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Commercially important palms (oil palm, coconut, and date palm) are widely
grown perennial trees with tremendous commercial significance due to food,
edible oil, and industrial applications. The mounting pressure on the human
population further reinforces palms’ importance, as they are essential crops to
meet vegetable oil needs around the globe. Various conventional breeding
methods are used for the genetic improvement of palms. However, adopting
new technologies is crucial to accelerate breeding and satisfy the expanding
population’s demands. CRISPR/Cas9 is an efficient genome editing tool that
can incorporate desired traits into the existing DNA of the plant without losing
common traits. Recent progress in genome editing in oil palm, coconut and
date palm are preliminarily introduced to potential readers. Furthermore,
detailed information on available CRISPR-based genome editing and genetic
transformation methods are summarized for researchers. We shed light on the
possibilities of genome editing in palm crops, especially on the modification of
fatty acid biosynthesis in oil palm. Moreover, the limitations in genome editing,
including inadequate target gene screening due to genome complexities and
low efficiency of genetic transformation, are also highlighted. The prospects of
CRISPR/Cas9-based gene editing in commercial palms to improve sustainable
production are also addressed in this review paper.
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1 Introduction

The oil palm (Elaeis guineensis Jacq.), coconut (Cocos
nucifera L.), and date palm (Phoenix dactylifera L.) are
perennial, prominent Arecaceae (palm) family members. The
Arecaceae family comprises over 2500 species in 200 genera and
is ranked third after the Poaceae and Fabaceae (Meerow et al.,
2012). The coconut, date palm, and oil palm trees have high
commercial significance among palm trees (www.britannica.
com/plant/palm-tree). Edible oil from an oil palm tree ranks
first in the international vegetable oil market for its versatile
usage in food, bioenergy, and industrial applications. Vegetable
oil demand has risen dramatically during the last 50 years
(Kumar et al, 2016). The world population is expanding
abruptly and will reach up to 10.9 billion by the end of the
21" century (Adam, 2021). The quantity of land dedicated to
cultivating oil palm has risen substantially during the previous
half-century (Ritchie and Roser, 2021). The global market is
dominated by Indonesia and Malaysia, and accounts for 84% of
edible oil production (FAO, 2018; Ritchie and Roser, 2020).
Coconut has diverse uses, including oil, shell charcoal, husk
fiber, and cortex production (Sayer et al.,, 2012; Perera, 2014).
Coconut palm “Tree of Life” is grown in 90 countries worldwide,
mostly in tropical areas (Adkins et al., 2006; FAO, 2018). Date
palms are grown in arid conditions in the desert oasis. The
primary date palm producing countries are Egypt, Iran, Saudi
Arabia, UAE, Pakistan, Algeria, and Iraq, contributing up to 89%
of date palm production (Manickavasagan et al., 2012; Aljohi
et al.,, 2016; FAO, 2018; Salomon-Torres et al., 2021). Oil
extraction from date palm seeds is a promising new source of
edible oil for human consumption (Ali et al., 2015). However,
considering their heterozygosity, perennial nature, and genome
complexity, palm trees have been an ignored group for genome
editing and genetic improvement compared to commercial
plant species.

Numerous biotechnological tools with slight advancements
in genetic transformation and in vitro propagation are used for
genetic improvement in palm trees. The traditional breeding
approaches are not cost-effective, as better performance in this
system depends upon extensive backcrossing (Sattar et al., 2017;
Sattar et al,, 2021). The coconut palm has a long juvenile phase
(5 - 9 years), and the lack of efficient vegetative propagation
methods is the major constraint in breeding (Rajesh et al., 2021).
Moreover, coconut palm propagation through seeds causes
phenotypic variations within the plantation and hinders
agronomic practices. Similarly, date palm backcrosses take 30
years (Sattar et al., 2017), and oil palm backcrosses 15-18 years
(Babu et al., 2021). Keeping these above-mentioned scenarios in
mind, adopting new technology is mandatory to develop a high-
yielding, stress tolerant, and good fruit quality cultivar (Abdullah
et al,, 2017; Haque et al., 2018; Khan et al., 2022).

The artificial methods used for gene modification,
overexpression, insertion, and deletion in the plant genetic
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material make it genetically modified (GM) (Bao et al., 2020;
Shafique Khan et al., 2021). In present era, Clustered, regularly
interspaced short palindromic repeat/CRISPR-associated
protein 9 (CRISPR/Cas9) based gene editing (GE) and
genetically modified organisms (GMOs) are the most
promising tools in plant biotechnology. Genetically modified
organisms contain foreign DNA, often from different species,
that induces new traits (Sprink et al., 2016). On the other hand,
CRISPR-based GE allows precise target changes in an organism’s
existing DNA. The CRISPR/Cas9 technology has emerged as a
breakthrough in genome editing that took off in 2013. Scientists
are now using CRISPR-mediated GE to develop crops that allow
farmers to produce more food sustainably (Li et al., 2013;
Nekrasov et al., 2013; Shan et al., 2013). A successful CRISPR
initiation in a model species (i.e. Arabidopsis) makes it a
prominent technology for developing non-genetically modified
(non-GM) crops with the desired traits. Genome editing through
the CRISPR/Cas9 system is fast, accurate, and enables highly
effective targeted GE. The CRISPR/Cas9 technique has been
successfully utilized in various crops (Fister et al., 2018). Until
now, CRISPR technology revealed an unprecedented impact on
commercial agriculture production.

Due to their complex genomes, limitations in the genetic
transformation system, and plant regeneration process, genome
editing and genetic improvement in commercially significant
palm trees have been difficult (Bekheet and Hanafy, 2011).
Commercial applications of genetically modified trees or palms
are so far limited. There is no report of genome editing in palm
trees (coconut, date palm) (Budiani et al.,, 2018). Biotechnological
techniques in palm tree genomics, such as marker-assisted
breeding, DNA fingerprinting, and transgenics, are failed to
improve the situation (Rohde et al., 2002; Singh et al, 2018).
Mainly, CRISPR/Cas9-mediated genome editing in trees focuses
on editing Phytoene Desaturase (PDS), which induces an albino
phenotype due to reduced photosynthesis and the carotenoid
pathway (Table 1) (Jia and Wang, 2014; Nishitani et al., 2016; Jia
etal, 2017; Kaur et al,, 2018). This evidence suggests that CRISPR/
Cas9 could become a powerful tool for efficient genome editing
(Bahariah et al., 2021). Despite the emerging prospects
demonstrated in the below-mentioned studies (Table 1),
coconut, oil palm, and date palm are still complex commercial
trees with numerous challenges. These obstacles must be
overcome before starting a large-scale genetic improvement
program. In the present review, we focus on the primary
options available for GE technologies, the application of
proposed methods for genetic transformation, and regulatory
pathways for genetic improvement in the palm family. We also
highlight the bioengineering role of fatty acid biosynthesis in
enhancing the commercial production of vegetable oil for human
consumption. Finally, the subsequent prospects and limits of
genome editing, and applications of CRISPR in the palms (date
palm, coconut palm, and oil palm), have been briefly discussed in
this review.
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TABLE 1 CRISPR-based GE in trees.

10.3389/fpls.2022.1042828

Species Target  Transformation Explant CRISPR/Cas9 Promoter Mutation Regeneration  Reference
method system frequency
Oil palm EgPDS Electroporation Protoplast CRISPR/Cas9 OsU3,UBI 62.5-83.33%. Yes (Yeap et al., 2021)
Oil palm EgBRI1 Electroporation Protoplast CRISPR/Cas9 OsU3,UBI 58.82-100%. Yes (Yeap et al., 2021)
Grape VvPDS Agrobacterium Embryonic CRISPR/Cas9 AtU6-26, 7-72.2% Yes (Nakajima et al.,
calli PcUbi4-2 2017)
Banana RAS- Agrobacterium embryogenic Single target OsU3, 59% Yes (Kaur et al., 2018)
PDS cell 2xCaMV35S
Apple MdPDS Agrobacterium Leaf disc Single target CaMV35S 13.6% Yes (Nishitani et al.,
AtU6-1 2016)
Sweet orange  CsPDS Xcc-facilitated Leaves Single target CaMV35S 3.2-3.9% No (Jia and Wang,
agroinfiltration 2014)
Carrizo CcPDS Agrobacterium Epicotyls Single target AtYAO, AtU6- 45.4-75% Yes (Zhang et al.,
citrange 26 2017b)
Poplar PdPDS Agrobacterium Leaf disc Casl2a genome- AtU6-26, 70% Yes (An et al., 2020)
targeting CaMV35S
Kiwifruit AcPDS Agrobacterium Leaf disc PTG/Cas9 CaMV35S, 65.38-91.67% Yes (Wang et al,
AtU6-1 2018)
Grape MLO-7 PEG-mediated Protoplast DNA-free, (RNPs) CaMV35S, 0.1% No (Malnoy et al.,
AtU6 2016)
Grape VvPDS Agrobacterium Embryogenic multiplex editing AtUe, VvUe6, 34.8-43.24 Yes (Ren et al,, 2021)
cells VvU3
Grape VWIMT Agrobacterium Embryogenic PTG/Cas9 UBQ2, VvUs, - Yes (Ren et al,, 2021)
cells U3
Grapefruit CsLOBI Xcc-facilitated Epicotyl Single target CaMV35S 23.80-89.36% Yes (Jia et al., 2017)
agroinfiltration
Apple DIPM PEG-mediated Protoplast DNA free (RNPs) AtU6-1, 0.5-6.9% No (Malnoy et al.,
CaMV35 2016)

PDS, Phytoene desaturase; BRI1, Brassinosteroid-insensitive 1; MLO-7, mildew resistance locus o; TMT, Sugar-related tonoplastic monosaccharide transporter; DIPM, DspA/E-interacting

proteins from Malus; LOB1, LATERAL ORGAN BOUNDARIES.

2 Recent developments in genome
editing in palm trees

2.1 Oil palm

Significant efforts have been made to improve the oil palm’s
commercial traits in response to market demands using
conventional breeding and genetic engineering. Conventional
breeding requires 15-18 years to release commercial oil palm
varieties (Wahid et al., 2005; Weckx et al., 2019; Yue et al., 2021).
Ploidy is a valuable tool for genetic variability and improvement
in various fruiting trees (Sattler et al., 2016). Colchicine and
oryzalin have been shown to increase the ploidy level in oil palm
when applied to the seeds (Madon et al., 2005). Morphologically,
tetraploid plantlets showed thick and dark green leaves and
flowers compared to diploid (control) plantlets (Te-chato, 2012).
Although ploidy is additive to oil palm and preliminary screened
through morphological and physiological parameters. Flow
cytometry is a quick and easy method for screening ploidy
levels in oil palm trees (Te-chato, 2012). On the other hand,
polyploidy often results in reduced fertility due to meiotic errors,
allowing for the production of seedless varieties (Comai, 2005).
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The Malaysian Palm Oil Board (MPOB) is a pioneer in
developing genetically modified palm trees with high oleate
content (Sambanthamurthi et al., 2002). In 2018, a Malaysian
group attempted to use CRISPR/Cas9-mediated genetic
improvement in oil palm resistance to Ganoderma. The
CRISPR construct targeted the methallothionine-like and
isoflavone reductase (IFR) genes in callus. (Budiani et al,
2018). Such an approach might provide new prospects for
studies of crucial genes involved in disease resistance in palms.
Recently, a group designed an expression cassette to target four
genes. However, it is not well known whether the expression
cassette and CRISPR/Cas9 vector successfully transformed into
oil palm (Aprilyanto et al, 2019). Above mentioned studies
report that CRISPR/Cas9 successfully use in oil palm genome
editing (Yeap et al, 2021). In another study, the oil palm
mesophyll protoplasts were extracted from unopened spear
leaves (Masani et al., 2013). Protoplasts were co-transformed
with vector constructs using the electroporation technique. The
EgPDS gene is used as a phenotypic marker to enable the
screening of mutant lines, as mutants of the PDS gene show
an albino phenotype (Table 1). Moreover, the brassinosteroid-
insensitive 1 (EgBRII) gene is used to assess mutagenesis efficacy
and specificity resulting in nucleotide substitutions with an early
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necrosis phenotype. DNA insertions and deletions (InDels) in
the EgBRII gene cause a decreased plant elongation phenotype.
At the same time, leaf apex necrosis is developed from base
substitution events in transgenic palms (Yeap et al., 2021). In a
recent study, the Nuzhdin Lab (USA), in partnership with the
MPOB perform sequencing of more then 200 E. oleifera and E.
guineensis palm trees from Southeast Asia, Africa, Central and
South America (Gene bank accession PRJNA434010) (Ithnin
et al, 2021). The above-mentioned reports, there are still some
limitations in the prevailing protocols that need further
improvement for trait-specific GE and regeneration of mutant
plants. However, the advances in sequencing technologies have
enabled the accessibility of whole-genome sequencing in palms.

2.2 Coconut

Coconut is a diploid (2n = 32) cross-pollinating, valuable
commercial tropical tree (Perera, 2014). To date, coconut
breeding approaches for trait improvement have relied on
conventional breeding methods (Lineesha and Antony, 2021).
Progress in molecular biology and genomics has paved the way
for gene identification and characterization. A recent publication
by a group at the Coconut Research Institute, Chinese Academy
of Tropical Agricultural Sciences (CATAS), provides a draft
genome of coconut and basic genomic information to ease future
functional genomics in coconut (Xiao et al., 2017). The
availability of the coconut genome sequence (Lantican et al,

10.3389/fpls.2022.1042828

2019) gives us a valuable genetic resource to utilize GE tools to
achieve precise DNA modification (Figure 1). To date, genome
editing has rarely been studied in coconut. However, the
developments in the field of genome editing offer optimism for
revealing the potential of the coconut genome.

2.3 Date palm

The date palm is a diploid (2n = 36) dioecious tree with a
significant economic value. However, breeding progress in date
palm is slow due to various challenges. The availability of a
complete genome opened an opportunity for genetic
improvement in date palm. The genetic map for the date palm
cultivar ‘Khalas’ was constructed a few years back (Mathew et al,
2015). The date palm genome was updated by researchers at NYU
Abu Dhabi’s Center for Genomics and Systems Biology (NYUAD-
CGSB) and the UAE Khalifa Center for Genetic Engineering and
Biotechnology (KCGEB) (Yang et al., 2010; Hazzouri et al., 2019).
Moreover, in the so-called “multi-omics analysis”, data on valuable
traits is accumulating quickly in other commercial trees (Khan
et al,, 2022), as well as in date palms (Subhi et al., 2017). Whole-
genome sequence data is required for genome editing and breeding
systems to commercialize palm trees with newly acquired traits.
(Yarra et al,, 2020). The DnMREI11 gene triggers DSB repair in the
date palm cultivar ‘Deglet Noor’. GeneDnMREI1I can be used as a
dynamic tool for CRISPR/Cas9-based genome editing (Stracker
and Petrini, 2011; Rekik et al., 2015). Marker-assisted technique
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OO

— Vector

OO0 o=

‘ \Inoculum culture
) @Q @
[@ X5

SgRNA

Agrobacterium

transformation

B  Treatment /Inoculum

(o

—

Nuceotde

DNA extraction PCR

FIGURE 1

Sanger sequencing

Modified plants

Schematic representation of CRISPR/Cas9 vector delivery tissue culture and selection strategy for genome-edited palm. (A) CRISPR vector
construction and transformation (B) Treatment and infection to explants (C) Confirmation of positive plants.
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improves the genetic identity and sex determination in seedlings.
Markers such as mPdIRD52 and DPM4 are reported for sex
determination in date palm. These markers showed 100% accuracy
in sex determination in male and female plants at the nursery stage
(Wang et al, 2020). Moreover, the gene-knocking ability of
CRISPR/Cas9 technology can evaluate sex-determination genes
in date palms (Sattar et al., 2017). Many agronomically significant
loci are located in the “SNP deserts” (Xu et al.,, 2012; Hazzouri
et al,, 2015). Compared to the whole genome, the SNP dessert in
the date palm genome recruits a high density of abiotic and biotic
resistance genes (Al-Mssallem et al., 2013). These SNP desserts can
be embattled to develop resistance strategies to cope with
significant biotic and abiotic stresses in the date palms through
the CRISPR/Cas9 system (Sattar et al., 2017). Overall, CRISPR/
Cas9-based genome editing allows scientists to study gene
expression and target multiple loci in the date palm genome
(Sattar et al., 2021).

3 CRISPR-based genome editing
systems in trees

3.1 The CRISPR/Cas9 and
CRISPR/Casl12a system

The CRISPR/Cas system has various variants. The most
often deployed CRISPR/Cas variants are Cas9 (type II) and
Casl2a (type V) (Liu et al,, 2020). In the CRISPR system, any
target site proceeding with a specified protospacer-adjacent
motif (PAM) sequence 5 NGG can be cleaved using Cas9.
Some specific PAM targeting loci can be variable within the
genome, so it does not always do precise editing. Previously, the
CRISPR/Cas12a was called CpF1 (CRISPR from Prevotella and
francisellal). The Casl2a system is a single RNA-guided
endonuclease lacking tracrRNA (tetra loop sequence). It
utilizes a T-rich PAM sequence 5 TTN (Zetsche et al., 2015).
The Casl2a and novel Cas8a, Cas8b, Cas3, Casl0d (type I),
Casl, Cas2 Cas6 (type III) are known for precision editing under
various PAM motifs (Cheng et al., 2017; Guan et al., 2017; Safari
et al, 2019). The Cas9-based editing produces blunt ends,
whereas Casl2a develops staggered ends and permits site-
directed integration (Bandyopadhyay et al., 2020). The
CRISPR/Cas9 and Casl2a systems are effective tools for plant
genome editing. The CRISPR/Cas9 system would be more
efficient and specific for palms (Tang et al., 2019; Yarra et al,
2020; Moradpour and Abdulah, 2020).

The main feature of CRISPR/Cas9 is DNA double-strand
breaks (DSBs) at target loci. The double-stranded breaks induce
genetic modification by two pathways: homology-directed
mediated repair (HDR) and non-homologous end joining
(NHEJ) (Figure 2). The NHE] pathway mediates DSB by
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inserting and deleting several nucleotides. The NHE] can
introduce the foreign sequence or remove the line in a precise
manner, as well as knock out the gene. (Bernheim et al,, 2017;
Salsman and Dellaire, 2017). Aspects of the CRISPR/Cas9
system that are critical to the efficacy of gene editing are
sgRNA efficiency, sgRNA the secondary structure (Figure 2),
and target GC content (Ma et al, 2015). The CRISPR/Cas9
system has been widely used in commercial tree genetic
improvement (Zafar et al., 2020; Huang et al., 2021).
Numerous tree species have been edited successfully through
the CRISPR/Cas9 technology, including, but not limited to, the
cacao (Theobroma cacao) (Fister et al., 2018), apple (Malus
domestica) (Nishitani et al., 2016), coffee (Coffea canephora)
(Breitler et al., 2018), and citrus (Carrizo citrange) (Jia et al,
2017). However, the CRISPR/Cas9 system has some limitations
for perennial tree genome editing which are summarized in
(Triozzi et al., 2021).

The guide RNA in the CRISPR/Cas9 system is an assembly
of tracrRNA (tetra loop sequence) and crRNA (target sequence).
These RNAs streamline into a single RNA chimera known as
single guide RNA (sgRNA) with dual tracrRNA and crRNA
secondary structure used in genome editing (Uniyal et al., 2019).
The sgRNA consists of a spacing sequence that complements the
target DNA sequence to guide Cas9 proteins to the genomic
target. The CRISPR/Cas9 system is based on the design of
sgRNA to target the gene of interest. Cas9 nuclease uses
sgRNA to target specific genomic sites using 20-22 nt (Nyg,5)
custom nucleotides (Jain, 2015; Yue et al., 2020). The
transcriptional activity of sgRNAs in plants is crucial for
effectual genome editing via CRISPR/Cas9 (Jiang et al., 2013;
Zhang et al., 2017a; Feng et al., 2018). Various online tools can
predict the potential CRISPR target given an input sequence
(Supplementary Table 1). Cas9 and sgRNA expression are
The efficiency of sgRNA
associated to a specific target gene can be identified by

essential for high mutation rates .

sequencing of the target genomic region (Bao et al., 2019).

The sgRNA transcription is directed by three RNA
polymerase enzymes (Roeder and Rutter, 1969). RNA
polymerase I (transcribes large rRNA), RNA polymerase II
(transcribes mRNA, snRNA, and microRNA), and RNA
polymerase IIT (transcribes small non-coding RNA) (Cramer
et al,, 2008).Commonly, the Cas9 protein is expressed through
RNA polymerase II promoters such as cauliflower mosaic virus
(CaMV35S) and ubiquitin (UBI) promoters (Feng et al., 2013;
Mao et al, 2013). Furthermore, sgRNA expression can also be
driven by RNA polymerase III (U6 and U3 promoters) (Haurwitz
et al,, 2010). Furthermore, non-coding RNAs, U6 small nuclear
RNAs (snRNAs), perform intron splicing during the generation of
mature mRNA in the eukaryotic cell (Long et al., 2018). While U3
snRNAs tangle in pre-rRNA dispensation (Venema et al., 2000).
The U3 and U6 snRNA genes consist of a conserved TATA-box
and an upstream sequence element (USE) (Li et al., 2007; Marz
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and Stadler, 2009). Rice (Oryza sativa) U6, OsU6a, OsU6b, and
OsUé6c are the most frequently used promoters for driving sgRNA
in monocotyledons. The U6, AtU6-1, and AtU6-29 promoters
preferably use in dicotyledons (Jiang et al., 2013; Li et al., 2014).
The endogenous U6 promoter is used for successful genome
editing in grapes and cotton (Long et al., 2018; Ren et al.,, 2021).
Nevertheless, various studies have reported that species-specific
U6 promoters are more efficient in driving sgRNA and enhancing
editing efficiency (Long et al, 2018). Endogenous U6 and U3
promoters are rarely evaluated in palm genome editing because of
the genome and selection complexities.

The Cas9 protein expression in monocots under endogenous
plant promoters resulted in more on-target mutations than
expression under the control of constitutive CaMV35S
promoters (Ansari et al., 2020). Particularly, various studies
have the direction to assess Cas9 expression under endogenous
promoters, resulting in higher on-target mutation than
CaMV35S (Haque et al, 2018; Long et al, 2018). In plants,
sgRNA expression regulates by U6 and U3 promoters with a
definite transcription start site (Ma et al., 2015; Hao et al., 2020).
Transcripts formed under the control of eukaryotic U3 and U6
promoters commonly start with A and G at the 5" end of the
mature sgRNA with a Njg9 or N,, sequence followed by a
protospacer-adjacent motif (PAM). The guide sequences were
19-nt Ny or 20-nt N, highly complementary to the target site.
The Cas9/sgRNA complex binds a 20bp target sequence, then
attaches to PAM, creating cleavage for DSB (Xie and Yang,
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2013). Furthermore, scientists have achieved PAM-free Cas9
variations called SpG from Streptococcus pyogenes to expand its
usefulness in genome sites with low GC content (Walton et al.,
2020). These tools will contribute to the application of new
biotechnologies. Despite its extensive application in crop
biotechnology, there are a few challenges, like optimization of
the role of Cas9 as well as reducing oft-target rates (Ansari et al.,
2020). An efficient CRISPR/Cas9 system for palm trees (coconut,
oil palm, and date palm) is not easy to develop. Identifying the
U6 promoter in the coconut oil palm and date palm genome
databases is time-consuming to select the optimal one because
the transformation system is complicated and laborious.

3.2 Tissue-specific Cas9 system

Since late 2019, tissue-specific genome editing has been
reported (Ali et al., 2020). In recently registered tissue-specific
genome editing techniques, tissue-specific promoters have a
significant prospect for crop improvement by regulating the
desired tissue or organ (Lei et al., 2021). The use of tissue-specific
promoters gain a position in functional genomics due to its
capacity to efficiently drive targeted gene expression in specific
tissues. The choice of promoters and the sgRNA/Cas9 complex
is essential for achieving the desired genome editing by the
CRISPR/Cas9 system. The use of promoters in tissue-specific
genome editing can help with conditional genetic modification,
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regulation of target gene expression, and potential induced
mutation by favoring particular cellular and inducible sgRNA
production. The studies on tissue-specific genome editing in
various crops show its versatility. At the same time, in the case of
the palm family, there is a need to set the groundwork for the
optimization of tissue-specific GE experiments. Tissue-specific
genome editing can effectively reduce the activity of the off-
targets in the palm, which is not efficiently predicted and
confirmed by in-silico predictions. Readers may get more
detailed information about tissue-specific genome editing in a
recently published review (Singha et al., 2022).

3.3 The ribozyme-mediated
CRISPR/Cas9 system

Ribozymes are catalytic RNA molecules that catalyze reactions
using sequence-specific interactions inside the RNA molecule
(Serganov and Patel, 2007). The ribozyme-mediated CRISPR/
Cas9 system significantly advances GE through pol II promoters
(Lee et al, 2016). The ribozymes (hammerhead-type and the
hepatitis delta virus) are added at the end of the sgRNA. The
self-cleavage property of ribozyme disrupts the covalent link of
RNA and separates it (Ferre-D'amare et al., 1998; Gao and Zhao,
2014). Applying a ribozyme-based CRISPR/Cas9 system eases
promoter selection for palms. The use of ribozyme-CRISPR/Cas9
technology expands the types of promoters available to the
CRISPR/Cas9 system, allowing it to employ pol II promoters
other than U6 and U3 (He et al, 2017b). In a recent study, a
ribozyme-mediated CRISPR vector was constructed and
transformed into hairy roots of pyrethrum to edit the TcEbFS
(E-B-farnesene synthase) gene (Li et al., 2022). This system
facilitates editing of a specific organ or a particular development
site. The transgenic root (root hairs) line had a DNA base mutated
at the editing target site. Overall, ribozyme-CRISPR/Cas9 improves
the capacity of sgRNA to be transcribed. The ribozyme-CRISPR/
Cas9 system can use RNA polymerase II-dependent promoters
with the potential to express in specific target tissues (Li et al,
2022). Applying a ribozyme-mediated system decreases the
difficulty of promoter selection in palm tree genome editing.

3.4 The base-editing system

CRISPR/Cas9 technology also represents a base-editing tool
that emerges for robust and efficient genome editing. Base
editing can be done to target sites by single nucleotide changes
in DNA and RNA without cutting DSBs and HDR (Molla and
Yang, 2019), resulting in the desired insertion/modification of
the targeted DNA sequence. The HDR mode significantly
involves point mutation, substitution, gene knock-in, and gene
knockout (Figure 2) (Arnoult et al., 2017). The base-editing (BE)
technology consists of Cas9 variants such as dCas9a and Cas9
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nickase. These variants have a combination of cytosine and
adenosine deaminases. Cytidine base editor (CBE) converts C-G
bp into T-A bp. In contrast, adenine base editor (ABE) alters T-
A bp into C-G bp (Gaudelli et al.,, 2017). Base editing would play
a significant role in targeted random mutagenesis (Li et al., 2020)
in the breeding of palms. This approach allows for genome
editing that is simple, accurate, and efficient. However, this base
editing approach has only been explored in model plants. It has
yet to be used on commercial tree species like palms. The base
editing system has some limitations, such as off-targets and low
editing efficiency. This issue can be solved by finding a Cas
protein with high specificity and efficiency.

3.5 The DNA-free genome
editing system

DNA-free editing of plants is a new but emerging field that
arose in 2015. In the past few years, a concern was raised about
GMOs related to foreign DNA, which could limit the widespread
use of CRISPR technology (Woo et al, 2015). CRISPR/Cas9
constructs are transferred into the plant via direct or indirect
DNA delivery systems (Masani et al., 2014; Budiani et al., 2018;
Wolter and Puchta, 2018; Darmawan et al., 2020; Yeap et al.,
2021). The CRISPR/Cas9 construct has a good chance of being
incorporated into the plant’s genome throughout this process
(Zhang et al, 2016). The CRISPR/Cas9 technology optimizes
precision breeding in several ways. The most important goals for
optimization are to avoid transgene integration and to reduce
off-target mutations (Metje-Sprink et al.,, 2019). This approach
benefits trees with a long generation cycle (Malnoy et al., 2016).
For CRISPR/Cas9 genome editing, reagents are delivered either
through the introduction of Cas9 nuclease and guide RNA or by
direct delivery of ribonucleoproteins (RNPs). CRISPR/Cas9
RNPs altogether avoided transgene integration and
significantly reduced off-target mutation (Zhang et al., 2016;
Liang et al., 2017). The RNPs delivered into protoplast and
resulted in transgene-free mutant plants. Author Kim et al., 2017
(Kim et al, 2017) reported that Cpfl could also be used for
DNA-free genome editing, similar to the CRISPR/Cas9 system.
Nevertheless, a limitation in plant regeneration from protoplast
is challenging in trees, especially palm trees.

4 Methods of genetic
transformation in palm trees

4.1 Agrobacterium-mediated
transformation

Agrobacterium tumefaciens is a bacterium well-known
for its ability to genetically engineer plant species
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(Ignacimuthu et al., 2000). However, the most successful and
frequently used genetic transformation methods for palm trees
use Agrobacterium-mediated transformation (Table 2;
Figure 3A) (Blake, 1983). The Agrobacterium-mediated
transformation successfully expressed transgene markers like
the cowpea trypsin inhibitor (CpTI), Bacillus thuringiensis, and
PHB in oil palm (Masli et al., 2009; Izawati et al., 2012). In oil
palm, the 2-Deoxyglucose-6- phosphatase (DOGRI) gene was
transformed via Agrobacterium strain LBA4404 in embryogenic
calli (Dayang Izawati et al., 2015). In coconut, Agrobacterium-
mediated transformation developed red and green fluorescent
marker genes (Andrade-Torres et al., 2011). Date palm
embryogenic callus transformation mediated by Agrobacterium
strain AGLI resulted in transient expression of B-glucuronidase.
The gene transfer efficiency obtained in this study represents a
sound basis for stable genetic transformation (Saker et al., 2009).
A successful Agrobacterium-mediated transformation was
reported in matured somatic embryos in date palm cultivar
‘Khalasah’ with LBA4404 harboring the PBI121 vector and uidA
gene (Aslam et al,, 2015). Notably, the developed embryo
showed 47.5% transformation efficiency, and leaves displayed
vigorous GUS activity. These established Agrobacterium-
mediated transformation methods can be utilized for genome
editing in palm trees (Aslam et al., 2015; Budiani et al., 2018).

4.2 PEG-mediated transformation

The application of genome editing in palm trees has to
overcome certain biological and regulatory constraints.
However, particle bombardment and polyethylene glycol
(PEG)-based transformations can directly transfer sgRNA into
the plant genome (Wolter and Puchta, 2018). A PEG-mediated
transformation protocol has been established for oil palm
protoplast transformation (Figure 3B). A previous study
(Masani et al., 2022) stated that protoplast isolated from 3-
month-old suspension calli were collected 14 days after culture.
The protoplast is transformed with CFDV-hrGFP plasmid using
a solution of PEG-3500 in magnesium chloride (MgCL,). PEG
transfection requires optimizing conditions, such as
concentration of DNA, PEG, MgCl,, and heat shock
conditions. Transformation of oil palm protoplast via PEG-
mediated transformation is promising (Masani et al., 2013).

TABLE 2 Agrobacterium-mediated transformation in palm trees.

Tree Target Explant Strain
Date palm GUS activity Somatic embryos LBA4404,
Oil palm CRISPR/Cas9 Callus Agrobacterium
Date palm GUS activity Embryogenic callus AGL1
Coconut Fluorescent proteins Embryogenic calli Agrobacterium
Oil palm DOGRI Embryogenic calli LBA4404
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More than 20% transfection efficiency was achieved. Similarly,
coconut protoplast was transformed by the pCAMBIA300s
vector with the CnMADSI gene via PEG-mediated
transformation. (Sun et al., 2020). Moreover, PEG-mediated
transformation can assess the GE efficiency of different target
genes by CRISPR/Cas9 technology. However, the difficulty in
regenerating the transgenic plant from protoplast limits its
application in trees (Masani et al., 2013).

4.3 Particle bombardment-mediated
transformation

In plants, particle bombardment is widely used to deliver
DNA directly into a plant cell (Figure 4A). Particle bombardment-
mediated transformation is used for stable gene transfer into oil
palm (Table 3) (Parveez and Christou, 1998). The use of suitable
selectable markers and promoters during particle bombardment
requires the development of physical and biological parameters
during transformation. Usually, particle bombardment has been
used to create herbicide glufosinate resistant transgenic oil palm
(Parveez and Christou, 1998). Particles bombarded with genes
related to fatty acid biosynthesis on embryonic calli of oil palm
accumulate high oleic acid content (Kadir, 2003). Using biolistic
particle bombardment into zygotic embryos, the newest study in
oil palm attained 5-19.5% transformation efficiency, with up to
87% of embryos regenerating into shoots by direct embryogenesis
(Yeap et al,, 2021). It has a higher efficiency than Agrobacterium-
mediated transformation, which has increased its application in
palm trees. The efficiency of particle bombardment has been
reported in Estamaran date palm cultivars the pCAMBIA3301
vector harboring the uidA gene under the CaMV35S promoter to
transiently transform embryogenic callus (Mousavi et al., 2014a;
Mousavi et al.,, 2014b). Particle bombardment-mediated
transformation is a promising technique for GE in palm trees.

4.4 DNA microinjection-mediated
transformation

A DNA microinjection-mediated transformation is also used
in oil palm protoplast (Masani et al., 2014). The researchers
utilized a 1% alginate layer to immobilize protoplasts for a

Infection time Concentration Reference
10 min 0OD540 (0.520), (Aslam et al., 2015)
15 min - (Budiani et al., 2018)
2h 0OD600 (1-1.5) (Saker et al., 2009)
20 min - (Andrade-Torres et al.,, 2011)
2h 0OD600 (0.2-0.4) (Dayang Izawati et al., 2015)
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successful transformation. Immobilized protoplasts were kept at microinjection-mediated transformation showed 47.6%
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the linear CFDV-hrGFP fragment (Figure 4B). After 72 hours of results showed that 14% of the injected protoplasts developed
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TABLE 3 Particle bombardment-mediated transformation in palm trees.

Tree Explant Construct Instrument Regeneration frequency Reference

Date palm Somatic embryos Plasmid DNA PDS1000/He Yes (Mousavi et al., 2014b)

Date palm Embryogenic callus DNA PDS1000/He No (Mousavi et al., 2017)

Oil palm Immature embryo CRISPR PDS-1000/He Yes (Yeap et al., 2021)

Oil palm Embryonic callus Plasmid DNA Electric Discharge Device Yes (Parveez and Christou, 1998)
Oil palm Embryonic callus DNA - Yes (Kadir, 2003)

Oil palm Embryonic calli Plasmid DNA PDS-1000/He Yes (Bahariah et al., 2013)

Oil palm Immature embryo Plasmid DNA PDS 1000/He Yes (Abdullah et al., 2005)

4.5 Electroporation-mediated
transformation

The electroporation method is used to identify the mutation
rate and sgRNA efficiency (Figure 4C). The electroporation of
Cas9 and sgRNA constructs resulted in a cleavage frequency of
up to 25.49% in oil palm protoplasts (Liu et al., 2016; Yeap et al,
2021). Using plant tissue culture to enhance and maintain
genetic transformation has become a tool for scientists those
involved in enhancement of agricultural production.
Electroporation substantially impacted callus growth rates
(Darmawan et al, 2020). The pCAMBIA1303 with the GUS
gene under the CaMV35S promoter can successfully transform
into oil palm calli (Darmawan et al, 2020). Electric field
strengths of 250, 500, 750, 1,000, and 1,250 V/cm has used for

Oligo synthesis

Elution

oil palm calli electroporation. All studied electric field strength
treatments delivered gene detection in surviving calli, with
250V/cm electroporation resulting in the greatest calli
growth rates.

5 Potential application of CRISPR/
Cas9 system in palm trees

5.1 Genome-wide construction
of mutant libraries

Large-scale mutant production at the genome-wide level is
fundamental for functional genomics (Figure 5) (Lian et al,
2019). CRISPR/Cas9 technology holds excellent hope for genetic
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FIGURE 5
Construction of CRISPR/Cas9-mediated mutant library.
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improvement in commercial crops. Previously, many mutants
were formed by traditional methods (radiation and chemicals)
and contributed to basic plant research. CRISPR/Cas9
technology can efficiently modify the genome and is used to
generate plant mutant libraries for high throughput screening.
The sgRNA can quickly be produced on a large scale by array-
based synthesis of oligonucleotide libraries for multiplex
genomic targeting (Peterson et al., 2016). Over time, only a
few studies have developed a genome-scale mutant library via
CRISPR/Cas9. Large-scale mutant libraries are successfully
constructed in rice (Oryza sativa) (Meng et al., 2017),
Arabidopsis (Peterson et al., 2016), and tomato (Solanum
lycopersicum) (Jacobs et al., 2017). High expression of Cas9-
sgRNA can increase off-target activity, so choosing a suitable
promoter is crucial (Hsu et al., 2013; Pattanayak et al., 2013).
CRISPR/Cas9 mutant library construction has not been
generated in coconut, date palm, or oil palm trees. Recently,
researchers have been interested in facilitating the genome-scale
mutagenesis and production of transgene-free genome-edited
palms. At CRI-CATAS, our group is currently constructing a
genome-scale CRISPR/Cas9 mutant library with desired traits
related to high fatty acid biosynthesis, seed development, disease
resistance, and abiotic stress tolerance (Figure 5).

5.2 ldentification and modification of
genes related to fatty acids in palm trees

In recent years, vegetable oil consumption has expanded
dramatically (FAO, 2018). As a result, identifying the oil
biosynthesis-related genes and using them for genetic
improvement is an effective strategy to increase edible oil
production. The application of CRISPR/Cas9 system can
potentially modify fatty acid biosynthesis and oil yield traits. The
fatty acid/oil biosynthesis process is far more complex than a simple
linear pathway and is controlled by multiple genes (Zhang et al,,
2018). The WRII (WRINKLEDI) and DGAT (diacylglycerol
acyltransferase 1) genes are widely involved in lipid synthesis in
seeds and leaves (Vanhercke et al., 2013). At the same time, PDAT
(phospholipid diacylglycerol acyltransferase) is responsible for the
last step of triacylglycerol synthesis. The enzyme SAD (stearoyl-
CoA 9-desaturase) produces oleic acid by dehydrating stearic acid.
The oleate desaturase enzyme converts oleic acid to linolenic acid
and encodes by the FAD?2 (fatty acid desaturase 2) gene. The FAD2
gene is responsible for polyunsaturated lipid synthesis in developing
seeds (Zhang et al., 2012). Silencing FAD2 caused a high oleic acid
content in Brassica napus and Arabidopsis (Stoutjesdijk et al., 20005
Baoming et al,, 2011). Editing of OsFAD2 genes has been reported
in rice (Bahariah et al,, 2021). The FAD2 and PAT (palmitoyl-ACP-
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thioesterase) genes are involved in the regulation of fatty acid
composition. In plants, PAT is required for chain termination
during de novo fatty acid synthesis and carbon flux channeling
between two lipid biosynthesis pathways (Jones et al, 1995).
Genome editing reduced the activity of FAD2 and PAT. These
genes enhanced oleic acid content by more than 70%. Further,
FAD?2 and PAT decreased linolenic acid and polyunsaturated fatty
acids (Bahariah et al., 2021).

High palmitic acid content makes palm oil unhealthy for
human consumption. Thus, CRISPR/Cas9 offers several
advantages to override genetic changes in high fatty acid and
low palmitic acid content. The EgFATBI (Acyl-ACP thioesterase
B) genes regulate palmitic acid concentrations and fatty acid
composition in the mesocarp. Additionally, the FatB mutant
showed regulation in palmitic acid content in oil palm (Xia et al,
2019). The CnFATA (acyl-ACP thioesterase class A) stimulates
the TAG profile comprised of saturated fatty acid synthesis
(FAs) (Figure 6) (Reynolds et al,, 2019). Among five CnFATB
genes, CnFatB3 is expressed explicitly in the endosperm. TAG is
the main component of vegetable oil, consisting of glycerol
esterified with three fatty acids (Dussert et al., 2013). In
contrast, FAT genes have been one of the attractive targets of
genome editing in the commercial production of oil.

EgNF-YA3, EgNF-YC2, and EgABI5 bind to the EgWRII
transcription factor promoter and regulate EgWRII expression.
Ectopic expression of WRII controls the metabolic processes
that might influence fatty acid accumulation by increasing TAG
content in Arabidopsis seedlings (Cernac and Benning, 2004).
Moreover, the CnWRII gene synthesized high palmitic and
linolenic acid content and decreased oleic acid content in
Arabidopsis seeds (Reynolds et al,, 2015). WRII gene and
palmitoyl-acyl carrier protein (ACP) thioesterase (FATB/
PATE) co-expression increases total oil content. Furthermore,
this expression network expanded to other regulatory pathways,
such as sugar metabolism, starch metabolism, and glycolysis
(Ting et al., 2020). EgNF-YA3, EgNF-YC2, and EgABI5 activate
EgWRII. Overexpression of EgWRII in Arabidopsis regulates
ethylene-responsive transcription factors and abscisic acid-
responsive element binding factors. The EgWRKY40 and
EgWRKY?2 transcription factors bind to the W-Box EBIS5,
while EgWRKY40 negatively regulates EgEBI5 and represses
fatty acid biosynthesis (Yeap et al,, 2017). The EgGDSL gene
stimulates oil biosynthesis (Zhang et al., 2018). CRISPR/Cas9-
based genome editing may be able to edit these binding sites,
elucidate the exact role, and expose the oil yield-associated
expression at the transcriptional level in the oil palm. The
biochemical pathway leading to palm oil synthesis involves
multiple subcellular organelles, requiring extensive lipid
trafficking, such as mesocarp plastidial FA and endoplasmic
reticulum-based ER-TAG. The FA controls the biosynthesis of
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Fatty acid biosynthesis pathway in the palm tree. DGATY, diacylglycerol acyltransferase 1; WRI1, WRINKLED; MCFA, medium chain fatty acid;
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storage oil, regulated by the WRII gene encoded by the AP2
(APETALA) ethylene-responsive element-binding protein
transcription factor (Dussert et al., 2013).

Expression of DGAT, DGAT2A, and DGATI-2 increases
overall oil content in Arabidopsis, maize, and soybean. DGAT
(diacylglycerol acyltransferase) enzyme-catalyzed acylation of
DAG impacts fatty acid accumulation by TAG synthesis
(Kumar et al, 2016). Moreover, EgNF-YA3, EgNF-YC3, and
EgABI5 transcriptionally activate EgDGATI. A synergistic
relationship of push/pull found between DGAT1 and WRIL
increases carbon flux in TAG biosynthesis (Figure 6) (Vanhercke
et al, 2013). Lysophosphatidic acid acyltransferase (LPAAT) is
involved in DAG production via the Kennedy route (Bernerth
and Frentzen, 1990). Coconut oil is stored in solid endosperm
and contains 47.8%-50.5% acid content as lauric acid. Acyl-acyl
carrier protein thioesterases and lysophosphatidic acid
acyltransferase enzymes are critical components in fatty acid
accumulation in coconut oil. The study of coconut embryogenic
genes and other gene encoding factors involved in lipid
metabolism, such as the B3 domain transcription factor family
(Kim et al,, 2014). Coconut and oil palm contains 50% lauric
acid in their endosperm. Gene expression and function are
highly conserved in lipid metabolism pathways. It is also
worth considering that successful CRISPR/Cas9-based genetic
improvement in palm trees will enhance the commercial

production of vegetable oil.

Frontiers in Plant Science 12

6 Limitations in palm trees CRISPR-
based genome editing

6.1 Genome complexities and
heterozygosity

Despite the broad application of CRISPR/Cas9-based genome
editing, it still poses some limitations in palm trees. Plant models
used for genome editing via CRISPR/Cas9 are mostly highly
inbred. Due to the vast and complex genome, high rate of
heterozygosity, and outcrossing, using CRISPR/Cas9 in palm
genome editing can be challenging (Jubrael et al., 2005; Sattar
etal,, 2017). Identifying the genetic foundation of desirable traits is
still a time-consuming process that requires a combination of
forwarding and reversing genetic techniques and whole-genome
sequencing utilizing next-generation sequencing techniques.
Genome editing in date palms has some limitations, as genomes
of outcrossing species have high allelic heterozygosity,
polymorphism, and genetic instability (Jubrael et al., 2005).
High allelic heterozygosity and sequence polymorphism may
affect genome editing in woody perennial trees (Tsai and Xue,
2015). The oil palm genome is heterogeneous with low genetic
variation, which is a significant constraint in genetic improvement
(Babu et al, 2021). Coconut has a high heterozygosity rate,
making genome editing an effort and a challenging process
(Rajesh et al, 2021). For the implication of the CRISPR/Cas9
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system in palm trees, prior knowledge of genetic variation and
SNPs are required. On the other hand, the shortage of data on the
best expression cassettes for expressing constructed nuclease, low
transformation efficiency, slower growth rate, and trouble
isolating GE clonal plants are those points that should be kept
in mind (Limera et al., 2017).

6.2 Genetic transformation

The CRISPR/Cas9 system in palm trees has been hampered by
a lack of an effective genetic transformation techniques, plant
regeneration procedure, and in vitro testing tools. Several
transformation methods to deliver the CRISPR system into
plants have been tried. However, to overcome the constraint,
comprehensive genome engineering technologies must be
developed to make them more practical and beneficial for the
palm family because the palm family has very low transformation
efficiency compared to other plants (Cutter and Wilson, 1954;
Blake, 1983; Teixeira et al., 1995). In oil palm, Agrobacterium-
mediated transformation efficiency is 0.7% (Masli et al., 2009;
[zawati et al., 2012), whereas 1.5% for particle bombardment
(Parveez et al., 2000) and 14% for protoplast DNA microinjection
(Masani et al., 2014). Protoplast transformations are commonly
applied as a transient expression system to assess the CRISPR/
Cas9 system’s viability. However, due to limits and inheritable
mutations, it is hard to generate plants from protoplast cultures.
Oil palm genome editing for genetic improvement via seed
propagation is time-consuming, selection cycles run for more
than ten years, and there is a lot of variation among oil palm
hybrids (Weckx et al,, 2019). An inefficient plantlet regeneration
system in coconut is a significant limitation in genome editing due
to slow growth and a lack of vigor (Nguyen et al, 2015). The
ribozyme-mediated CRISPR/Cas9 system improved the CRISPR/
Cas9 system through highly effective, rapid, and simple
Agrobacterium ribozyme-mediated transformation in hairy roots
(Triozzi et al, 2021). For palm trees, transformation and
regeneration remain major bottlenecks after genome editing.
However, regeneration of transformed tissues, optimization of
selection pressure, tediousness, time-consuming procedures, and
low transformation efficiency remain major challenges.

6.3 The CRISPR/Cas9 vector
construction and sgRNA design

The CRISPR/Cas9 vector construct is one of the crucial
elements for its effective performance. Additionally, when more
genes responsible for oil palm agro-economical features are
discovered, editing at a single locus in the genome may not
produce the desired result if numerous genes rule the trait
(Aprilyanto et al., 2019). Moreover, the critical step in genome
editing is the selection of sgRNA (target region in the genome).
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Generally, in palm trees, the choice of the target region in the
genome may be comprised of polymorphism, oft-targets, the
presence of introns, and SNPs (Sattar et al., 2017; Sattar et al,,
2021). Date palm cultivars’ whole genome sequencing revealed
intra- and inter-varietal SNPs not only in the intergenic region
but also in the coding region (Al-Mssallem et al., 2013; Sabir
et al,, 2014). As a result, it is necessary to identify the sgRNA
features that optimize Cas9 nuclease activity. Various web-based
tools for sgRNA design in plants have restricted the availability
of palm species databases (Supplementary Table 1). It could be
due to the scarcity and discovery of palm family genomes on the
available resources. In the CRISPR/Cas9 system, there is limited
choice for promoters complementary to the target sequence,
which guides Cas9 to generate DSBs at the target site (He et al,
2017a). In addition, several key factors can also affect the
CRISPR/Cas9-based genome editing in palm trees. These may
include the GC content and size of sgRNA, Cas9 protein, and co-
expression of sgRNA during the pairing of sgRNA with the
target sequence (Fu et al., 2014).

6.4 Off-targets

There is a desperate need to rectify all possible irregularities
in CRISPR/Cas9-mediated genome editing to minimize off-
targets. Whole-genome sequencing of coconut, oil palm, and
date palm showed intra- and inter-varietal SNPs in both the
intergenic and coding regions. Currently, no method can
precisely predict off-target sites (Huang et al., 2022).

7 Future perspective

The increasing climatic changes, biotic factors, and human
population boom have left no choice for biotechnologists except
to develop genetic tolerance for the sustainable production of
commercial palms. CRISPR-based targeted GE in perennial trees
and woody vines like oil palm, apple, grape, kiwifruit, poplar,
sweet orange, and grapefruit have been done in the past
(Table 1). There are many applications of CRISPR in plant
biotechnology; like sex determination (Sattar et al., 2017).
Applying next-generation DNA-free CRISPR/Cas9 approaches
such as CRISPR/Cas9 ribonucleoproteins (RNPs) may offer a
reasonable solution to address current GMO regulations in
certain countries (Kanchiswamy, 2016; Lu et al, 2017).
CRISPR-based GE can also be explored to restrain the acute
diseases and pests of the palm family. Moreover, the classical
mutagenic techniques are not necessarily suitable for the
inactivation of every gene under study due to the inconstant
nature of gene integration, which could end up in the appearance
of transgenes (Khatodia et al., 2016). Such randomly induced
mutagenesis has the severe drawback of an enormous
background mutation load (Braatz et al., 2017). However, the
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Abiotic and biotic factors
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Non-edited genes i

Cell death and senescence
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production

Low oil yield
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ow fatty acid

CRISPR/Cas9-mediated genome editing of palm trees produced more fatty acids and showed resistance against biotic and abiotic stresses. In
contrast, non-edited palm trees produce less fatty acid (vegetable oil) and are unable to resist biotic and abiotic stresses.

comprehensive mutagenesis made only possible by the CRISPR/
Cas9 technology would allow researchers to target several loci in
the in palms genome and to analyze the expression of such fixed
genes. The site-specific gene insertion, specificity in targeted
mutation, and controlled genetic manipulations can make
CRISPR/Cas9 a novel tool for commercial palms GE in
the future.

8 Conclusion

CRISPR-based genome editing could play an integral role in
achieving climate resilience, high yielding, and stress tolerance-
related genetic traits in commercial palms (Figure 7). CRISPR
has become one of the prominent and widely utilized
biotechnology for GE in various plant species with many
success stories in the past and holds massive potential in
precision crop breeding, with some technical limitations.
Despite CRISPR/Cas9’s massive potential, GE in palms can
have specific bottle-necks. Genome data mining, selection of
target, transformation method, high allelic heterozygosity,
outcrossing, sequence polymorphism, off-targets, and the large
genome size of palm trees are the real challenges in the middle.
Before claiming a big win in the case of palms, we must address
some hot questions; Are consumers willing to choose gene-
edited products such as vegetable 0il? Is this technology going to
be cost-effective? Although CRISPR/Cas9-mediated GE could
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reduce customers’ apprehensions due to its non-GMO nature, at
the same time, spreading awareness about CRISPR-based GE in
palms is still an essential task to do. We have touched the tip of
an iceberg, as genome editing and genetic improvement are
massive fields yet to be explored in palm trees. In the end, by
considering the above-discussed reports of GE in palms, it is
possible to predict that CRISPR-based GE can be promoted to
obtain sustainable production of commercial palms with the
desired genetic traits.
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