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ABSTRACT

The sago palm (Metroxylon sagu Rottb.) is an indigenous plant in Papua New Guinea, Indonesia, Malaysia, and
Thailand. It provides substantial needs to the locals, especially through the starch it produces in its trunk.
Exhibiting remarkable adaptability, this palm can thrive in challenging environments like swamps and peat soils.
This paper provides an overview of the molecular methods previously utilised to decipher the genes responsible
conferring the characteristics of sago palm molecular techniques employed to investigate M. sagu molecular properties
include molecular markers, genome walking, rapid amplification of cDNA ends (RACE), polymerase chain reaction
(PCR) and sequencing. Additionally, this article presents other molecular techniques that can be applied to M. sagu
for future crop breeding.

Keywords: Gene expression; genome assembly; Metroxylon sagu; non-trunking; trunking

ABSTRAK

Pokok sagu (Metroxylon sagu Rottb.) adalah tumbuhan asli di Papua New Guinea, Indonesia, Malaysia dan
Thailand. Pokok sagu ini sangat berguna kepada masyarakat tempatan dengan menyediakan keperluan hidup
terutamanya tepung sagu yang dihasilkan dalam batang tumbuhan unik ini. Memiliki daya penyesuaian yang tinggi,
pokok sagu boleh hidup pada persekitaran yang mencabar seperti tanah paya dan tanah gambut. Kertas ini merumuskan
teknik molekul yang pernah digunakan untuk mempelajari dan mentafsir gen yang bertanggungjawab terhadap ciri
pokok sagu. Antara teknik molekul diaplikasikan ialah penitian genom; kandungan cDNA amplifikasi pantas (RACE);
tindak balas berantai polimerase dan teknik penjujukan.

Kata kunci: Berbatang; himpunan genom; Metroxylon sagu; pengekspresan gen; tak berbatang

INTRODUCTION

The sago palm (Metroxylon sagu) is a monocot, suckers-
producing, and hapaxanthic plant in the Arecaceae
family (Flach 1997). Distributed globally across Southeast
Asia, Oceania, and India, this palm is an important
socioeconomic crop in Southeast Asia by providing
essential needs such as food security, building materials,
and farm feeds to the locals. This palm’s robustness
makes it thrive in tough environments such as peat soils
and swamps (Bintoro et al. 2018). Global distribution
estimated at 6.5 million hectares, Papua New Guinea
(PNG) and Seram Island of Maluku, Indonesia, are
acknowledged as the centre of palm diversity (Ellen 2006;

Flach 1997). The sago palm is known for its remarkable
starch productivity, is highly valued as a cash crop in
countries where it thrives. The palm stores starch in its
trunk and can yield up to 24 metric tonnes (MT) of starch
per hectare annually, surpassing other significant starch-
producing crops like rice (6 MT/ha/year), maize (5.5 MT/
ha/year), wheat (5 MT/ha/year), and potato (2.5 MT/ha/
year) (Ahmad et al. 2022). In the past, sago starch was
significant as a staple food and a valuable trade commodity
in the Malay Archipelago (Tan 1983). People commonly
consume sago starch in the form of a glue-like mass or
modified into various confectionary products (Hirao et al.
2018; Nishimura 2018). Notably, sago starch is also found
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beyond Southeast Asia in countries like Japan and Taiwan
as the main ingredient to prepare noodles and dumplings
(Hirao et al. 2018), and sago-based sugar product as an
alternative to sugar cane (Bujang 2018).

In the event of crop failure brought on by disease
or climatic change, M. sagu is a promising crop to
supplement other starch-producing crops because of
its adaptability, minimal maintenance needs and high
starch yield (Ellen 2006). Presently, Sarawak, a state
in Malaysia, is the largest sago starch producer of the
country (Lim, Chung & Hussain 2020b). However,
large-scale cultivation of this unique palm is hindered
by the prolonged maturation period and the occurrence
of non-trunking palms, a condition where the affected
palm appear stunted and no trunk development (Novero
2012; Yong et al. 2018). Recognising the importance of
M. sagu in combating hunger, the Food and Agriculture
Organisation (FAO) has urged extensive research on
this crop to facilitate further development of this often-
overlooked plant. Compared to other palm families, M.
sagu has received less attention in scientific research.
However, it is essential to include M. sagu in the global
food security plan to meet future food security needs
while discovering more about this distinctive palm species.
This can be done by educating people about the value of
M. sagu and supporting the government’s initiatives to
encourage its cultivation and use. Hence, the information
gained through active molecular studies of this palm will
allow researchers to identify the key genes that result in
higher-yielding sago palm, shorter maturation periods,
better land adaptability, and developing biomarkers to be
used for selection and investigating other physiological
issues such as the non-trunking phenomenon in sago
palm. This article discusses previous molecular studies
conducted on M. sagu and presents future perspectives on
utilising molecular techniques and omics technologies for
knowledge discovery and to enhance breeding strategies
for this palm species.

PHYLOGENETIC STUDIES

The earliest study conducted on the sago palm focused
on its phylogeny that aimed to establish the evolutionary
relationships among different varieties based on their
physical characteristics (Boonsermsuk et al. 1997;
Kjer et al. 2004). However, relying on morphological
features introduced uncertainty and variations to the local
taxonomy. Therefore, it became crucial to accurately
identify specific sago palm varieties, particularly for
breeding purposes, to ensure the sustainable future
production of sago starch. Genotyping studies were
conducted on sago palms to gather data on their
biological diversity and genetic classification, to support
germplasm collection and conservation for future crop
breeding efforts (Pati et al. 2021). The findings of various

phylogenetic studies on sago palms are summarised in
Table 1.

The studies on different morphology presented by
the presence and absence of spines observed on sago
palm trunks and leaf fronds supported Beccari (1918)
to resolve M. rumphii variety. According to Enguito
and Novero (2018), the presence of the spininess on
the sago palms were attributed by cytosine methylation
resulting in mutability of the GC base pair which may
be triggered by environmental stress experienced by
these palms. Meanwhile, regardless of the markers used,
studies in Indonesia reported high levels of variation at
the individual level. The high genetic variation recorded
among wild sago progenies results from self-fertilisation
that occurs in the wild (Abbas et al. 2017). Generally,
these studies supported Flach’s assertion that Papua
is the centre of sago palm diversity and origin, whilst
strongly presented high genetic variation among Papuan
sago palm accession (Abbas et al. 2010). However, the
variety of the sago accessions in these studies was not
mentioned. As for sago palms in Sarawak, they were
suggested to belong to the same variety, M. sagu as the
genotypes were identical (Nisar & Hussain 2022).

GENE CHARACTERISATION STUDY

Gene characterisation studies provide information into
gene structure, function, and unravel their contributions
to biological processes. For gene characterisation studies
for sago palms researchers used several techniques,
such as Rapid Amplification of cDNA Ends (RACE)
and genome walking, to investigate the GA 20-oxidase
gene (GA200x) and alcohol dehydrogenase gene (Adh),
respectively (Jamel et al. 2011; Wee & Roslan 2012).
The gibberellins (GAs) are diterpene plant hormones.
The GA biosynthetic pathway has been elucidated
to regulate higher plant growth and development by
stimulating cell elongation and cell division. To properly
regulate plant growth, it is necessary to identify the genes
that encode enzymes that synthesize GAs (Fukazawa
et al. 2021; Zhang et al. 2022). There are three key
enzymes in GA biosynthesis, namely the GA2-oxidase,
GA3-oxidase, and GA20ox. GA20x is the key enzymes
in GA degradation process meanwhile both GA3o0x and
GA200x are key enzymes in the synthesis process of GA,
loss of function in these key enzymes result in dwarfism
in plants (Withanage et al. 2015). In the study by Jamel
etal. (2011), characterisation of GA200x from sago palm
reported the size of the GA200x is small, measuring 1332
base pairs (bp) including introns and its corresponding
complementary DNA (cDNA) having a length of 1161 bp.
BLAST analysis against the MsGenome20ox from sago
palm showed that it shared 60% similarity with GA200x
gene from Arabidopsis, wheat, and maize (Figure 2).
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_|: M. paulocoxii
M. warburgii 2
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—

FIGURE 1. Cladistic analysis (NJ dendrogram) of Metroxylon genus
based on 5S nuclear ribosomal DNA (nrDNA)
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FIGURE 2. Alignment of the deduced amino acid sequence for sago Ms20ox cDNA with the GA
20-oxidases from other plant species. Shaded regions represent all GA20-oxidases. Dashes are used
to ensure maximum sequence homology. M. s (Ms20ox), T. a (Triticum aestivum), L. p (Lolium
perenne), Z. m (Zea mays), O. s (Oryza sativa), A. t (Arabidopsis thaliana), B. v (Beta vulgaris), S. t
(Solanum tubersosum) and L. s (Lactuca sativa)



Alignment of Ms20ox with GA20o0x protein
sequences of other plants; Triticum aestivum, Lolium
perenne, Zea mays, Oryza sativa, Arabidopsis thaliana,
Beta vulgaris, Solanum tuberosum, and Lactuca sativa
identified several highly conserved motifs, LPWKETLSF,
SLTILHQ, CGYASSF, AFFLCP, YPDFTW, SCLHRAVVN,
TLGTGPHCDP, and HGFF. Motifs such as LPWKETLSF
and NYYPXCQKP are known to be involved in the binding
of GA substrate and the binding of 2-oxoglutarate cofactor
in GA biosynthesis pathway, respectively (Zhou &
Underhill 2015). However, the function of other identified
motifs in sago palm GA200x is unknown. Presently, the
herbicides usage is heavily relied in agriculture to boost
plant growth and yield products. However, continuous
use of herbicides can lead to detrimental effects to the
environment including herbicide-resistant weeds and
contamination of waterbodies (Abbas et al. 2018).
Meanwhile, bioherbicides, nature-based herbicides
deemed to be the absolute solution to chemical-
based herbicides posed other disadvantages such as
high susceptibility to environmental degradation by
temperature, light, humidity, and microbial activity. Apart
from that, the formulation for natural-based herbicides
is expensive due to complexity to synthesis by chemical
methods (Campos et al. 2023). GA20o0x is responsible
in catalysing the formation of bioactive GA precursors
GA, via the oxidation of GA , at C-20 (Phillips et al.
1995). The level of active GAs in plants is controlled by
GA200x, which affects plant development by changing
the amount of GA200x mRNA in Arabidopsis (Miao et
al. 2010). A common sequence of amino acids is essential
for proper GA biosynthesis. For instance, CsGA1lox/ds
from Cucumis sativa has different amino acids, Phe,,,
Pro, ., and Ser, ,, than the usual ones in GA3ox, Tyr,,,
Met, ., and Thr, . Changing these amino acids to the
normal ones in GA3ox gave CsGAlox/ds the ability
to make active GAs. Also, when the altered CsGAlox/
ds was overexpressed in Arabidopsis, made the plants
grow faster. Moreover, a modified version of GA30x5
that had the same amino acids as CsGAlox/ds could not
turn GA, into GA, showing how important these three
amino acids are for GA 3-oxidase activity (Miao et al.
2010). Therefore, through the determination of the motif
sequence in sago palm may help to accelerate the growth
and increase the yield of the palm as well as the palm
maturity. Another gene isolated and characterised in sago
palm is the alcohol dehydrogenase (Adh) gene (Wee &
Roslan 2012). Adh is an enzyme responsible for various
biological activities, from germination to encountering
plant abiotic stress (Benz, Rhode & Cruzan 2007). Wee
and Roslan (2012) reported the identification of conserved
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amino acid regions located at Cys-48/His-70/Cys-178
and Cys-100/ Cys-103/Cys-106/Cys-114 in sago palm
Adhl (msAdhl). The conserved regions are two zinc-
binding domains were the same as those found in oil palm
(Elaeis guineensis) and Mexican fan palm (Washingtonia
robusta). Additionally, other motifs involved in substrate
binding were also found conserved in msAdh I such as the
amino acid Asp-227 that binds to the adenosine ribose of
coenzyme and amino acids, whereas Phe-93, Leu-57, and
Leu-116 motifs bind to the alcohol substrate. Sequence
homology search of msAdhl using NCBI BLASTX also
show high degree of similarity to other Adh such as oil
palm Adh (91%), followed by maize and rice Adh (87%),
W. robusta AdhB (85%), and Arabidopsis Adh (82%).
Furthermore, MEGALIGN analysis indicated msAdhl
belongs to monocot and is closely related to oil palm
compared to rice and maize (Figure 3) (Wee & Roslan
2012). Likewise, GAs Adh has many roles in plant
development, such as seed and fruit formation. It also
helps plants to confer environmental stresses, such as
salinity, drought, and microbial attack. One of the most
important members of the Adh gene family is Adhl. Study
in various plants such as Vitis vinifera (grapes), Zea mays
(maize), Elaeis guineensis (oil palm), and Arabidopsis
found Adhl enables plants to survive hypoxia during
flooding or waterlogging by switching to anaerobic
respiration (Lim et al. 2023; Shi et al. 2017; Ventura et
al. 2020). Adhl also enhance plant immunity response
against pathogen attacks. A study reported overexpression
of AtAdhl in Arabidopsis increased the transcript levels
of multiple stress-related genes, accumulates soluble
sugars and callose deposition (Shi et al. 2017). Hence,
these studies indicate that Adh [ is important by providing
resistance to plants against both abiotic and biotic stress.
Another gene that has been characterised in sago palm is
fructose-1,6-bisphosphate aldolase (FBAId), which is an
enzyme that catalyses the conversion of D-fructose-1,6-
phosphate (FBP) to D-glyceraldehyde-3-phosphate (G3P)
and dihydroxyacetone phosphate (DHAP) and essential
for glycolysis and gluconeogenesis. Roslan, Hossain and
Gerunsin (2017) isolated and characterises sago palm
FBAId (msFBAId) cDNA. The isolated msFBAld cDNA
has an open reading frame of 1020 bp with 340 predicted
amino acid sequence with a high degree of homology
with ClassI FBAld from other plants. Additional genomic
sequence analysis of msFBAld having a length of 2322
bp, it was determined that the sequence consists of five
exons. Meanwhile, conserved domain analysis of the
active site showed the presence of fifteen amino acids that
are crucial for catalytic activity and phylogenetic analysis
localised msFBAId in the chloroplast (Wee & Roslan
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2012). Homology modelling and Ramachandran plot
generated a molecular 3D structure of msFBAldshowing
a homotetramer structure with a central alpha/beta-TIM-
barrel. The model also shows the presence of a catalytic
dyad, Lys209-Glu167, that could be involved in Schiff’s
base formation and aldol condensation (Figure 4).

COPY NUMBER VARIATION (CNV)

Gene copy number variation (CNV) analysis is another
work that has been undertaken in sago palm. The CNVs,
like single nucleotide polymorphisms (SNPs), are
significant for understanding genomic variability and
are thought to be involved in the long-term evolution
of plant adaptation to its environment (Dolatabadian et
al. 2017), stress tolerance (Prunier et al. 2019; Sieber et
al. 2016), and disease resistance (Boocock et al. 2015;
Wei, Chen & Kuang 2016). Lim, Chung and Hussain

(2020b) studied the organellar genome copy number
using using combinatorial approach of the long-PCR and
gPCR across different organs, growth stages, phenotypes,
and localities in Sarawak. By emulating combinatorial
approached utilised by Kumar, Oldenburg andBendich
(2014) to overcome miscalculation pose by long-PCR and
qPCR, the higher ratio of long-PCR/qPCR provides higher
levels of unimpeded DNA. Lim, Chung and Hussain
(2020b) found mature leaf attained the highest unimpeded
plastome and mitogenome copy number compared to
other organs such as young and mature roots, aged leaf,
and pneumatophore. Across the growth stages, namely
Plawei, Plawei Manit, Bubul, Angau Muda, and Angau
Tua, the second growth stage, Plawei Manit scored the
highest unimpeded plastome and mitogenome copy
number. As for the phenotypic study, the non-trunking and
spiny sago palms recorded low organellar genome copy
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O. sativa
-Z. mavs
85.2]
W. robusta

100]
74.5

b A. thaliana

D. mel

68.6, H. sapiens
| —92(’E5 caballus
M. musculus

100,

B. cereus

116,

S. cerevisiae

T T T
100 80 60

T T T
40 20 0

Amino acid substitutions (x100)
Bootstrap trials = 1000, seed = 111

FIGURE 3. Phylogenetic tree of msAdhl of sago palm constructed using
clustal method based on amino acid similarities

FIGURE 4. Molecular modeled structure of msFBAId generated via SWISS-MODEL web
server (a) Monomeric structure of msFBAId containing /o TIM-barrel, and (b) Predicted
binding residues at the active site of msFBAId identified by COFACTOR



numbers in both long-PCR and qPCR reactions. However,
no significant differences in genome copy number were
identified in sago palms from different localities. The
study on organellar genomes helps to elucidate the
role of both mitogenomes and plastome in influencing
characteristics of an organism. This present study has
further strengthened the Beccari’s documentation of
one species of sago palm distributed across Papua New
Guinea, Indonesia, Thailand, and the Philippines despite
conferring different phenotype (spiny). The spiny is
caused by extra copies of the mitogenome to cater extra
ATP required for spine formation that offers protection
to sago palms against sago beetle (Rhynchophorus
ferrugineus) larvae. Therefore, the information obtained
from this study lay the foundation to develop molecular
markers to distinguish lineages and evolutionary genetics
in sago palms, and as selection index for future breeding
program as well as the detection of the non-profitable,
non-trunking sago palm.

GENOME STUDY

Advances in sequencing technologies and lower costs
have accelerated the interest in exploring genome
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structure and expression patterns. To date, three genome
assembly studies and one chloroplast genome sequence
were conducted on M. sagu. All the studies utilised sago
palm leaf samples to extract genomic DNA. Table 2
tabulates different strategies employed to decipher the
sago palm genome size.

Using qPCR analysis, the genome of M. sagu
was estimated to be approximately 1.87 Gbp. This is
comparable to the size of the oil palm genome, which is
about 1.8 Gbp (Roslan et al. 2020). Another sago palm
genome estimation study using k-mer statistical approach,
reported by Lim et al. (2021), found that it ranged from
464 to 616 Mbp, which is comparable to the date palm
genome size of 605.4 Mbp. On the other hand, hybrid
genome assembly approach by combining long reads
from Nanopore sequencing and short reads from Illumina
sequencing platforms yielded genome estimation of M.
sagu to be 510 Mbp with a BUSCO completeness 0f 97.9%
(Lim et al. 2022). Meanwhile, the work on the chloroplast
genome of M. sagu has been reported to have a singular
conformation with a quadripartite structure, spanning a
total length of 157,300 bp, including LSC, SSC, and IR
regions (Lim, Chung & Hussain 2020a).

TABLE 2. Strategies employed and the findings of M. sagu genome size

Genome Strategy

Findings References

Real-time quantitative

M. sagu genome size estimated to be 1.87 Gbp and

polymerase chain reaction
(qPCR)

is comparable to oil palm genome size of 1.8 Gbp

(Roslan et al. 2020)

(Mahmoud 2021)

Pichia pastoris as control

M. sagu genome size is estimated to range from

Whole genome ~ K-mer statistical prediction

size estimation

464 Mbp to 616 Mbp, similar to date palm genome
size of 605.4 Mbp (Al-Mssallem et al. 2013)

(Lim et al. 2021)

Hybrid high throughput

sequencing (short-reads
[llumina sequencing + long-
reads Nanopore) with de novo
assembly

Genome size estimated to be 510 million base pairs
(509,812,790 bp) with BUSCO completeness of
97.9%

(Lim et al. 2022)

I1lumina high-throughput
Chloroplast . i

sequencing with de novo
genome (cp)

assembly

M. sagu cp genome reported to be of singular
conformation with quadripartite structure spanning
a total length of 157,300 bp encompassing 85,257
bp large single-copy region (LSC) and 17,533
bp small single-copy region (SSC), which are
separated by a pair of inverted repeats (IRs) of
27,245 bp each

(Lim, Chung &
Hussain 2020a, 2020b)
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In summary, the genome assembly studies reported
that this palm belongs to the Arecales order and is
closely related to oil palm (E. guineensis) and date
palm (P. dactylifera) (Lim et al. 2022). Meanwhile, the
maximum likelihood phylogenetic tree on the chloroplast
genome showed a close relationship of M. sagu with its
congeneric species M. warburgii and other Calameae
members Calamus carytoides, Pigafetta elata, and
Salacca ramosiana (Lim, Chung & Hussain 2020a). The
annotation of protein-coding genes from M. sagu shows
that starch production is the main highlight compared
to other pathways involved in carbohydrate metabolism
(Lim et al. 2022). The genome study of this plant species
is important because there was little known, molecularly,
of this plant species. With the new knowledge of the
genome, it will further provide caluable insight on the
evolutionary relationships of this species compared to
other Arecales, especially related to diversification of
the M. sagu into starch-producing species compared to
other species of the same order.

GENE EXPRESSION STUDIES

Among the early methods used in sago palm research
includes Expressed sequence tags (EST), differential
reverse transcription PCR (DDRT-PCR), and Differential
Reverse Transcription PCR (DDRT-PCR), and RACE was
commonly used to investigate the genes responsible
for the development of M. sagu. (Roslan & Anji 2011).
In their study, Roslan and Anji (2011) examined the
expression of chitinase in different parts of the sago
palm, including the leaf, meristem, and inflorescence,
using DRT-PCR and RACE techniques. The results of
DDRT-PCR showed that chitinase was expressed in all
tissues except the leaves of M. sagu. By analysing the
sequence of the sago palm chitinase, they identified a
high similarity to the chitinase domain family 19 and
class I chitinase.

Another study conducted by Wee and Roslan
(2012a) utilised EST analysis to investigate the
transcriptome of M. sagu. They identified 372 tentative
unique genes (TUGs), consisting of 340 singletons and
32 contigs. Through BLASTX analysis they found that
the majority of the TUGs (86.6%) showed similarity
to known proteins, while 20 TUGs were novel to M.
sagu. Using BLAST2GO program, they discovered that
these transcripts were involved with primary metabolic
processes such as glycolysis pathway, as well as stress
tolerance mechanisms against both abiotic and biotic
factors.

TRUNKING AND NON-TRUNKING SAGO PALM STUDIES
Efforts to decode the responsible genes towards two
physically different M. sagu. Several omics approaches
were conducted to show the putative genes towards the
occurrences of trunking and non-trunking sago palm.
Sago palm is a unique plant that stores starch in its trunk.
The taller and bigger the trunk size, more sago starch can
be obtained even from one palm. This makes sago palm
a valuable food source of food and income to the locals.
However, the occurrences of some sago palms failed
to develop trunks, a condition known as non-trunking
palms, even years after planting. Non-trunking palms
pose exorbitant economic losses to the sago farmers.
In addition, as the plant is known to be the highest
starch-producing species per hactare, understanding the
molecular and physiological characteristic of this species
is important for the plant to used as potential source as
food security.

Table 3 presents the omics strategies to study the
differentially expressed genes (DEGs) of the two different
phenotypic palms. Several omics approaches used were
metabolomics which utilised the nuclear magnetic
resonance (NMR) spectroscopy and gas chromatography-
mass spectrometry (GC-MS), proteomics approach
which utilised the combination of two-dimensional
gel electrophoresis (2-DE) and matrix-assisted laser
desorption/ionisation time of flight (MALDI-TOF) mass
spectrometry (MS), and genomics approach through
gene fishing and Representational Difference Analysis
(RDA).

ALTERNATIVE BREEDING STRATEGIES FOR SAGO PALM

The increasing demand for non-traditional food and
fuel sources has raised interest in sago palm research.
However, due to the sago palm’s lengthy life cycle,
long flowering time, and poor seed germination rate,
no breeding programmes for sago palms have been
reported (Novero 2012). Agrobacterium-mediated
and direct particle bombardment are two commonly
used methods for plant genetic transformation. Since
monocotyledonous plants are recalcitrant towards gene
transfer using Agrobacterium, sago palm embryonic
calli were the chosen tissue to undergo transformation.
In a study by Ibrahim, Hossain and Roslan (2014),
successful genetic transformation of M. sagu embryonic
callus was achieved, and the researchers compared
the effectiveness of Agrobacterium and particle
bombardment methods.



3053

reatains wied 103 sosse001d wisjoqelow
oy} ur s9[or perontd pokerd surejoxd
pajenSoidn oy pue SSOHS [BJUSWUUOIIAUD
Aq pasned sem adKjousyd Furjunn-uoN

(80Z0T "Te 1 uressny)

sKemyyed d1joqejow SSA1)S SANEPIXO PUL UONESI[IIN UOGIEd
‘SISK09A]3 “9[04d p1oe 91]AX0qIedLn ‘sisayjuAsojoyd ur poAjoAUl
surjord pojendardn oY) paqLIOSIp SISA[eur SOTRWIOJUIONG

paren3dazdn
Apueoyrugdrs punoj surdjord oy Suowre o1om  oseprxordd
deqiodse pue ‘(HAIN) oseudSoipAysp oeewr  ‘urojoid
oyi-onserdoro[yo  ‘oseursjonquoydsoyd  {(SD)  9sejoqIuAS
aurwein|3 ‘(D) oseIpAyue druoqred ‘surdjold (F90) Joouequo
SUIAJ0AR-USAX0 (J[DJ) oseuny] drerdok[3oydsoyd ‘o)siqny

Sunjunn-uou
ot ur pajern3ardn punoy orom surdjoid ApuedyIuSIS UdAJOUIN

Sunjunn-uou pue Sunyuny woi jods urdrord gg9g punog

SIN/SIN 401
/AOL-TATVIN UM Hd-¢

SO1u03301d

SSOI)S [BIUSWIUOIIAUD O} NP
(90207 'Te 32 uressny) a19m 0oudsaid joroydoooy pue ‘souadory)
‘VOD-[£1008 1| sayjoqelew JYSIYSIH

Supjunn
-uou pue JupuNn UAMIdQ PIssardxd A[[eNUAIPIP Iom
sjoroydoooy pue ‘souadioy ‘19)so ouadydory) ‘proe ouoydsoyd
‘sojeuoydsoyd ‘s10)so QyIns ‘soued[eO[Ry ‘SOXEM PUB S[IO)

SIN-DD Pue JAN

SOIO[OqBIDA]

SAJUAIJY SYIBWY

sgurput

K3ojouyo9y Furgoid

yoeoxdde sorwQ

swied o3es Supjuni-uou pue Junjunr spremo) 9qisuodsal souoF oy} Apnjs 0} SOIFO[OUYI) SOIWO JUIPIJ "¢ ATAV.L



3054

(2T0T 'Te 10 uressny)

yduosuern; qsu
Jo uorssardxo £q pojoudp se pagud[eyo
[euonynu  ore  swjed Supyuny-uoN

K1oA1p0adsar “yg-10 pue
aseprsoon|3-e1aq 1| surajord aAnen3ax
pue paje[al 20UdJp JO uoIssaIdxd 19y3Iy
ySnoIy) UMOUS Se SSAI)S [BJUSWUOIIAUD
pue syoepe udoyjed jsurede 2oudjop
103uons sey swjed oSes Supyuniy

ssans jue[d paouerequil SuISIRIINAU JOJ 9POOUD SAUIT PIM
Q0URIS[0} SSa1S pue ‘Yimois jueld 10§ ojqisuodsar Sunjuny ur punoy s A

ssans Ajyurfes pue Sulfjeuss ‘wsjoqejow

jued “oouszop [esrwoyd ur 9[qisuodsal a1e Juryunn-uou ur punoj spAJd

A1oAnoadsar

‘Fupjunn-uou pue Supyuny Ul APUAIPIP passaidxd sy 9] pue WS

ray

swed urjunn ur 9,08 £q 1oy3Iy

passardxa xa[dwod (V§-J[2) VG 10308} JOJerIUl [RUONB[SURI) d1j0AIR Ny

Sunjunr-uou ur passardxe A[ysiy

‘(PIdVIN) oseuny urdjord pojeande-uagojwn pue dWAzUo (FInJA) 9sed1|
QuIsA] 9yewren|3-g-jAuee-T-[AowreinwA10e-N-J( ) Sed1oym Sunjunn
ur 19yS1y possaidxa osepisoon|3-ejoq pue osedl] uddnue-Q sowizuyg
swed yoq ur passardxd osje a1om surjoid WSIUBYOAW DU

swed Supjuny ur passaxdxe A[ysiy

punoj a1om (Q1q)) urejord jrodsuen 3eqoo pue (¢1HJ) € I0rodsuen
qreydsoyd oruediour ‘g oselojsuenAsoon[S suonounj Je[nj[odenul
“(XNS) urxou Sunaos surajold jodsuer searoym Sununi-uou ul dJow
passaidxa axom ((DEV) anosseds Jurpulq IV Z-opnded pue ‘cu-xy L
xo[dwod (TYVYNS) S10)doody u1)01d IJUSWIYIL)E-I0IOB] JANISUIS
-oprwi-o[ewWAyIo-N  9[qnos 13[00-yq) surjoid paje[ar-uodsuer]

K1oAnoadsal ‘Gurjuny-uou pue

Supjuny ur 1oy3ry possardxo arom (qHSu) [ uIqojSoway J1oIquAsuou
pue (DQusy) D aselaqiuAs ourderedse se yons uone[n3or paje[oI-judLnnN

3unysi,y auar)

VA pue Surysi,jousn

SOIWIOUQD)




The study showed that the transformation rate by particle
bombardment was estimated to be 1.4%, whereas the
rate caused by bombardment caused by Agrobacterium
was substantially lower at 0.5%. Dot blot analysis was
used to detect the incorporation of foreign DNA, the gus
and bar genes were both integrated and functionally
viable in the genome of the sago palm. Through this
comparative transformation study, it is hoped to inspire
more interest in transformation studies in sago palm
and later result in producing new and better sago palm
varieties. Figure 5 shows the gus histochemical staining of
the transformed callus at nine months after transformation
with Agrobacterium and particle bombardment.

FUTURE PERSPECTIVE
MOLECULAR AND OMICS STUDIES FUELLING FUTURE
CROP IMPROVEMENT

Advancements in sequencing technologies, cheaper
sequencing costs, and user-friendly pipelines and
bioinformatics tools have increased the possibilities
to sequence any organisms. An array of approaches
with omics suffixes like genomics, transcriptomics,
proteomics, metabolomics, and more provide one with the
opportunity to understand the underlying biological traits
of'an organism. In recent years, there has been an increase
in the publication of high-quality genome assemblies in
crops due to the use of well-established methods. One
of the key contributions of genome sequencing lies
in fathoming the interaction of genes in coordinating
the organism’s growth, development, and interaction/

(@)
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adaptation to the environment. The genome sequence
studies enable scientists to discover genetic markers
across the whole genome through the identification and
properties of the genes leading to a valuable source
of novel genes to improve crop varieties. Several
research projects have been undertaken to enhance crop
improvement in various plant species. For example, the
Rice Genome Project (Wang et al. 2018), that focused on
rice, while maize improvement was the objective of the
study conducted by Jiao et al. (2012). Similarly, sorghum
improvement efforts were documented in the research by
Mace et al. (2013), pearl millet enhancement by Varshney
etal. (2017), and work on soybean by Lam et al. (2010).
These studies highlighted vast genetic diversity in
different lines of cultivars and demonstrated the use of
identified SNPs, indels and copy number variation that
can potentially be used as a selection index for future
crop breeding programs (Jiao et al. 2012; Varshney et al.
2017; Wang et al. 2018). By taking into considerations of
past omics studies from other crops inspires researchers
to take into account developing superior better sago palm
varieties.

The publication by Lim et al. (2021) and Roslan et
al. (2020) along with the genome sequence development
described by Lim, Chung and Hussain (2020a), has laid
the foundation for advancing our understanding of the
sago palm genome. These studies have the potential to
provide valuable insights into the agronomic traits of
this palm species. The recent release of a high-quality
M. sagu genome sequence marks a significant milestone
and paves the way for a new era in molecular biology

(b)

FIGURE 5. Gus histochemical staining of transformed callus at 9 months
after transformation with (a) Agrobacterium and (b) gene gun
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research on M. sagu. It also has the potential to expedite
the breeding program for this non-model plant, similar
to the active efforts being made in oil palm research.
Furthermore, it is also beneficial to conduct sequencing
and phenotyping on different landraces of sago palms
differing in geographic location, wild and domesticated
sago palms. However, the current omics studies conducted
on M. sagu are still in the early stages. Post-genomics
tools such as transcriptomics can be implemented on M.
sagu to exploit knowledge of underlying functional genes
and regulatory mechanisms concerning plant response to
any stimuli. Studying differentially expressed genes can
provide valuable knowledge about the genes responsible
for desired features. In order to control gene expression
and ultimately improve the sago palm, the availability of
the whole genome sequence and transcriptome sequence
could be very beneficial.
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