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Phosphate transporter 1 (PHT1) proteins are responsible for acquisition of phosphate (Pi)
by the plants. The transcription factor involved in the transcriptional regulation of PHT1
is phosphate starvation response (PHR). Pi uptake by PHT1 needs to across a steep
concentration gradient from lower Pi concentration in soil, usually less than 10 uM into
high Pi concentration inside the plant cells which are in the range of 5 to 20 mM.
Moreover, the oil palm plantation requires high fertilizer input to maintain high
productivity. But high fertilizer input may cause water pollution. Besides that, Pi rock,
the major source of Pi fertilizer is envisaged to be exhausted in next 40 to 70 years. This
will cause catastrophic effect to agriculture industry. The objectives of this study were
to perform genome-wide molecular characterization of PHT1 and PHR genes in oil palm
and study their expression profiles under different Pi-deficient conditions as well as to
determine the specific location of EQPHR2 protein using the subcellular localization
technique. Using the PHT1 and PHR coding sequences of Arabidopsis thaliana and
Oryza sativa as the query sequences for BLAST search to find the homologues of PHT1
and PHR genes in oil palm resulted in the identifications of 10 EgPHT1 and three EgPHR
genes. All EgPHT1 proteins contain GGDYPLSATIXSE, the signature sequence of
PHT1. All EgPHR have MYB binding domain and coiled—coil domain characteristic of
PHR at their C-terminal regions and one unique SOG2 domain for EQPHR1. Analysis of
1500 bp of promoter sequences on four selected EgPHT1 genes using PlantCare and
New PLACE databases showed that two of the EQPHT1 (EgPHT1;4 and EgPHT1;7)
contain the PHR binding site (P1BS) motif. In addition, other Pi deficiency responsive
motifs including W-box and many E-box motifs were found on EgPHT1;4, EQPHT1;6
and EgPHT1;7 promoter sequences. The root specific motif, ROOTMOTIFTAPOX1
was also discovered on EgPHTL1;4, EgQPHTL1;6 and EgPHTZ1;7. The oil palm seedlings
were grown hydroponically under Pi sufficient (+P; 1.93 mM), low Pi (LP; 0.1 mM) and
Pi deficient (-P) conditions. The expression of four of the EQPHT1 and two of the EgPHR
was studied by real-time quantitative PCR (gQPCR) in the roots and leaves of these



seedlings. All genes showed enhanced expression in roots at -P compared to +P. The
expression profile of EQPHR2 which showed upregulation at LP compared to +P and
further increase at -P correlated with EgPHT1;4 and EgPHT1;7 that possess P1BS motif
in their promoter sequences. EQPHR2, as a potential early transcriptional regulator for
Pi starvation was detected to be nuclear localized through subcellular localization
experiment, a key characteristic of a transcription factor. This study suggests all four
analyzed EgPHT1 and two EgPHR play critical role in responding to Pi deprivation in
oil palm. EgPHT1;4 and EgPHT1;7 which possess the P1BS motif are potentially
upregulated by EgPHR?2 as an early response mechanism against Pi starvation. The result
from this study will help to fully map the Pi regulatory mechanism to enhance the Pi
acquisition efficiency by oil palm.
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Pengangkut fosfat 1 (PHT1) adalah protin yang bertanggungjawab dalam pengambilan
fosfat (Pi) oleh pokok. Faktor transkripsi yang terlibat dalam mengawal trankripsi PHT1
adalah tindak balas kekurangan fosfat (PHR). Pengambilan Pi oleh PHT1 perlu melalui
kecerunan kepekatan yang tinggi iaitu daripada kepekatan Pi yang rendah di dalam tanah
yang biasanya kurang dari 10 uM kepada kepekatan Pi yang tinggi di dalam sel-sel pokok
dalam linkungan 5 ke 20 mM. Selain itu, ladang kelapa sawit memerlukan input baja
yang tinggi untuk menjamin kadar produktiviti yang tinggi. Tetapi input baja yang tinggi
berkemungkinan akan menyebabkan pencemaran air. Selain itu juga, batu Pi yang
merupakan sumber utama kepada baja Pi dijangka akan habis dalam 40 ke 70 tahun akan
datang. Ini akan menyebabkan kesan yang dahsyat kepada industri pertanian. Objektif
kajian ini adalah untuk melaksanakan pencirian skala molekul pada genom untuk gen-
gen PHT1 dan PHR dalam kelapa sawit dan mengkaji pengekspresian profil-profil
mereka di bawah keadaan kekurangan Pi yang berbeza serta untuk mengenal pasti lokasi
spesifik protin EQPHR2 dengan menggunakan teknik penyetempatan selular-separa.
Dengan menggunakan jujukan kodon PHT1 dan PHR daripada Arabidopsis thaliana dan
Oryza sativa sebagai jujukan rujukan, pencarian gen-gen homolog PHT1 dan PHR di
dalam kelapa sawit dilakukan dalam carian BLAST yang mana menemukan 10 gen
EgPHT1 dan tiga gen EgPHR. Kesemua protin EgPHT1 mempunyai
GGDYPLSATIXSE, iaitu jujukan khas untuk PHT1l. Domain mengikat MYB dan
domain coiled-coil yang merupakan ciri-ciri bagi PHR turut ditemui dalam kesemua
EgPHR pada bahagian C-terminal dan tambahan satu domain SOG2 unik turut ditemui
pada EgPHR1. Analisis pangkalan data PlantCare dan New PLACE bagi 1500 bp
jujukan promoter untuk empat gen EgPHTL1 yang dipilih menunjukkan dua daripada
EgPHTL tersebut (EgPHT1;4 dan EgPHT1;7) mengandungi motif bahagian cantuman
PHR (P1BS). Selain itu, motif-motif lain yang terlibat dengan kekurangan Pi seperti W-
box dan beberapa E-box turut dijumpai pada jujukan promoter EQPHT1;4, EQPHT1;6
dan EgPHT1;7. Motif spesifik akar, ROOTMOTIFTAPOX1 turut ditemui pada



EgPHT1;4, EgPHT1;6 dan EgQPHT1;7. Anak-anak pokok kelapa sawit dibesarkan secara
hidroponik dalam keadaan Pi mencukupi (+P; 1.93 mM), kurang Pi (LP; 0.1 mM) dan
kekurangan Pi (-P). Pengekspresian empat daripada EgPHT1 dan dua daripada EgPHR
di dalam daun dan akar dilakukan dengan menggunakan PCR kuantitatif masa sebenar
(gPCR). Kesemua gen menunjukkan peningkatan ekspresi dalam akar pada -P
dibandingkan dengan +P. Profil pengekspresian EgPHR2 yang mana menunjukkan
peningkatan regulasi pada LP dibandingkan dengan +P dan kemudian meningkat lagi
pada —P berkolerasi dengan EgPHT1;4 dan EgPHTL1;7 yang mempunyai motif P1BS
dalam jujukan promoter mereka. EQPHR2, yang mempunyai potensi sebagai pengawal
transkripsi untuk kekurangan Pi dikesan berlokaliti nuklear melalui eksperimen
penyetempatan selular-separa, iaitu suatu ciri utama sebagai faktor transkripsi. Kajian ini
mencadangkan kesemua empat EgPHT1 dan dua EgPHR yang dianalisa memainkan
peranan penting dalam tindak balas terhadap kekurangan Pi di dalam kelapa sawit.
EgPHT1;4 dan EgPHT1;7 yang mana mempunyai motif P1BS adalah berpotensi
ditingkatkan regulasi oleh EgPHR2 sebagai mekanisme tindak balas awal melawan
kekurangan Pi. Hasil dari kajian ini dapat membantu untuk melengkapkan mekanisme
pengawalan Pi supaya pengambilan Pi oleh kelapa sawit menjadi lebih efisien.
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CHAPTER 1

INTRODUCTION

Phosphorus (P) is one of the macro-elements which are very essential for plant growth
(Kehr, 2013). But the movement of P in the soil is very poor (Nussaume et al., 2011). It
is the most immobile element among the macronutrients (Gu et al., 2010). The plant
absorbs P in the form of phosphate (Pi) (Gonzalez et al., 2005). Pi can easily interact
with other cations such as Ca, Al and Fe and can assimilate with the soil microorganisms
(Sun et al., 2016; Tan et al., 2010). These create competition with the plant to acquire Pi
and reduce the availability of Pi. Thus, huge amount of Pi fertilizer is applied in the
plantation (Zhang et al., 2016). Pi rock, the main source for Pi fertilizer is predicted to
be depleted in the next 40 to 70 years which if happen will cause chaotic disaster to the
crop industries (Vance, 2001; Raghothama, 1999). Moreover, the excessive use of Pi
fertilizer will lead to environmental problem (Obidzinski et al., 2012). The Pi fertilizer
that leaches into the water will create water pollution such as eutrophication and
acidification of water causing bad impact to the aquatic life (Saswattecha et al., 2015).
Therefore, it is important to study the Pi regulatory mechanism to enhance the Pi uptake
of plants so that the application of Pi fertilizer can be reduced.

Oil palm is one of the important crops in the world because it is the leading supplier of
edible vegetable oil (Hadi et al., 2015; Corley, 2009). The demand for the vegetable oils
is projected to reach 240 million tons in 2050 which ensure great economic value of the
oil palm (Barcelos et al., 2015). Qil palm is also a very versatile plant because it can
produce two types of oils: crude palm oil and palm kernel oil with different fatty acid
profiles and different usages (Barcelos et al., 2015; Mba et al., 2015; Basiron, 2007).
Even though oil palm is the highest yielding crop per unit area in the world, it requires
high fertilizer input to maintain high productivity (Sundram et al., 2019; Mohidin et al.,
2015). Hence, studies on mechanism of nutrient uptake is essential to ensure the
sustainability of the palm oil production which will be very beneficial to the oil palm
industry. By understanding the Pi regulatory mechanism in the oil palm, oil palm variety
with high efficiency in Pi uptake can be developed. The increase in Pi uptake efficiency
can reduce the Pi fertilizer usage and reduce the expenditure on fertilizer. The reduction
of Pi fertilizer usage also can lessen the possibility of Pi fertilizer leaching thus, avoiding
the environmental issues regarding oil palm plantations.

To understand the Pi regulation, the key genes involved in Pi uptake must first be
discovered. The transporter protein that is responsible for the acquisition of Pi into the
plant is phosphate transporter 1 (PHT1) (Qin et al., 2012; Muchhal et al., 1996). PHT1
family members are H*/Pi symporter type of transporter localized in the plasma
membrane (Fan et al., 2013; Loth-Pereda et al., 2011). The regulation of PHT1 genes
are controlled by phosphate starvation response (PHR) (Bustos et al., 2010; Yang &
Finnegan, 2010). PHR is the transcription factor that regulates numerous Pi starvation
inducible (PSI) genes (Bari et al., 2006). PHR regulate the genes by binding to the PHR
binding site (P1BS) motif (Rubio et al., 2001). P1BS motif (GNATATNC) is present in

1



the promoter region of most of PSI genes including the PHT1 genes (Wang et al., 2013).
PHR proteins have been identified in many important crops. Presently, one PHR gene is
identified in rapeseed (Brassica napus) (Ren et al., 2012), one in bean (Phaseolus
vulgaris) (Valdes-Lopez et al., 2008), one in corn (Zea mays) (Wang et al., 2012), three
in wheat (Triticum aestivum) (Wang et al., 2013), four in rice (Oryza sativa) (Ruan et
al., 2017; Guo et al., 2015; Zhou et al., 2008) and 35 in soybean (Glycine max) (Xue et
al., 2017). Thus, it is really necessary to identify the PHR genes in oil palm so that the
scientific knowledge of Pi regulatory mechanism in this major producer of edible
vegetable oil plant is not left behind compared to the other crops.

Hence, the objectives of this study are:

1) To identify and perform molecular characterization of the PHT1 and PHR gene
families in oil palm genome using the bioinformatics approach.

2) To profile the expression of the different PHT1 and PHR genes under Pi sufficient,
low Pi and Pi deficient conditions.

3) To determine the specific location of EgPHR2 protein using the subcellular
localization technique.



REFERENCES

Ahmadi, F. (2016). Isolation and Functional Characterization of Phosphate-Starvation-
Inducible PHT1 Promoter from Qil Palm in a Transient Assay System and
Transgenic Arabidopsis thaliana. (PhD), Universiti Putra Malaysia.

Akinrinde, E. A., Abidemi, A. A., and Obigbesan, G. O. (2006) Phosphorus Fertilization
Influence on Economics of Production of Oil Palm (Elaeis guineensis)
Seedlings. Asian Journal of Plant Sciences, 5(5): 776-781.

Alam, A. S. A. F., Er, A. C., and Begum, H. (2015). Malaysian oil palm industry:
Prospect and problem. Journal of Food, Agriculture & Environment, 13(2):
143-148.

Andersson, H., Bergstrom, L., Djodjic, F., Ulén, B., and Kirchmann, H. (2013). Topsoil
and Subsoil Properties Influence Phosphorus Leaching from Four Agricultural
Soils. Journal of Environmental Quality, 42: 455-463.

Arai, M., Mitsuke, H., Ikeda, M., Xia, J.-X., Kikuchi, T., Satake, M., and Shimizu, T.
(2004). ConPred 1lI: a consensus prediction method for obtaining
transmembrane topology models with high reliability. Nucleic Acids Research,
32: W390-W393.

Ardito, F., Giuliani, M., Perrone, D., Troiano, G., and Muzio, L. L. (2017). The crucial
role of protein phosphorylation in cell signaling and its use as targeted therapy
(Review). International Journal of Molecular Medicine, 40: 271-280.

Azzeme, M. A., Abdullah, S. N. A., Aziz, M. A., and Wahab, P. E. M. (2017). Oil palm
drought inducible DREB1 induced expression of DRE/CRT and non-
DRE/CRT-containing genes in lowland transgenic tomato under cold and PEG
treatments. Plant Physiology and Biochemistry, 112: 129-151.

Azzeme, M. A. (2015). Molecular-Physiological Response of Oil Palm Seedlings To
Drought Stress and Functional Characterization of EJDREB1 in Transgenic
Tomato (PhD), Universiti Putra Malaysia.

Barcelos, E., Rios Sde, A., Cunha, R. N., Lopes, R., Motoike, S. Y., Babiychuk, E.,
Skirycz, A., and Kushnir, S. (2015). Oil palm natural diversity and the potential
for yield improvement. Frontiers in Plant Science, 6: 1-16.

Bari, R., Datt Pant, B., Stitt, M., and Scheible, W. R. (2006). PHO2, microRNA399, and
PHR1 define a phosphate-signaling pathway in plants. Plant Physiology,
141(3): 988-999.

Barriuso, B., Astiasaran, 1., and Ansorena, D. (2013). A review of analytical methods

measuring lipid oxidation status in foods: a challenging task. European Food
Research and Technology, 236(1): 1-15.

54



Basiron, Y. (2007). Palm oil production through sustainable plantations. European
Journal of Lipid Science and Technology, 109(4): 289-295.

Bates, R., and Lynch, J. P. (2001). Root hairs confer a competitive advantage under low
phosphate availability. Plant and Soil, 236: 243-250.

Bayle, V., Arrighi, J.-F., Creff, A., Nespoulous, C., Vialaret, J., Rossignol, M., Gonzalez,
E., Paz-Ares, J., and Nussaume, L. (2011). Arabidopsis thaliana High-Affinity
Phosphate Transporters Exhibit Multiple Levels of Posttranslational
Regulation. The Plant Cell, 23: 1523-1535.

Beardsley, T. M. (2011). Peak Phosphorus. BioScience, 61(2): 91.

Benadé, A. J. S. (2003). A place for palm fruit oil to eliminate vitamin A deficiency. Asia
Pacific Journal of Clinical Nutrition, 12(3): 369-372.

Bhadoria, P. B. S., Kaselowsky, J., Claassen, N., and Jungk, A. (1991a). Phosphate
diffusion coefficients in soil as affected by bulk density and water content.
Zeitschrift fur Pflanzenernahrung und Bodenkunde, 154(1): 53-57.

Bhadoria, P. B. S., Kaselowsky, J., Claassen, N., and Jungk, A. (1991b). Soil phosphate
diffusion coefficients: their dependence on phosphorus concentration and buffer
power. Soil Science Society of America Journal, 55(1): 56-60.

Bustos, R., Castrillo, G., Linhares, F., Puga, M. 1., Rubio, V., Pe” rez-Pe” rez, J., Solano,
R., Leyva, A, and Paz-Ares, J. (2010). A Central Regulatory System Largely
Controls Transcriptional Activation and Repression Responses to Phosphate
Starvation in Arabidopsis. PLoS Genetics, 6(9): 1-15.

Chen, A., Chen, X., Wang, H., Liao, D., Gu, M., Qu, H., Sun, S., and Xu, G. (2014).
Genome-wide investigation and expression analysis suggest diverse roles and
genetic redundancy of Pht1 family genes in response to Pi deficiency in tomato.
BMC Plant Biology, 14(61): 1-15.

Chiou, T.-J., and Lin, S.-I. (2011). Signaling Network in Sensing Phosphate Availability
in Plants. Annual Review of Plant Biology, 62: 185-206.

Chong, M. Y., Ng, W. P. Q.,, Ng, D. K. S,, Lam, H. L., Lim, D. L. K., and Law, K. H.
(2017). A Mini Review of Palm Based Fertiliser Production in Malaysia.
Chemical Engineering Transactions, 61: 1585-1590.

Cooper, A. (1979). The ABC of NFT. Nutrient film technique. The world's first method
of crop production without a solid rooting medium. London, United Kingdom:
Grower Books.

Cordell, D., Drangert, J.-O., and White, S. (2009). The story of phosphorus: Global food
security and food for thought. Global Environmental Change, 19(2): 292-305.

Corley, R. H. V. (2009). How much palm oil do we need? Environmental Science &
Policy, 12(2): 134-1309.

55



Corley, R. H. V., and Tinker, P. B. (2003). The Oil Palm (4th ed.). Oxford: Blackwell
Science.

Cubero, B., Nakagawa, Y., Jiang, X.-Y., Miura, K.-J., Li, F., Raghothama, K. G,
Bressan, R. A., Hasegawa, P. M., and Pardo, J. M. (2009). The Phosphate
Transporter PHT4;6 is a Determinant of Salt Tolerance that is Localized to the
Golgi Apparatus of Arabidopsis. Molecular Plant, 2(3): 535-552.

Curtis, M. D., and Grossniklaus, U. (2003). A Gateway Cloning Vector Set for High-
Throughput Functional Analysis of Genes in Planta. Plant Physiology, 133:
462-469.

Daram, P., Brunner, S., Rausch, C., Steiner, C., Amrhein, N., and Bucher, M. (1999).
Pht2;1 Encodes a Low-Affinity Phosphate Transporter from Arabidopsis. The
Plant Cell, 11: 2153-2166.

Das, S., Nesaretnam, K., and Das, D. K. (2007). Tocotrienols in Cardioprotection. In G.
Litwack (Ed.), Vitamins E (Vol. 76, pp. 419-433). Massachusetts: Academic
Press.

Dawson, C. J., and Hilton, J. (2011). Fertiliser availability in a resource-limited world:
production and recycling of nitrogen and phosphorus. Food Policy, 36: S14—
S22.

DOSM. (2019). Selected Agricultural Indicators, Malaysia, 2017 [Press release].
Retrieved from
https://www.dosm.gov.my/v1/index.php?r=column/pdfPrev&id=SEUxXMEE3
VFdBcDJhdUhPZVUxa2pKdz09

El-Araby, R., Amin, A., El Morsi, A. K., El-lbiari, N. N., and El-Diwani, G. I. (2017).
Study on the characteristics of palm oil-biodiesel-diesel fuel blend. Egyptian
Journal of Petroleum, 27(2): 187-194.

Fan, C., Wang, X., Hu, R., Wang, Y., Xiao, C., Jiang, Y., Zhang, X., Zheng, C., and Fu,
Y.-F. (2013). The pattern of Phosphate transporter 1 genes evolutionary
divergence in Glycine max L. BMC Plant Biology, 13(48): 1-16.

Fang, Z., Shao, C., Meng, Y., Wu, P., and Chen, M. (2009). Phosphate signaling in
Arabidopsis and Oryza sativa. Plant Science, 176: 170-180.

Fattore, E., and Fanelli, R. (2013). Palm oil and palmitic acid: a review on cardiovascular
effects and carcinogenicity. International Journal of Food Sciences and
Nutrition, 64(5): 648-659.

Fixen, P. E., and Johnston, A. M. (2012). World fertilizer nutrient reserves: a view to the
future. Journal of the Science of Food and Agriculture, 92: 1001-1005.

Franco-Zorrilla, J. M., Gonzalez, E., Bustos, R., Linhares, F., Leyva, A., and Paz-Ares,

J. (2004). The transcriptional control of plant responses to phosphate limitation.
Journal of Experimental Botany, 55: 285-293.

56



Gonzalez, E., Solano, R., Rubio, V., Leyva, A., and Paz-Ares, J. (2005). PHOSPHATE
TRANSPORTER TRAFFIC FACILITATOR1 is a plant-specific SEC12-
related protein that enables the endoplasmic reticulum exit of a high-affinity
phosphate transporter in Arabidopsis. Plant Cell, 17(12): 3500-3512.

Grossman, A. R., and Aksoy, M. (2015). Algae in a Phosphorus-Limited Landscape. In
W. C. Plaxton and H. Lambers (Eds.), Annual Plant Reviews Volume 48:
Phosphorus Metabolism in Plants (Vol. 48, pp. 338-360). New Jersey: John
Wiley & Sons.

Gu, M., Xu, K., Chen, A., Zhu, Y., Tang, G., and Xu, G. (2010). Expression analysis
suggests potential roles of microRNAs for phosphate and arbuscular
mycorrhizal signaling in Solanum lycopersicum. Physiologia Plantarum,
138(2): 226-237.

Guo, B., Jin, Y., Wussler, C., Blancaflor, E. B., Motes, C. M., and Versaw, W. K. (2008).
Functional analysis of the Arabidopsis PHT4 family of intracellular phosphate
transporters. New Phytologist, 177: 889-898.

Guo, M., Ruan, W., Li, C., Huang, F., Zeng, M., Liu, Y., Yu, Y., Ding, X., Wu, Y., Wu,
Z., Mao, C., Yi, K., Wu, P., and Mo, X. (2015). Integrative Comparison of the
Role of the PHOSPHATE RESPONSE1 Subfamily in Phosphate Signaling and
Homeostasis in Rice. Plant Physiology, 168(4): 1762-1776.

Gupta, N., Ram, H., and Kumar, B. (2016). Mechanism of Zinc absorption in plants:
uptake, transport, translocation and accumulation. Reviews in Environmental
Science and Bio/Technology, 15: 89-109.

Hadi, N. A. A, Abdullah, S. N. A., Azzeme, A. M., Al-Shanfari, A., and Saud, H. M.
(2015). Effects of Over-Expressing Ethylene Responsive Transcription Factor
on Expression of Selected Fruit Ripening-Related Genes in Oil Palm (Elaeis
guineensis Jacg.) Mesocarp. Pertanika Journal of Tropical Agricultural
Science, 38(1): 143-159.

Haferkamp, 1. (2007). The diverse members of the mitochondrial carrier family in plants.
Federation of European Biochemical Societies, 581: 2375-2379.

Hartley, C. W. S. (1977). The oil palm (2nd ed.). London: Longman.

Hem, S., Rofidal, V. r., Sommerer, N., and Rossignol, M. (2007). Novel subsets of the
Arabidopsis plasmalemma phosphoproteome identify phosphorylation sites in
secondary active transporters. Biochemical and Biophysical Research
Communications, 363: 375-380.

Hewitt, M. M., Carr, J. M., Williamson, C. L., and Slocum, R. D. (2005). Effects of
phosphate limitation on expression of genes involved in pyrimidine synthesis
and salvaging in Arabidopsis. Plant Physiology and Biochemistry, 43: 91-99.

Higo, K., Ugawa, Y., Iwamoto, M., and Korenaga, T. (1999). Plant cis-acting regulatory
DNA elements (PLACE) database: 1999. Nucleic Acids Research, 27(1): 297-
300.

57



Hinsinger, P., Herrmann, L., Lesueur, D., Robin, A. e., Trap, J., Waithaisong, K., and
Plassard, C. (2015). Impact of Roots, Microorganisms and Microfauna on the
Fate of Soil Phosphorus in the Rhizosphere. In W. C. Plaxton and H. Lambers
(Eds.), Annual Plant Reviews Volume 48: Phosphorus Metabolism in Plants
(Vol. 48, pp. 377-397). New Jersey: John Wiley & Sons.

Jain, A., Nagarajan, V. K., and Raghothama, K. G. (2012). Transcriptional regulation of
phosphate acquisition by higher plants. Cellular and Molecular Life Sciences,
69: 3207-3224.

Jia, H.,Ren, H., Gu, M., Zhao, J., Sun, S., Zhang, X., Chen, J., Wu, P., and Xu, G. (2011).
The phosphate transporter gene OsPht1;8 is involved in phosphate homeostasis
in rice. Plant Physiology, 156(3): 1164-1175.

Jones, D. L., and Oburger, E. (2011). Solubilization of Phosphorus by Soil
Microorganisms. In E. K. Blinemann, A. Oberson, and E. Frossard (Eds.),
Phosphorus in Action (Vol. 26, pp. 169-198). Heidelberg: Springer-Verlag
Berlin Heidelberg.

Kagaya, Y., Ohmiya, K., and Hattori, T. (1999). RAV1, a novel DNA-binding protein,
binds to bipartite recognition sequence through two distinct DNA-binding
domains uniquely found in higher plants. Nucleic Acids Research, 27(2): 470-
478.

Kehr, J. (2013). Systemic regulation of mineral homeostasis by micro RNAs. Frontiers
in Plant Science, 4: 1-6.

Khakh, B. S., and Burnstock, G. (2009). The Double Life of ATP. Scientific American,
301(6): 84-92.

Kim, D. W., Lee, S. H., Choi, S. B., Won, S. K., Heo, Y. K., Cho, M., Park, Y. I., and
Cho, H. T. (2006). Functional conservation of a root hair cell-specific cis-
element in angiosperms with different root hair distribution patterns. Plant Cell,
18(11): 2958-2970.

Kisko, M., Shukla, V., Kaur, M., Bouain, N., Chaiwong, N., Lacombe, B., Pandey, A.
K., and Rouached, H. (2018). Phosphorus Transport in Arabidopsis and Wheat:
Emerging Strategies to Improve P Pool in Seeds. Agriculture, 8(27): 1-12.

Kitts, P. A., Church, D. M., Thibaud-Nissen, F., Choi, J., Hem, V., Sapojnikov, V.,
Smith, R. G., Tatusova, T., Xiang, C., Zherikov, A., DiCuccio, M., Murphy, T.
D., Pruitt, K. D., and Kimchi, A. (2015). Assembly: a resource for assembled
genomes at NCBI. Nucleic Acids Research, 44: D73-D80.

Kurnia, J. C., Jangam, S. V., Akhtar, S., Sasmito, A. P., and Mujumdar, A. S. (2016).
Advances in biofuel production from oil palm and palm oil processing wastes:
A review. Biofuel Research Journal, 3(1): 332-346.

Kushairi, A., Darus, A., and Ithnin, M. (2005). Proceedings of the 2005 National
Seminar on Advantage in Breeding and Clonal Technologies for Super Yielding
Planting Materials. Kuala Lumpur: Malaysian Palm Oil Board.

58



Lam, M. K., Tan, K. T., Lee, K. T., and Mohamed, A. R. (2009). Malaysian palm oil:
Surviving the food versus fuel dispute for a sustainable future. Renewable and
Sustainable Energy Reviews, 13(6-7): 1456-1464.

Lambers, H., and Plaxton, W. C. (2015). Phosphorus: Back to the Roots. In W. C. Plaxton
and H. Lambers (Eds.), Annual Plant Reviews Volume 48: Phosphorus
Metabolism in Plants (Vol. 48, pp. 3-15). New Jersey: John Wiley & Sons.

Lambers, H., Shane, M. W., Cramer, M. D., Pearse, S. J., and Veneklaas, E. J. (2006).
Root Structure and Functioning for Efficient Acquisition of Phosphorus:
Matching Morphological and Physiological Traits. Annals of Botany, 98: 693—
713.

Lan, W.-Z., Wang, W., Wang, S.-M,, Li, L.-G., Buchanan, B. B., Lin, H.-X., Gao, J.-P.,
and Luan, S. (2010). A rice high-affinity potassium transporter (HKT) conceals
a calcium-permeable cation channel. PNAS, 107(15): 7089-7094.

Lescot, M., Déhais, P., Thijs, G., Marchal, K., Moreau, Y., Peer, Y. V. d., Rouzé, P., and
Rombauts, S. (2002). PlantCARE, a database of plant cis-acting regulatory
elements and a portal to tools for in silico analysis of promoter sequences.
Nucleic Acids Research, 30(1): 325-327.

Lin, W. Y., Huang, T. K., and Chiou, T. J. (2013). Nitrogen limitation adaptation, a target
of microRNA827, mediates degradation of plasma membrane-localized
phosphate transporters to maintain phosphate homeostasis in Arabidopsis. Plant
Cell, 25(10): 4061-4074.

Liu, F., Changa, X.-J., Yea, Y., Xiea, W.-B., Wub, P., and Lian, X.-M. (2011).
Comprehensive Sequence and Whole-Life-Cycle Expression Profile Analysis
of the Phosphate Transporter Gene Family in Rice. Molecular Plant, 4(6):
1105-1122.

Liu, F., Wang, Z., Ren, H., Shen, C., Li, Y., Ling, H. Q., Wu, C., Lian, X., and Wu, P.
(2010). OsSPX1 suppresses the function of OsPHR2 in the regulation of
expression of OsPT2 and phosphate homeostasis in shoots of rice. Plant
Journal, 62(3): 508-517.

Liu, F., Xu, Y., Jiang, H., Jiang, C., Du, Y., Gong, C., Wang, W., Zhu, S., Han, G., and
Cheng, B. (2016). Systematic Identification, Evolution and Expression
Analysis of the Zea mays PHT1 Gene Family Reveals Several New Members
Involved in Root Colonization by Arbuscular Mycorrhizal Fungi. International
Journal of Molecular Sciences, 17(930): 1-18.

Liu, P., Chen, S., Song, A., Zhao, S., Fang, W., Guan, Z., Liao, Y., Jiang, J., and Chen,
F. (2014). A putative high affinity phosphate transporter, CmPT1, enhances
tolerance to Pi deficiency of chrysanthemum. BMC Plant Biology, 14(18): 1-9.

59



Liu, T.-Y., Huang, T.-K., Yang, S.-Y., Hong, Y.-T., Huang, S.-M., Wang, F.-N., Chiang,
S.-F., Tsai, S.-Y., Lu, W.-C., and Chiou, T.-J. (2016). Identification of plant
vacuolar transporters mediating phosphate storage. Nature Communications,
7(11095): 1-11.

Lopez-Arredondo, D. L., and Herrera-Estrella, L. (2012). Engineering phosphorus
metabolism in plants to produce a dual fertilization and weed control system.
Nature Biotechnology, 30: 889-893.

Loth-Pereda, V., Orsini, E., Courty, P. E., Lota, F., Kohler, A., Diss, L., Blaudez, D.,
Chalot, M., Nehls, U., Bucher, M., and Martin, F. (2011). Structure and
expression profile of the phosphate Phtl transporter gene family in mycorrhizal
Populus trichocarpa. Plant Physiology, 156(4): 2141-2154.

Lynch, J. P. (2011). Root Phenes for Enhanced Soil Exploration and Phosphorus
Acquisition: Tools for Future Crops. Plant Physiology, 156: 1041-1049.

Manaf, N. A., and Ibrahim, K. (2017). Poverty Reduction for Sustainable Development:
Malaysia\'s Evidence-Based Solutions. Global Journal of Social Sciences
Studies, 3(1): 29-42.

Masli, D. I. A, Kadir, A. P. G., and Yunus, A. M. M. (2009). Transformation of oil palm
using Agrobacterium tumefaciens. Journal of Oil Palm Research, 21: 643-652.

Mba, O. I., Dumont, M.-J., and Ngadi, M. (2015). Palm oil: Processing, characterization
and utilization in the food industry — A review. Food Bioscience, 10: 26-41.

Mimura, T., Dietz, K. J., Kaiser, W., Schramm, M. J., Kaiser, G., and Heber, U. (1990).
Phosphate transport across biomembranes and cytosolic phosphate homeostasis
in barley leaves. Planta, 180: 139-146.

Mtodzinska, E., and Zboinska, M. (2016). Phosphate Uptake and Allocation - A Closer
Look at Arabidopsis thaliana L. and Oryza sativa L. Frontiers in Plant Science,
7:1-19.

Mohidin, H., Hanafi, M. M., Rafii, Y. M., Abdullah, S. N. A., Idris, A. S., Man, S., Idris,
J., and Sahebi, M. (2015). Determination of optimum levels of nitrogen,
phosphorus and potassium of oil palm seedlings in solution culture. Bragantia,
T4(3): 247-254.

Morcuende, R., Bari, R., Gibon, Y., Zheng, W., Pant, B. D., Bl&sing, O., Usadel, B.,
Czechowski, T., Udvardi, M. K., Stitt, M., and Scheible, W. R. (2007).
Genome-wide reprogramming of metabolism and regulatory networks of
Arabidopsis in response to phosphorus. Plant, Cell & Environment, 30: 85-112.

MPOB. (2020). Overview of the Malaysian Oil Palm Industry 2019. Retrieved from
http://bepi.mpob.gov.my/index.php/en/

MPOB. (2019). Overview of the Malaysian Oil Palm Industry 2018. Retrieved from
http://bepi.mpob.gov.my/index.php/en/

60



Muchhal, U. S., Pardo, J. M., and Raghothama, K. G. (1996). Phosphate transporters
from the higher plant Arabidopsis thaliana. Proceedings of the National
Academy of Sciences, 93: 10519-10523.

Mudge, S. R., Rae, A. L., Diatloff, E., and Smith, F. W. (2002). Expression analysis
suggests novel roles for members of the Phtl family of phosphate transporters
in Arabidopsis. The Plant Journal, 31(3): 341-353.

Mutsaers, H. J. W. (2019). The challenge of the oil palm: Using degraded land for its
cultivation. Outlook on Agriculture, 48(3): 190-197.

Myzabella, N., Fritschi, L., Merdith, N., EI-Zaemey, S., Chih, H. J., and Reid, A. (2019).
Occupational Health and Safety in the Palm Qil Industry: A Systematic Review.
International Journal of Occupational and Environmental Medicine, 10: 159-
173.

Nakamura, Y. (2013). Phosphate starvation and membrane lipid remodeling in seed
plants. Progress in Lipid Research, 52: 43-50.

Nelson, B., Kurischko, C., Horecka, J., Mody, M., Nair, P., Pratt, L., Zougman, A.,
McBroom, L. D., Hughes, T. R., Boone, C., and Luca, F. C. (2003). RAM: a
conserved signaling network that regulates Ace2p transcriptional activity and
polarized morphogenesis. Molecular Biology Cell, 14(9): 3782-3803.

Ng, M. H., and Choo, Y. M. (2016). Improved Method for the Qualitative Analyses of
Palm Oil Carotenes Using UPLC. Journal of Chromatographic Science, 54(4):
633-638.

Ng, S. K. (2002). Nutrition and Nutrient Management of the Oil Palm — New Thrust for
the Future Perspective. Paper presented at the Potassium for Sustainable Crop
Production. International Symposium on Role of Potassium in India, Potash
Researchlinstitute of India, and International Potash Institute, New Delhi.

Nilsson, L., Lundmark, M., Jensen, P. E., and Nielsen, T. H. (2012). The Arabidopsis
transcription factor PHR1 is essential for adaptation to high light and retaining
functional photosynthesis during phosphate starvation. Physiologia Plantarum,
144: 35-47.

Noh, A., Rafii, M. Y., Saleh, G., Kushairi, A., and Latif, M. A. (2012). Genetic
Performance and General Combining Ability of Oil Palm Deli dura x AVROS
pisifera Tested on Inland Soils. The Scientific World Journal, 3: 1-8.

Nihse, T. S., Stensballe, A., Jensen, O. N., and Peck, S. C. (2004). Phosphoproteomics
of the Arabidopsis Plasma Membrane and a New Phosphorylation Site
Database. The Plant Cell, 16: 2394-2405.

Nurniwalis, A. W., Zubaidah, R., Siti Nor Akmar, A., Zulkifli, H., Mohamad Arif, M.
A., Massawe, F. J., Chan, K. L., and Parveez, G. K. A. (2015). Genomic
structure and characterization of a lipase class 3 gene and promoter from oil
palm. Biologia Plantarum, 59(2): 227-236.

61



Nussaume, L., Kanno, S., Javot, H., Marin, E., Pochon, N., Ayadi, A., Nakanishi, T. M.,
and Thibaud, M.-C. (2011). Phosphate import in plants: focus on the PHT1
transporters. Frontiers in Plant Science, 2(83): 1-12.

Obidzinski, K., Andriani, R., Komarudin, H., and Andrianto, A. (2012). Environmental
and Social Impacts of Oil Palm Plantations and their Implications for Biofuel
Production in Indonesia. Ecology and Society, 17(1): 1-19.

Padfield, R., Hansen, S., Davies, Z. G., Ehrensperger, A., Slade, E. M., Evers, S.,
Papargyropoulou, E., Bessou, C., Abdullah, N., Page, S., Ancrenaz, M., Aplin,
P., Dzulkafli, S. B., Barclay, H., Chellaiah, D., Choudhary, S., Conway, S.,
Cook, S., Copeland, A., Campos-Arceiz, A., Deere, N. J., Drew, S., Gilvear, D.,
Gray, R., Haller, T., Hood, A. S-C., Huat, L. K., Huynh, N., Kangayatkarasu,
N., Koh, L. P., Kolandai, S. K., Lim, R. A. H., Yeong, K. L., Lucey, J. M., Luke,
S. H., Mitchell, S. L., Montefrio, M. J., Mullin, K., Nainar, A., Nekaris, K. A-
L., Nijman, V., Nunes, M., Nurhidayu, S., O’Reilly, P., Puan, C. L., Ruppert,
N., Salim, H., Schouten, G., Tallontire, A., Smith, T. E. L., Tao, H-H., Tham,
M. H., Varkkey, H., Wadey, J., Yule, C. M., Azhar, B., Sayok, A. K,
Vairappan, C., Bicknell, J. E., and Struebig, M. J. (2019). Co-producing a
Research Agenda for Sustainable Palm Qil. Frontiers in Forests and Global
Change, 2(13): 1-17.

Pant, B. D., Pant, P., Erban, A., Huhman, D., Kopka, J., and Scheible, W.-R. (2015a).
Identification of primary and secondary metabolites with phosphorus status-
dependent abundance in Arabidopsis, and of the transcription factor PHR1 as a
major regulator of metabolic changes during phosphorus limitation. Plant, Cell
and Environment, 38: 172-187.

Pant, B. D., Burgos, A., Pant, P., Cuadros-Inostroza, A., Willmitzer, L., and Scheible,
W.-R. (2015b). The transcription factor PHR1 regulates lipid remodeling and
triacylglycerol accumulation in Arabidopsis thaliana during phosphorus
starvation. Journal of Experimental Botany, 66(7): 1907-1918.

Paszkowski, U., Kroken, S., Roux, C., and Briggs, S. P. (2002). Rice phosphate
transporters include an evolutionarily divergent gene specifically activated in
arbuscular mycorrhizal symbiosis. PNAS, 99(20): 13324-13329.

Phosri, C., Rodriguez, A., Sanders, 1. R., and Jeffries, P. (2010). The role of mycorrhizas
in more sustainable oil palm cultivation. Agriculture, Ecosystems &
Environment, 135(3): 187-193.

Pirker, J., Mosnier, A., Kraxner, F., Havlik, P., and Obersteiner, M. (2016). What are the
limits to oil palm expansion? Global Environmental Change, 40: 73-81.

Poirier, Y., and Bucher, M. (2002). Phosphate transport and homeostasis in Arabidopsis.
The Arabidopsis Book/American Society of Plant Biologists, 1: 1-35.

Poirier, Y., and Jung, J.-Y. (2015). Phosphate Transporters. In W. C. Plaxton and H.

Lambers (Eds.), Annual Plant Reviews Volume 48: Phosphorus Metabolism in
Plants (Vol. 48, pp. 125-147). New Jersey: John Wiley & Sons.

62



Prescott, A., and Martin, C. (1987). A Rapid Method for the Quantitative Assessment of
Levels of Specific mMRNAS in Plants. Plant Molecular Biology Reporter, 4(4):
219-224.

Prokurat, S. (2013). Palm oil - strategic source of renewable energy in Indonesia and
Malaysia. Journal of Modern Science, 18(3): 425-443.

Purnomo, H., Okarda, B., Dermawan, A., Ilham, Q. P., Pacheco, P., Nurfatriani, F., and
Suhendang, E. (2020). Reconciling oil palm economic development and
environmental conservation in Indonesia: A value chain dynamic approach.
Forest Policy and Economics, 111: 1-12.

Qin, L., Guo, Y., Chen, L., Liang, R., Gu, M., Xu, G., Zhao, J., Walk, T. & Liao, H.
(2012). Functional characterization of 14 Phtl family genes in yeast and their
expressions in response to nutrient starvation in soybean. PLoS One, 7(10): 1-
10.

Qundan, L., Yongjia, Z., Yuguang, W., Zhiye, W., Li, Z., Jing, S., Zhongchang, W., Yu,
L., Chuanzao, M., Yi, K., and Ping, W. (2014). SPX4 Negatively Regulates
Phosphate Signaling and Homeostasis through Its Interaction with PHR2 in
Rice. Plant Cell, 26(4): 1586-1597.

Raghothama, K. G. (1999). Phosphate acquisition. Annual Review of Plant Physiology
and Plant Molecular Biology, 50: 665-693.

Rausch, C., Zimmermann, P., Amrhein, N., and Bucher, M. (2004). Expression analysis
suggests novel roles for the plastidic phosphate transporter Pht2;1 in auto- and
heterotrophic tissues in potato and Arabidopsis. The Plant Journal, 39: 13-28.

Reimer, R. J., and Edwards, R. H. (2004). Organic anion transport is the primary function
of the SLC17/type | phosphate transporter family. Pflligers Archiv — European
Journal of Phsiology, 447: 629-635.

Ren, F., Guo, Q. Q., Chang, L. L., Chen, L., Zhao, C. Z., Zhong, H., and Li, X. B. (2012).
Brassica napus PHR1 gene encoding a MY B-like protein functions in response
to phosphate starvation. PLoS One, 7(8): 1-14.

Richardson, A. E. (2009). Regulating the phosphorus nutrition of plants: molecular
biology needing agronomic needs. Plant and Soil, 322: 17-24.

Rodriguez, H., and Fraga, R. (1999). Phosphate solubilizing bacteria and their role in
plant growth promotion. Biotechnology Advances, 17: 319-339.

Rouached, H., Secco, D., Arpat, B., and Poirier, Y. (2011). The transcription factor
PHRL1 plays a key role in the regulation of sulfate shoot-to-root flux upon
phosphate starvation in Arabidopsis. BMC Plant Biology, 11(19): 1-10.

Ruan, W., Guo, M., Wu, P., and Yi, K. (2017). Phosphate starvation induced OsPHR4

mediates Pi-signaling and homeostasis in rice. Plant Molecular Biology, 93(3):
327-340.

63



Rubio, V., Linhares, F., Solano, R., Martin, A. C., Iglesias, J., Leyva, A., and Paz-Avres,
J. (2001). A conserved MYB transcription factor involved in phosphate
starvation signaling both in vascular plants and in unicellular algae. Genes &
Development, 15: 2122-2133.

Sambrook, J., and Russell, R.W. (2001). Molecular cloning: A laboratory manual (3rd
ed.). New York: Cold Spring Harbor Laboratory Press.

Saswattecha, K., Kroeze, C., Jawjit, W., and Hein, L. (2015). Assessing the
environmental impact of palm oil produced in Thailand. Journal of Cleaner
Production, 100: 150-169.

Schachtman, D. P., Reid, R. J., and Ayling, S. M. (1998). Phosphorus uptake by plants:
from soil to cell. Plant Physiology, 116: 447-453.

Scheible, W.-R., and Rojas-Triana, M. (2015). Sensing, Signalling, and Control of
Phosphate Starvation in Plants: Molecular Players and Applications. In W. C.
Plaxton and H. Lambers (Eds.), Annual Plant Reviews Volume 48: Phosphorus
Metabolism in Plants (Vol. 48, pp. 25-48). New Jersey: John Wiley & Sons.

Schunmann, P. H. D., Richardson, A. E., Smith, F. W., and Delhaize, E. (2004).
Characterization of promoter expression patterns derived from the Phtl
phosphate transporter genes of barley (Hordeum vulgare L.). Journal of
Experimental Botany, 55(398): 855-865.

Secco, D., Wang, C., Arpat, B. A., Wang, Z., Pairier, v., Tyerman, S. D., Wu, P., Shou,
H., and Whelan, J. (2011). The emerging importance of the SPX domain-
containing proteins in phosphate homeostasis. New Phytologist, 193: 842-851.

Senawi, R., Rahman, N. K., Mansor, N., and Kuntom, A. (2019). Transformation of Oil
Palm Dependent Smallholders Through Malaysian Sustainable Palm Oil.
Journal of Oil Palm Research, 31(3): 496-507.

Shane, M. W., McCully, M. E., and Lambers, H. (2004). Tissue and cellular phosphorus
storage during development of phosphorus toxicity in Hakea prostrate
(Proteaceae). Journal of Experimental Botany, 55(399): 1033-1044.

Shevade, V. S., and Loboda, T. V. (2019). Qil palm plantations in Peninsular Malaysia:
Determinants and constraints on expansion. PLoS ONE, 14(2): 1-22.

Shin, H., Shin, H. S., Dewbre, G. R., and Harrison, M. J. (2004). Phosphate transport in
Arabidopsis: Pht1;1 and Pht1;4 play a major role in phosphate acquisition from
both low- and high-phosphate environments. Plant Journal, 39(4): 629-642.

Shuit, S. H., Tan, K. T., Lee, K. T., and Kamaruddin, A. H. (2009). Qil palm biomass as
a sustainable energy source: A Malaysian case study. Energy, 34(9): 1225-
1235.

Shukla, V., Kaur, M., Aggarwal, S., Bhati, K. K., Kaur, J., Mantri, S., and Pandey, A. K.
(2016). Tissue specific transcript profiling of wheat phosphate transporter genes
and its association with phosphate allocation in grains. Scientific Reports, 6: 1-
12.

64



Simpson, R. J., Oberson, A., Culvenor, R. A., Ryan, M. H., Veneklaas, E. J., Lambers,
H., Lynch, J. P., Ryan, P. R., Delhaize, E., Smith, F. A,, Smith, S. E., Harvey,
P. R., and Richardson, A. E. (2011). Strategies and agronomic interventions to
improve the phosphorus-use efficiency of farming systems. Plant Soil, 349: 89—
120.

Singh, B., and Satyanarayana, T. (2011). Microbial phytases in phosphorus acquisition
and plant growth promotion. Physiology and Molecular Biology of Plants,
17(2): 93-103.

Singh, R., Ong-Abdullah, M., Low, E.-T. L., Manaf, M. A. A., Rosli, R., Nookiah, R.,
Ooi, L. C.-L., Ooi, S. E., Chan, K.-L., Halim, M. A., Azizi, N., Nagappan, J.,
Bacher, B., Lakey, N., Smith, S. W., He, D., Hogan, M., Budiman, M. A, Lee,
E. K., DeSalle, R., Kudrna, D., Goicoechea, J. L., A.Wing, R., K.Wilson, R.,
Fulton, R. S., Ordway, J. M., Martienssen, R. A., and Sambanthamurthi, R.
(2013). Qil palm genome sequence reveals divergence of interfertile species in
Old and New Worlds. Nature, 500: 335-341.

Smith, A. P., Fontenot, E. B., Zahraeifard, S., and DiTusa, S. F. (2015). Molecular
Components that Drive Phosphorus-Remobilisation During Leaf Senescence.
In W. C. Plaxton and H. Lambers (Eds.), Annual Plant Reviews Volume 48:
Phosphorus Metabolism in Plants (Vol. 48, pp. 159-186). New Jersey: John
Wiley & Sons.

Smith, V. H., and Schindler, D. W. (2009). Eutrophication science: where do we go from
here? Cell Press, 24(4): 201-207.

Sobkowiak, L., Bielewicz, D., Malecka, E. M., Jakobsen, I., Albrechtsen, M.,
Szweykowska-Kulinska, Z., and Pacak, A. (2012). The role of the P1BS
element containing promoter-driven genes in Pi transport and homeostasis in
plants. Frontiers in Plant Science, 3(58): 1-5.

Sulpice, R., Ishihara, H., Schlereth, A., Cawthray, G. R., Encke, B., Giavalisco, P.,
Ivakov, A., Arrivault, S., Jost, R., Krohn, N., Kuo, J., Laliberté, E., Pearse, S.
J., Raven, J. A., Scheible, W.-R., Teste, F., Veneklaas, E. J., Stitt, M., and
Lambers, H. (2014). Low levels of ribosomal RNA partly account for the very
high photosynthetic phosphorus-use efficiency of Proteaceae species. Plant,
Cell and Environment, 37: 1276-1298.

Sun, L., Song, L., Zhang, Y., Zheng, Z., and Liu, D. (2016). Arabidopsis PHL2 and
PHR1 Act Redundantly as the Key Components of the Central Regulatory
System Controlling Transcriptional Responses to Phosphate Starvation. Plant
Physiology, 170(1): 499-514.

Sundram, K., French, M. A., and Clandinin, M. T. (2003). Exchanging partially
hydrogenated fat for palmitic acid in the diet increases LDL-cholesterol and
endogenous cholesterol synthesis in normocholesterolemic women. European
Journal of Nutrition, 42: 188-189.

65



Sundram, S., Angel, L. P. L., and Sirajuddin, S. A. (2019). Integrated Balanced Fertiliser
Management in Soil Health Rejuvenation for a Sustainable Oil Palm
Cultivation: A Review. Journal of Qil Palm Research, 31(3): 348-363.

Tan, N. P., Zaharah, A. R., Siti Nor Akmar, A., and Jamaluddin, N. (2010). Evaluating
the Variability of Gafsa Phosphate Rock Uptake by Oil Palm Genotypes at
Nursery Stage. Pertanika Journal of Tropical Agricultural Science, 33(2): 223-
231.

Tang, K. H. D., and Qahtani, H. M. S. (2019). Sustainability of oil palm plantations in
Malaysia. Environment, Development and Sustainability, 21(5): 1-25.

Travers, A., and Muskhelishvili, G. (2015). DNA structure and function. FEBS Journal,
282(12): 2279-2295.

Ullrich-Eberius, C. 1., Novacky, A., and van Bel, A. J. E. (1984). Phosphate uptake in
Lemna gibba G1: energetics and kinetics. Planta, 161: 46-52.

Valdes-Lopez, O., Arenas-Huertero, C., Ramirez, M., Girard, L., Sanchez, F., Vance, C.
P., Luis Reyes, J., and Hernandez, G. (2008). Essential role of MYB
transcription factor: PvPHR1 and microRNA: PvmiR399 in phosphorus-
deficiency signalling in common bean roots. Plant, Cell and Environment,
31(12): 1834-1843.

Vance, C. P. (2001). Symbiotic Nitrogen Fixation and Phosphorus Acquisition. Plant
Nutrition in a World of Declining Renewable Resources. Plant Physiology,
127(2): 390-397.

Vandesompele, J., Preter, K. D., Pattyn, F., Poppe, B., Roy, N. V., Paepe, A. D., and
Speleman, F. (2002). Accurate Normalization of Real-Time Quantitative RT-
PCR Data by Geometric Averaging of Multiple Internal Control Genes.
Genome Biology, 3(7): 1-12.

Veneklaas, E. J., Lambers, H., Bragg, J., Finnegan, P. M., Lovelock, C. E., Plaxton, W.
C., Price, C. A., Scheible, W. R., Shane, M. W., White, P. J., and Raven, J. A.
(2012). Opportunities for improving phosphorus-use efficiency in crop plants.
New Phytologist, 195(2): 306-320.

Walder, F., Brule, D., Koegel, S., Wiemken, A., Boller, T., and Courty, P. E. (2015).
Plant phosphorus acquisition in a common mycorrhizal network: regulation of
phosphate transporter genes of the Phtl family in sorghum and flax. New
Phytologist, 205(4): 1632-1645.

Wang, D., Lv, S, Jiang, P., and Li, Y. (2017). Roles, Regulation, and Agricultural
Application of Plant Phosphate Transporters. Frontiers in Plant Science, 8: 1-
14.

Wang, J., Sun, J., Miao, J., Guo, J., Shi, Z., He, M., Chen, Y., Zhao, X., Li, B., Han, F.,
Tong, Y., and Li, Z. (2013). A phosphate starvation response regulator Ta-
PHRL1 is involved in phosphate signalling and increases grain yield in wheat.
Annals of Botany, 111(6): 1139-1153.

66



Wang, X., Bai, J., Liu, H., Sun, Y., Shi, X., and Ren, Z. (2012). Overexpression of a
Maize Transcription Factor ZmPHR1 Improves Shoot Inorganic Phosphate
Content and Growth of Arabidopsis under Low-Phosphate Conditions. Plant
Molecular Biology Reporter, 31(3): 665-677.

Wang, X., Wang, Y., Pineros, M. A., Wang, Z., Wang, W., Li, C., Wu, Z., Kochian, L.
V., and Wu, P. (2014). Phosphate transporters OsPHT1;9 and OsPHT1;10 are
involved in phosphate uptake in rice. Plant Cell Environment, 37(5): 1159-
1170.

Wang, Z., Zheng, Z., Song, L., and Liu, D. (2018). Functional Characterization of
Avrabidopsis PHL4 in Plant Response to Phosphate Starvation. Frontiers in
Plant Science, 9: 1-19.

Weirich, C. A,, and Miller, T. R. (2014). Freshwater harmful algal blooms: toxins and
children’s health. Current Problems in Pediatric and Adolescent Health Care,
44 2-24.

Wissuwa, M., Gamat, G., and Ismail, A. M. (2005). Is root growth under phosphorus
deficiency affected by source or sink limitations? Journal of Experimental
Botany, 56: 1943-1950.

Wu, S. J., and Ng, L. T. (2007). Antioxidant and Antihepatoma Activities of Palm Qil
Extract. Journal of Food Lipids, 14: 122-137.

Wykoff, D. D., Grossman, A. R., Weeks, D. P., Usuda, H., and Shimogawara, K. (1999).
Psrl, a nuclear localized protein that regulates phosphorus metabolism in
Chlamydomonas. PNAS, 96(26): 15336-15341.

Xie, X., Huang, W., Liu, F., Tang, N., Liu, Y., Lin, H., and Zhao, B. (2013). Functional
analysis of the novel mycorrhiza-specific phosphate transporter AsPT1 and
PHT1 family from Astragalus sinicus during the arbuscular mycorrhizal
symbiosis. New Phytologist, 198: 836-852.

Xue, Y. B., Xiao, B. X., Zhu, S. N., Mo, X. H., Liang, C. Y., Tian, J., Liao, H., and
Miriam, G. (2017). GmPHR25, a GmPHR member up-regulated by phosphate
starvation, controls phosphate homeostasis in soybean. Journal of Experimental
Botany, 68(17): 4951-4967.

Yadav, V., Kumar, M., Deep, D. K., Kumar, H., Sharma, R., Tripathi, T., Tuteja, N.,
Saxena, A. K., and Johri, A. K. (2010). A Phosphate Transporter from the Root
Endophytic Fungus Piriformospora indica Plays a Role in Phosphate Transport
to the Host Plant. The Journal of Biological Chemistry, 285(34): 26532—-26544.

Yang, X. J., and Finnegan, P. M. (2010). Regulation of phosphate starvation responses
in higher plants. Annals of Botany, 105(4): 513-526.

Ye, Y., Yuan, J., Chang, X., Yang, M., Zhang, L., Lu, K., and Lian, X. (2015). The
Phosphate Transporter Gene OsPht1;4 Is Involved in Phosphate Homeostasis in
Rice. PLoS One, 10(5): 1-15.

67



Zen , Z., Barlow, C., Gondowaristo, R., and McCarthy, J. F. (2016). Interventions to
promote smallholder oil palm and socio-economic improvements in Indonesia.
In Cramb, R., and McCarthy, J. F. (Eds.), The Oil Palm Complex: Smallholders,
Agribusiness and the State in Indonesia and Malaysia (78-108). Singapore:
NUS Press.

Zhang, F., Sun, Y., Pei, W., Jain, A, Sun, R., Cao, Y., Wu, X,, Jiang, T., Zhang, L., Fan,
X., Chen, A, Shen, Q., Xu, G., and Sun, S. (2015). Involvement of OsPht1;4 in
phosphate acquisition and mobilization facilitates embryo development in rice.
Plant Journal, 82(4): 556-569.

Zhang, F., Wu, X.-N., Zhou, H.-M., Wang, D.-F., Jiang, T.-T., Sun, Y.-F., Cao, Y., Pei,
W.-X., Sun, S.-B., and Xu, G.-H. (2014). Overexpression of rice phosphate
transporter gene OsPT6 enhances phosphate uptake and accumulation in
transgenic rice plants. Plant Soil, 384: 259-270.

Zhang, J., Zhou, X., Xu, Y., Yao, M., Xie, F., Gai, J., Li, Y., and Yang, S. (2016).
Soybean SPX1 is an important component of the response to phosphate
deficiency for phosphorus homeostasis. Plant Science, 248: 82-91.

Zhao, L., Versaw, W. K., Liu, J., and Harrison, M. J. (2003). A phosphate transporter
from Medicago truncatula is expressed in the photosynthetic tissues of the plant
and located in the chloroplast envelope. New Phytologist, 157: 291-302.

Zhou, J., Jiao, F., Wu, Z., Li, Y., Wang, X., He, X., Zhong, W., and Wu, P. (2008).
OsPHR2 is involved in phosphate-starvation signaling and excessive phosphate
accumulation in shoots of plants. Plant Physiology, 146(4): 1673-1686.

Zhu, W., Miao, Q., Sun, D., Yang, G., Wu, C., Huang, J., and Zheng, C. (2012). The
Mitochondrial Phosphate Transporters Modulate Plant Responses to Salt Stress
via Affecting ATP and Gibberellin Metabolism in Arabidopsis thaliana. PLoS
One, 7(8): 1-10.

68



BIODATA OF STUDENT

Muhammad Lugman bin Hamzah was born on 11" January 1993 in Tawau, Sabah. The
third from six siblings, he received his early education at TASKI ABIM Seksyen 28,
Shah Alam in 1999. Then he entered his primary schools at Sekolah Kebangsaan Taman
Alam Megah from 2000 to 2002 and Sekolah Kebangsaan Puncak Alam from 2003 to
2005. He also received his Islamic primary education at KAFA Integrasi As-Sufla from
2000 to 2002 and KAFA Integrasi Puncak Alam from 2003 to 2005. He continued his
secondary education at Sekolah Menengah Kebangsaan Puncak Alam from 2006 until
2010. He then pursued his study at Kolej Matrikulasi Pulau Pinang from 2011 to 2012.
In 2012, he continued his tertiary education at Universiti Sains Malaysia (USM) and
successfully graduated with a Bachelor Degree (Honours) in Plant Science in 2015. At
USM, he also joined Reserve Officers Training Units and commissioned as Young
Officer of Territorial Army Regiment in 2015. In 2016, he enrolled as a full-time Master
candidate in the field of Plant Biotechnology at Universiti Putra Malaysia.

92



LIST OF PUBLICATIONS

Journals

Ahmadi, F., Abdullah, S. N. A., Kadkhodaei, S., ljab, S. M., Hamzah, L., Aziz, M. A,
Rahman, Z. A., and Alwee, S. S. R. S. (2018). Functional characterization of
the gene promoter for an Elaeis guineensis phosphate starvation-inducible, high
affinity phosphate transporter in both homologous and heterologous model
systems. Plant Physiology and Biochemistry, 127: 320-335.

Hamzah, M. L., Abdullah, S. N. A., and Azzeme, A. M. (2021). Genome-wide
molecular characterization of Phosphate Transporter 1 and Phosphate
Starvation Response gene families in Elaeis guineensis Jacg. and their
transcriptional response under different levels of phosphate starvation. Acta
Physiologiae Plantarum, 43(113): 1-15.

Poster Paper Presentations

Hamzah, M. L., Abdullah, S. N. A,, and Azzeme, A. M. (2017). Transcriptional
Regulation of PHT 1 Involved in Phosphate Deficiency Response in Oil Palm.
Paper presented at the International Conference on Big Data Applications in
Agriculture, Serdang.

Hamzah, M. L., Abdullah, S. N. A., and Azzeme, A. M. (2018). Identification of
Transcription Factors Involve in Phosphate Deficiency Response in Qil Palm.
Paper presented at the International Conference on Comparative Genomics and
Interactomics for Agriculture, Serdang.

93



E]I]IIZI

UNIVERSIYI PUYRA MALAVSIA

E

UNIVERSITI PUTRA MALAYSIA

STATUS CONFIRMATION FOR THESIS / PROJECT REPORT
AND COPYRIGHT

ACADEMIC SESSION : Second Semester 2020/2021

TITLE OF THESIS / PROJECT REPORT :

MOLECULAR CHARACTERISATION AND EXPRESSION PROFILES OF
PHOSPHATE-DEFICIENCY INDUCIBLE PHOSPHATE TRANSPORTER 1
AND PHOSPHATE STARVATION RESPONSE GENE FAMILIES IN Elaeis
quineensis Jacq.

NAME OF STUDENT :

MUHAMMAD LUQMAN BIN HAMZAH (GS45596)

| acknowledge that the copyright and other intellectual property in the
thesis/project report belonged to Universiti Putra Malaysia and | agree to allow
this thesis/project report to be placed at the library under the following terms:

1. This thesis/project report is the property of Universiti Putra Malaysia.

2. The library of Universiti Putra Malaysia has the right to make copies for
educational purposes only.

3. The library of Universiti Putra Malaysia is allowed to make copies of this thesis
for academic exchange.

| declare that this thesis is classified as:
*Please tick (V)

CONFIDENTIAL (Contain confidential information under Official
Secret Act 1972).

RESTRICTED (Contains restricted information as specified by
the organization/institution where research was
done).

OPEN ACCESS | agree that my thesis/project report to be

Juu

published as hard copy or online open access.



This thesis is submitted for:

@ PATENT Embargo from until
(date)

(date)
Approved by:
(Signature of Student) (Signature of Chairman
New IC No/ Passport No.: of Supervisory Committee)
Name:
Date :
Date :

[Note : If the thesis is CONFIDENTIAL or RESTRICTED, please attach with
the letter from the organization/institution with period and reasons for
confidentially or restricted. ]





