12854a

Avros 1.25a  78.13a 0.35¢ 0.02¢ 25.34b  32032b 055c¢  0.25c  3.25b 200a  2544a 2055b 80.75b

Langkat 1.09a  80.54a 0.34¢c 0.03¢ 3054b  31565b 045c¢  0.34c  354b 2.38a  30.98a 2045b 7554b

PPKS 239 1.36a 77.21a 0.50 ¢ 0.02¢ 2834b  31821b 064c  020c  3.24b 1.85a  2865a 2568b 8542b

Simalungun 0.38b  20.14b 495a 0.45a 110.14a 89532a 558a  250a  10.08a 055b  1258b 5244a 130.40a

PPKS 718 150a  78.22a 0.27¢ 0.04c 3058b  31532b 065c  0.30c  3.21b 1.95a  2654a 2437b 83.44b

PPKS 540 1.25a  69.75a 0.47¢c 0.05¢ 27.98b  31054b 038c  0.28c  3.30b 222a  2588a 2422b 8544b

Dumpy 042b  1657b 437a 0.50a 105.65a 85048a 6.08a 285a 894a 055b  1354b 5352a 130.85a
Interaction + + + + + + + + + + + + +

Note: Numbers followed by the same letters in the same row were not significantly different by LSD-Fisher test (p<0.05). (*) indicates had interaction between treatment factors. Superoxide
radical: Oz, Hydrogen peroxide: H202, Superoxide dismutase: SOD, Peroxide dismutase: POD, Proline: Pro, Glycine betaine: GB, Reduced ascorbic acid: AARed, Alpha-tocopherol: a-Toch,
Total phenolic: TPC, Malondialdehyde: MDA, Leakage of reactive electrolytes: REL, Roots dry weight: RDW, Shoots dry weight: SDW.
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Figure 1. Relationship between metabolic activities and oil palm dry weight using partial least square structural equation modelling
(PLS-SEM) and stepwise regression analysis. PLS-SEM was used as a guide for stepwise regression analysis with the regression
equation was Y = 153.61**-0.53 H20,**-0.009 GB*-13.61 MDA* (R? = 0.990**), and showing a very significant effect when p <0.01

and a significant effect with p <0.05

Selection of palm oil progenies under normal and Al
toxicity conditions

Assessment of stability and adaptability mechanism of
oil palm progenies under normal and Al toxicity conditions
using genetic-genetic by environment biplot (GGE-Biplot)
and hierarchical clustering heatmap. Oil palm dry weight
and progenies stability can be evaluated by GGE-biplot
using the average environment coordinate (AEC) method
(Yan 2001). One arrow passing the midpoint of the
environment is the AEC abscissa depicting the mean dry
weight under normal and Al toxicity conditions. The
direction of the AEC abscissa arrow is drawn past the
origin point of the biplot and the environmental mean
circle. Meanwhile, the perpendicular line from the abscissa
of the AEC is the ordinate of the AEC (Kaya et al. 2006).
Absis AEC following the direction of the arrow indicates
the greater the main effect of progenies (Yan 2001). The
presence of two arrows indicates the AEC ordinate. Yan
and Rajcan (2002) stated that the ideal genotype is a
genotype that has a large PC; score (high mean yield) and a
small PC; absolute score (high stability).

The Langkat, PPKS 239, PPKS 718, and Avros progeny
could be planted and adapted under normal conditions
(without Al toxicity) since they were likely susceptible
under Al toxicity treatment (Figure 2). Based on the
assessment of the level of stability, it showed that Langkat
and PPKS 239 progeny had a relatively high level of
stability, while PPKS 718 progeny had a relatively low
level of stability. The length of line indicates the level of
stability for each progeny. The lower line indicates the
higher the level of stability and vice versa. The Al toxicity
condition showed that Simalungun, Dumpy, and Yangambi
progeny could growth and adaptability was better than
other progenies. Dumpy showed a relatively high level of
stability, while Simalungun and Yangambi progeny had
relatively low stability.

Hierarchical clustering heatmap of oil palm progenies
in Al toxicity condition

This was reinforced by the heatmap hierarchical
clustering results, which showed that Dumpy, Simalungun,
and Yangambi progeny in Al toxicity conditions had
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relatively lower Oy, H20,, MDA, and REL activity, while
SOD, POD, GB, AARed, a-Toch, TPC, RDW and, SDW
were relatively higher (Figure 3). This is because each
plant genetic has different adaptability to environmental
factors (Klee and Tieman 2013). Giller et al. (2011)
suggest that each plant genetics has a different response in
absorbing nutrients, fertilizing, and applying lime under
different environmental conditions.

In the case of biotic and abiotic stress, an imbalance in
cellular homeostasis and an increase in the accumulation of
ROS in plant tissue (Gratao et al. 2005). In Al poisoning,
Al first accumulates in all oil palm progeny roots, which
then spreads to other plant parts. Al toxicity occurs in the
plasma membrane. There will be phospholipid binding by
Al on the plasma membrane, changes in the composition of
fatty acids on the plasma membrane, decreases fluidity and
increases permeability. In addition, Al can cause oxidative
stress, resulting in the production and accumulation of
ROS, leading to membrane lipid peroxidation (Ma et al.
2012; Ribero et al. 2012; Sharma and Dubey 2007).

Although the level of Al toxicity was the same in all
progenies, the level of damage to sensitive progenies would
be much heavier than insensitive progenies. Oxidative
stress caused by Al ions causes Al poisoning. This was

Ranking biplot (Total - 100.00%)
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because the level of plant tolerance to Al related to the
plant antioxidant system activity and involves enzymatic
and non-enzymatic antioxidant mechanisms to eliminate
ROS generated during oxidative stress. This is since higher
Al concentrations in the roots lead to lower lipid
peroxidation. The involvement of antioxidant enzymes is
very important to eliminate ROS. The removal of Oyand
H.O; is very important to maintain the balance of cellular
homeostasis because the reaction of Ozand H.0- can result
in hydroxyl radicals (OH) through the Haber-Weiss
reaction (Edreva 2005). SOD was the first enzyme to
combat ROS, converting Ozto H,0, (Gratao et al. 2005;
Sharma and Dubey 2007).

On the other hand, the CAT, POX, APX, and GPX
enzymes complement the ROS elimination process by
converting H.O, to water and oxygen (Gratao et al. 2005).
The non-enzymatic that participate in the defence system
against Al poisoning were AARed, GSH, «-Toch, and
carotenoids (Gratao et al. 2005). AARed and GSH are very
potent antioxidants that can react directly with ROS and
serve as electron donors for key enzymes of enzymatic
antioxidant systems such as APX and GPX (Noctor et al.
2012).

Ranking biplot (Total - 100.00%)

+MNormal

PC2-0.82%

PC1-99.18%

Genotype scores
+ Environment scores

Al Toxicity

Figure 2. GGE-Biplot with AEC method based on environment focused scaling of the mean values and stability of oil palm progenies in

normal and Al toxicity conditions
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Figure 3. Hierarchical clustering heatmap of oil palm progenies in Al toxicity condition. R coefficient a value of 0-1 indicates a very

weak-very strong r value.
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