Industrial Crops & Products 147 (2020) 112125

INDUSTRIAL

CROPS

Contents lists available at ScienceDirect

Industrial Crops & Products

journal homepage: www.elsevier.com/locate/indcrop

Cell suspension culture: A potential in vitro culture method for clonal
propagation of coconut plantlets via somatic embryogenesis

Check for
updates

Eveline Y.Y. Kong*, Julianne Biddle, Mike Foale, Steve W. Adkins*

School of Agriculture and Food Sciences, The University of Queensland, Gatton Campus, Gatton, QLD, 4343 Australia

ARTICLE INFO ABSTRACT

Keywords: Cell suspension culture has the potential to achieve more large-scale clonal propagation of coconut (Cocos nu-
Coconut cifera L.) via somatic embryogenesis, and to overcome current uncertainty regarding the quality and quantity of
Cocos nucifera L. available planting materials, replicating the success of the method for the clonal mass propagation of other palm
Micropropagation

species. Unlike oil palm (Elaeis guineensis Jacq.) and date palm (Phoenix dactylifera L.), a high-quality embryo-
genic cell suspension culture from coconut tissues and the further regeneration of plantlets have not yet been
attained. However, similar to oil palm and date palm, the establishment of coconut embryogenic cell suspension
cultures is expected to achieve a high multiplication rate arising from rapid cell production, sustained em-
bryogenic potential, and synchronized somatic embryo production. In addition, coconut genetic potential can be
improved at the cellular level through biotechnology applications such as plant transformation, protoplast
isolation and genome editing. Based on studies conducted on other palms, there are crucial factors which in-
fluence the establishment and growth of cell suspension cultures for palm species that are discussed extensively
in this review. There are also constraints within the cell suspension culture system which should be critically
reviewed prior to considering their application to coconut. Although there may be limitations, this review
proposes that a cell suspension culture step is likely to be crucial to scale-up the clonal propagation of coconut, as
it currently appears to be the best method to accomplish large-scale renewal and raised productivity in the

Tissue culture
Somatic embryogenesis
Embryogenic cell suspension culture

coconut industry.

1. Introduction

Many palm species are of economic importance and exhibit a mul-
tipurpose character to produce many useful products (Johnson, 1999).
It is generally believed that coconut (Gomes and Prado, 2007), oil palm
(Sayer et al., 2012), date palm (Al-Shahib and Marshall, 2003), and
peach palm (Bactris gasipaes Kunth) (Clement et al., 2004) are among
the most valued. Their economic importance is ranked third after the
Poaceae and Fabacease families (Meerow et al., 2012). Coconut is a
member of the Arecaceae (palm) family. It has been historically crucial
to the successful colonisation of many tropical lands by human ex-
plorers. It has become economically important more widely due to its
many uses such as food and drink, building materials, fuel, medicines
(Aljohi et al., 2016). In addition, the coconut shell, an ideal feedstock
for activated carbon, can be modified into organic compost and is a
potential resource for the production of biofuels (Archana et al., 2019).
As such, it is accurately regarded throughout its global habitats as the
‘tree of life’ (Foale, 2003). Similar to coconut, oil palm and date palm
are also high profile palms due to their economic significance.

* Corresponding authors.

However, there are many other palm species that now have developed
other uses far beyond their traditional uses (Tregear et al., 2011). For
instance, peach palm was the staple food of pre-Columbians due to its
nutritional value and is now a domesticated fruit crop in Amazonia. It is
grown at high density for its ‘heart of palm’, which is extensively traded
in American and European markets. It can also be used as animal feed,
for silage making and oil production (Clement et al., 2004).

The coconut, oil, date and peach palms are all seed-propagated,
with no natural vegetative propagation capability. Date and peach palm
have a minor ability to undergo asexual propagation by forming offsets
(Blake, 1983) or offshoots (Mora-Urpi et al., 1997). Oil palm, which
lacks secondary shoot formation for vegetative multiplication in nature,
is solely amenable to an in vitro clonal propagation method (Morcillo
et al., 2007). In addition, propagation by seed in date palm causes such
heterogeneity that some offspring develop low quality fruit and in-
competence in the field (Naik and Al-Khayri, 2016). Offshoots in date
palm which produce genetically identical progeny are more favourable,
but their availability is limited (Al-Khayri, 2012). Vegetative propaga-
tion of offshoots in peach palm is possible, but the formation of
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offshoots is also limited (one to four per year), and the survival rate is
low in the field (Mora-Urpi et al., 1997). As for coconut, productivity of
the current global resource is decreasing due to biotic or abiotic stress,
the fluctuating market demand for its oil as well as a low efficiency of
seedling production for replanting (Nguyen et al., 2015).

Due to the propagation challenges for these economically important
palm species, in vitro clonal propagation through plant tissue culture
has been studied extensively and commercialised for some species.

For instance, tissue culture techniques such as embryo culture, so-
matic embryogenesis (SE) and cryopreservation of coconut have been
investigated over the past 60 years (Adkins et al., 2016; Nguyen et al.,
2015). Somatic embryogenesis is a promising in vitro approach for the
clonal propagation of elite coconut germplasm due to its capacity for
large-scale clonal propagation (Bandupriya et al., 2016). Nevertheless,
there are still limitations in the existing protocol which require im-
provement to enable large-scale production. The establishment of a
highly productive embryogenic cell suspension culture is a plausible
objective (Nguyen et al., 2015), but there has been limited research
undertaken on cell suspension culture. Past work includes the study on
non-embryogenic coconut cell suspension culture (Basu et al., 1988),
preliminary studies to initiate embryogenic cell suspension culture of
coconut (Bhavyashree et al., 2016; Nguyen, 2018), and the study on
somatic embryo formation in liquid culture (Antonova, 2009). Mean-
while the method has been successfully established for oil palm and
date palm (Bhaskaran and Smith, 1992; de Touchet et al., 1991) which
raises the expectation that the cell suspension culture technique for the
rapid mass propagation of coconut could be achieved.

2. Somatic embryogenesis via cell suspension culture

Somatic embryogenesis, solely seen in the plant kingdom, is a pro-
cess of transition from undifferentiated somatic cells into normal em-
bryogenic cells and eventually into entire plants (Zimmerman, 1993).
The process begins with the initiation and proliferation of an embryo-
genic culture, followed by the maturation of somatic embryos and then
regeneration into plants (Fig. 1). Proliferation can be achieved on a
semi-solid medium as an embryogenic callus or in a liquid medium as
an embryogenic cell suspension culture (Von Arnold, 2008). Hence, it is
defined as an in vitro system typically initiated by inoculating friable
embryogenic callus, as the starting material, into a suitable liquid
medium with continuous shaking for its multiplication (Mustafa et al.,
2011). Friable embryogenic callus is preferable as it needs less force to
achieve cell separation as compared to that required for compact em-
bryogenic callus (Bhatia, 2015). The selection of large quantities of
high-quality embryogenic callus is an important step in the develop-
ment of embryogenic cell suspension cultures. The initiating tissues
used should consist of embryogenic calli and transparent proembryos,
while meristematic globules, cotyledonary stage embryo and compact
calli should be removed (Strosse et al., 2003).

Cell suspension cultures are usually agitated continuously to break
up cell aggregates, to maintain uniform cell distribution and to provide
good gaseous exchange to sustain cell respiration. New individual cells
are formed by continuous break-up of the inoculum and the shedding of
new cell clusters as cell division proceeds. In nature, plant cells tend to
adhere together, therefore, a typical cell suspension culture is often
made up of small clusters of cells rather than single cells. In addition to
this, the liquid medium used in cell suspension culture is usually similar
to that used for callus culture (Bhatia, 2015). The regeneration, there-
fore, via SE and cell suspension culture of date palm, involves several
stages: 1) the induction and proliferation of friable embryogenic callus;
2) the establishment of embryogenic cell suspension culture; 3) the
development of somatic embryos in the cell suspension culture; 4) the
maturation and germination of those somatic embryos; 5) the elonga-
tion of shoots, and induction of roots; 6) the acclimatization of the
plantlets formed (Abohatem et al., 2017) (Fig. 2).

Cell suspension culture is considered to be superior to callus culture
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because it offers high medium-to-tissue contact which then promotes a
rapid tissue multiplication rate (Soomro and Memon, 2007). A com-
paratively homogeneous cell culture is developed due to the rapid and
uniform transfer of nutrients, the easier access to medium-added plant
growth regulators, and precursors and signal compounds (Mustafa
et al., 2011). Agitation in a cell suspension culture medium ensures
uniform delivery of compounds without gradients being formed around
the plant tissues, in contrast to the solidified culture medium system
used for callus culture. Hence, suspension culture is the generally fa-
voured approach, as the effects of exogenous applied plant growth
regulators are often concentration dependent, and concentrations are
kept uniform in an agitated system. Another advantage of this culture
system is that there is a reduction in the negative feedback effect of
toxins that are commonly released by the cultured tissues into the
medium. The inhibition of metabolites secreted by the cells during
further growth and development has been found to be minimized by the
rapid dispersion and dilution of these substances in the liquid media. In
contrast, the toxins would remain in close proximity to the cultured
tissues that produced them in a gelled media system (Ascough and
Fennell, 2004).

Furthermore, the cell suspension culture system also provides good
availability of nutrients and carbon for growth and has a high capability
to produce consistent results (Moscatiello et al., 2013). Besides this, the
cell suspension culture system is easy to maintain at a high cell popu-
lation density in a single vessel, allowing the further proliferation of
cells when aliquots are placed into additional culture vessels. Hence, it
is also a convenient way for studying cell responses that correspond to
cell growth, differentiation and regeneration (Wang et al., 1999). An-
other important advantage is that they have the capacity to mass pro-
duce somatic embryos that are all at the same stage of development
(Buffard-Morel et al., 1995). This overcomes one of the drawbacks of SE
via callus culture which produces a mixture of developmental stages
(Deo et al., 2010).

Plant cell suspension culture is also often used to culture plant cells
on a large-scale (Ahmad et al., 2013), as it induces the efficient pro-
duction of plant regenerants in large numbers (Wang et al., 1999),
whilst a solid medium is not suitable for large-scale propagation (Fki
et al., 2011). For instance, banana hybrid cultivar ‘FHIA-18’(Musa sp.
AAAB) was mass-propagated through SE in liquid culture medium and a
high regeneration rate was achieved after only 1 month (Kosky et al.,
2002). A similar result was observed in oil palm cell suspension culture,
whereby cell proliferation occurred rapidly and there was a four-fold
increase in initial weight after just 1 month, with the embryogenic
competent cells constantly available for more than 18 months (de
Touchet et al., 1991). Hence, the advantage of a large-scale clonal
propagation allows for the application of a cell suspension culture
system in oil palm, date palm and peach palm.

2.1. General uses of the plant cell suspension culture system

A simple model system of plant cell suspension is a good way to the
processes of analyse complex cellular and molecular physiology
(Moscatiello et al., 2013; Mustafa et al., 2011). Apart from being a tool
for the mass propagation and regeneration of somatic embryos, cell
suspension culture is a potential renewable source for the synthesis and
production of valuable phytochemicals from medicinal plants
(Mulabagal and Tsay, 2004). It is also used as plant material for pro-
toplast isolation and cultivation due to the its ready availability of
material, and its high stability (Wakita et al., 1996). In fact, it is also a
useful aid in studying mutagenesis and cell line selection of desired
characteristics, as a large number of cells are available. Cell suspension
culture, which requires only a small laboratory space, also offers uni-
form conditions for chemical treatments (Jeoung et al., 1998). The cost
is reduced when the culture system is automated, as production is in-
creased by controlling and regulating cell growth and metabolic path-
ways (Mulabagal and Tsay, 2004). There are also applications of cell
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Fig. 1. A flow chart of the conventional clonal propagation of coconut via somatic embryogenesis (left) and the addition of cell suspension culture multiplication step
(right) to improve the somatic embryo production rate. (The third and fourth photos are reprinted from Nguyen et al. (2015) and Antonova (2009) with permission.
The last photo is a photo courtesy of Sisunandar Sudarma.)



E.Y.Y. Kong, et al. Industrial Crops & Products 147 (2020) 112125

g

Friable embryogenic
callus

Cell suspension
culture

Somatic embryo
formation

Somatic embryo
maturation

Regenerated plants or
plantlets

Fig. 2. The stages of establishment and plant regeneration of oil palm (a—e) and date palm (f-k) via somatic embryogenesis through cell suspension culture. (The
photos are reprinted from Teixeira et al. (1995) and Abohatem et al. (2017) with permission.).
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suspension culture systems for in vitro date palm germplasm conserva-
tion by cryopreservation (Al-Bahrany and Al-Khayri, 2012), the trans-
formation of maize (Zea mays L.) cells resulting in the generation of
fertile transgenic plants (Gordon-Kamm et al., 1990), and the genome
editing using isolated protoplasts of oil palm (Masani et al., 2014).

3. Factors affecting establishment and growth of embryogenic cell
suspension culture

The establishment of a cell suspension culture from highly somatic
embryogenic callus tissues, along with the maintenance of their re-
generation capacity, and for its preservation for extended periods of
time, needs to be achieved prior to the rapid, high-level production of
plants can be achieved (Fellers et al., 1995). There are several relevant
factors which can be categorized into those that are respectively bio-
logical, chemical or physical in nature (Zhong and Yoshida, 1997). Past
attempts have been made to form such cultures from coconut
(Bhavyashree et al., 2016; Nguyen, 2018) but high-quality cultures and
their further regeneration into plants has not yet been achieved. Hence,
there is no information currently available on the various culture
growth factors involved, but there is information for other palm species
(Table 1 and 2) that is expected to be relevant for future coconut work.

3.1. Biological factors

3.1.1. Inoculum density

Initial inoculum density is important for establishing a cell sus-
pension culture for any plant species (Lo et al., 2012). This is because
there are interactions that occur just between cells as well as between
the cell and the culture medium, and this affects the biological en-
vironment of the cultures (Ozeki and Komamine, 1985). The inoculum
density should remain above the minimum cell density in order to
maintain active cell growth following subculture (Franklin and Dixon,
1994). This is because cell growth does not occur below the minimum
cell density nor when a lag phase in growth occurs (Jeong et al., 2009;
Yusuf et al., 2013). Although the optimum inoculum density is species-
specific, the minimum cell density can be affected by the cell line,
culture medium constituents and cell growth rate. In general, a large
inoculum size is necessary to create a high cell density and to establish a
growing cell suspension culture. However, it is possible to initiate a cell
suspension culture with a low inoculum density when conditioned
medium is used (Franklin and Dixon, 1994). Cell suspension cultures
can be inoculated with either low (0.1 g) or high (1.0-2.0 g) cell in-
oculum densities per 33-50 mL of medium. However, low inoculum
density is often more beneficial. This is because the embryogenic cells
may begin to senesce or the non-embryogenic cells (fast growing) may
restrict the growth and proliferation of embryogenic cells when the
initial inoculum density is high. Whilst, at a low inoculum density,
these non-embryogenic cells have only a small effect, they do not sur-
vive through further subcultures and have a slow proliferation rate. In
most cases, single cells rarely prevail in embryogenic cell suspension
cultures as they usually rapidly proliferate into small aggregates of
embryogenic tissue. The single cells shed from the aggregates which are
most probably non-embryogenic cells will have a low survival capacity
at low inoculum density (Finer, 1994).

The effect of inoculum density was studied in the establishment of
oil palm cell suspension culture by de Touchet et al. (1991). It was
discovered that a low inoculum density of 0.1 g to 0.3 g per 20 mL was
the best as the final suspension mass increased four-fold after only 1
month of culture. Similarly, the cell density which determines the
plating efficiency was evaluated by Al-Khayri (2012) in date palm cell
suspension culture. This researcher discovered the highest plating ef-
ficiency (14.6 %) was obtained when the initial cell density was ca
10,000 cells per mL. In addition, the number of somatic embryos cul-
tured in liquid media was 3.5-fold greater than could be produced on
solid media after 8 weeks of culture. These results demonstrate the
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importance of inoculum density in establishing the cell suspension
culture protocols of these two palm species.

3.1.2. Cell aggregate size

As plant cells tend to aggregate or cluster in suspension culture
(Tanaka et al., 1992), the cell aggregate size is believed to be controlled
by the degree of cell cohesiveness. This is related to the composition of
the cell wall (probably pectic compounds) and the degree of cell wall
differentiation (Warren, 1992). Typically, the cell aggregate size can
reach up to a few mm in diameter with a cell number of hundreds (Zhao
et al., 2003), or even thousands, with cell clump sizes ranging from <
100 pum to over 2 mm (Kolewe, 2011). Therefore, plant cell suspension
cultures are heterogeneous with regard to the presence of cell ag-
gregates of various shapes and sizes (Tanaka et al., 1992).

Cell aggregate size is influenced by culture age and medium com-
position (Wallner and Nevins, 1973). Hence, aggregate size can be
controlled by modifying the media constitution as well as by the culture
method employed (Bais et al., 2002). In addition, the cell aggregate size
has a strong influence on cellular metabolism (Kolewe et al., 2011),
including bioprocess performance such as growth and secondary me-
tabolite production (Patil et al., 2013). The cell aggregate size can also
affect protein synthesis, substrate and product mass transfer, free amino
acids availability, secondary metabolites synthesis and scale-up at-
tainability (Bais et al., 2002). For instance, cell aggregation into large
clumps often causes problems in large-scale cultivation of cell suspen-
sion culture (Doran, 1993). Therefore, cell aggregate size has been
identified as a key feature because it creates microenvironments for the
individual cell aggregates with reference to their cell to cell signalling,
their nutrient supply and the shear stress applied by the in vitro shaking
conditions (Kolewe, 2011).

The formation of somatic embryos in date palm embryogenic cell
suspension culture was found to be affected by cell aggregate size (Fki
et al., 2003). The greatest number of somatic embryos was formed
when the aggregates were sieved through a large mesh size of 1000 pm,
as compared to a mesh size that was approaching 100 pm. Somatic
embryogenesis from embryogenic cell suspension culture of banana cv.
‘Da Jiao’ (Musa paradisiacal ABB L.) was also found to be affected by the
cell aggregate size and plating density (Dai et al., 2010). The numbers
of somatic embryos obtained were highest in Petri dishes inoculated
with cell aggregate sizes of 154-900 pum at a low plating density. Hence,
it is proposed that somatic embryos are developed from cell aggregates
rather than from single cells.

3.1.3. Growth kinetics and selection of cell lines

Growth kinetics of a culture system need to be understood in order
to achieve effective cell culture manipulation. This includes discovering
the point at which growth starts, and then the stages that comprise the
lag, the exponential or log, linear, deceleration phases and the sta-
tionary phase. Then, a growth curve can be plotted based on this in-
formation. It is also important to know the performance and metabolic
activities that are happening at each growth phase (Al-Khayri, 2012). A
sigmoid S-shaped growth curve was obtained for a date palm embryo-
genic cell suspension culture by measuring its fresh weight over 30 days
(Fki et al., 2003), as well as the packed cell volume for 12 weeks (Al-
Khayri, 2012). A similar growth curve has been obtained in the cell
suspension culture of banana (Musa acuminata Colla cv. Mas) (Jalil
et al.,, 2003). The cell suspension culture growth cycle also helps to
determine the optimal subculture interval. However, the growth curve
is affected by the inoculum size, as smaller inoculum size will result in a
longer lag phase, and there may be no cell growth when the inoculum
density is below a critical level. A stationary phase is likely to start
earlier, if the inoculum density is larger. As a result, the subculture
interval is often determined by the aims of the research, such as effi-
ciency in maintenance, optimal cell viability or use in further research
for biomass optimization, and production of phytochemicals, ribonu-
cleic acids (RNAs) or proteins (Mustafa et al., 2011).
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Table 2 (continued)

References

Outcome

Plant regeneration/Further culture condition

Initial culture condition

Palms

Bhavyashree et al.

Further culture ® Addition of 4.5 pM 2, 4-D and 34.2 pM glutamine to the medium
(2016)

Establishment

Coconut palm

was the best for initiation of cell suspension culture.
® 9.9 % of packed cell volume was achieved after 200 days of culture

® Y3 + 34.2 pM glutamine + 882.3 pM KH,PO, +

® Y3 + 4.5 uM 2,4-D + 34.2 uM glutamine + 882.3 pM

222 uM adenine +0.3 g L™! AC
® Subculture cycle: 20 days

KH,PO, + 222 uM adenine +0.3 g L™! AC

® Temperature: 28 + 2 °C
® Dark condition

and 52 % were viable cells.
® Addition of 100 mg L~ ! malt extract, 9.3 uM kinetin and 40.9 uM

biotin to the medium result in cell aggregation without further

progress.
® Hard and densely aggregated cells were produced and did not

® Agitation: 120 rpm

® Subculture cycle: 7 days

® Culture period: 42 days

Initial explant:

obtained cell suspension culture of high-quality.

® 0.5 g embryogenic callus derived from shoot meristem

Key: AC: Activated charcoal, BAP: 6-Benzylaminopurine, 2,4-D: 2,4-Dichlorophenoxyacetic acid, KN: Kinetin, ANA or NAA: 1-Naphthaleneacetic acid, TDZ: Thidiazuron, IBA: Indole-3-butyric acid, 2iP: N6-(2-

Isopentenyl)adenine, PGR: Plant growth regulator, MS: Murashige and Skoog (1962) medium, MW Vit: Morel and Wetmore (1951) vitamins, Y3: Eeuwens (1976) medium, KM vit: Kao and Michayluk (1975) vitamins, B5:

Gamborg et al. (1968) medium.

— Not mentioned.
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A stable homogeneous cell suspension culture may require between
6-9 months to be established (Mustafa et al., 2011). Palm species may
need even longer periods as the initiation of a stable date palm em-
bryogenic cell suspension culture required 6-12 months (Assani et al.,
2011). However, Strosse et al. (2004) commented that the embryogenic
cell suspension cultures of banana (Musa sp.) may still remain hetero-
geneous even after 6 months from initiation. Heterogeneity is due to the
presence of cells in clumps at various developmental and differentiation
phases. For instance, a date palm cell suspension culture comprised
different types of cells including single embryogenic cells (15-20 pm in
diameter), non-embryogenic long single cells, dividing embryogenic
cells, cell aggregates, microcalli and proembryonic clusters. The range
of cells present can be determined by the age of the cell suspension
culture (Assani et al., 2011). Also, a 6- to 9-month old embryogenic cell
suspension culture from banana also consisted of various types of cells
such as embryogenic cell aggregates, yellow meristematic globules,
whitish somatic proembryos, whitish isolated dense cells, and highly
vacuolated cells (Strosse et al., 2003). However, a more homogenous
culture is preferred for achieving reproducible results (Mustafa et al.,
2011). According to Assani et al. (2011), the use of a 500 pm sieving
step to produce fine (more homogeneous) cell suspension is necessary
to achieve success in date palm. Therefore, it may be concluded that the
selection of a fine homogeneous embryogenic cell suspension culture is
essential for long-term establishment, and is likely to be of equal im-
portance for coconut.

3.2. Chemical factors

3.2.1. Culture media

An artificial media is essential for growth of in vitro plant tissues and
organs. It can be made up of components including macro- and micro-
nutrients, a carbohydrate source, plant growth regulators, vitamins, a
solidifying agent, free amino acids and other nitrogen supplements,
undefined additions and buffers. Murashige and Skoog (1962) (MS)
nutrients are the most commonly used in plant tissue culture (George
and De Klerk, 2008). However, the right medium to use for in vitro
culture work is dependent upon the genotype and the goal of the ex-
periment (Mustafa et al., 2011). For instance, MS medium is the most
suitable medium for embryogenic cell suspension culture of oil palm
(Kramut and Te-chato, 2010), while Y3 (Eeuwens, 1976) medium is
superior for growth of an in vitro coconut tissue culture. This is because
the Y3 medium formulation has higher levels of potassium and iodine in
comparison to most other nutrient medium formulations. This provides
an in vitro culture condition for coconut tissue that is similar to its
natural germination habitat on the coastal strand, where the soil has
often had in contact with potassium and iodine-rich sea water. Besides
that, the addition of organic sources of reduced nitrogen have been
found to be indispensable for the competent in vitro growth of coconut
tissues (Eeuwens, 1976). Growth was also prompted when acid hy-
drolysed casein, or mixtures of certain L-amino acids were used as the
only source of nitrogen (Eeuwens, 1978).

Plant growth regulators (PGRs) have a substantial effect in the
management of vegetative and reproductive growth of plants. They can
produce a profound reaction at low concentrations while controlling
the growth and development of plants by affecting cell division, ex-
pansion and differentiation. The effect depends on the concentration of
the PGRs, the presence of target cells or tissues and their developmental
stage, the concentration of other PGRs present, the target plant’s health,
nutrition and water status, as well as physical environmental conditions
(Coggins and Lovatt, 2014). Auxins and cytokinins are the two most
important PGRs used in tissue culture to aid growth regulation and
morphogenesis (Machakova et al., 2008). Therefore, research on the
media composition of oil palm and date palm cell suspension culture
has been focused on these PGRs. For instance, the addition of 2,4-di-
chlorophenoxyacetic acid (2,4-D) had a great effect on success with oil
palm (de Touchet et al., 1991; Kramut and Te-chato, 2010) while
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similar results were observed in date palm (Boufis et al., 2014; Othmani
et al., 2009). In addition, media supplemented with the cytokinin ki-
netin was found to shorten the time to establish a fine cell suspension
culture of oil palm (Te-chato et al., 2008). As for date palm, Abohatem
et al. (2011) reported the addition of another cytokinin 6-benzylami-
nopurine (BAP; 0.3 mg L™!) to media as a way to obtain a high pro-
duction of somatic embryos. Zouine et al. (2005) discovered the pro-
duction of date palm somatic embryos and the accumulation of storage
proteins were improved by the addition of abscisic acid, plus glutamine
and 2,4-D in combination in the embryogenic cell suspension culture
media. As for coconut, 2,4-D is commonly used for initiation, but the
concentrations used differ from other palms, ranging from 4.5 to 6 uyM
(Bhavyashree et al., 2016; Nguyen, 2018). The optimum concentration
of PGRs for each coconut genotype may vary and should be determined
through further experimentation.

Apart from PGRs, the effects of other additives such as polyethylene
glycol (PEG), spermidine, glutathione and methylglyoxal-bis (gua-
nylhydrazone) have been studied in palms. Polyethylene glycol was
found to reduce the effect of hyperhydration in date palm by Al-Matar
et al. (1997), whereas Helaly et al. (2017) discovered that 10 % PEG
could improve the fresh weight, formation of embryogenic callus and
normal embryos. The addition of 5 mM glutathione to the non-em-
bryogenic cell suspension culture of coconut, derived from somatic leaf
cells, was found to increase cell number two-fold while methylglyoxal-
bis (guanylhydrazone) inhibited cell growth. As for spermidine, it
promoted maximum cell growth of coconut at a concentration of 1 pM
(Basu et al., 1988). Activated charcoal (AC) is another agent added to
the cell suspension media of oil palm (de Touchet et al., 1991), and date
palm (Fki et al., 2003). Activated charcoal is often used to remove toxic
or growth-inhibiting substances produced in autoclaved media or by
the explanted tissues, due to its adsorptive properties (Ebert and Taylor,
1990). Activated charcoal was found to be beneficial in the production
of somatic embryos from the embryogenic cell suspension culture of
date palm (Saker et al., 2007). However, AC was shown to adsorb 99.5
% of 100 uM 2,4-D in the liquid medium within 5 days (Ebert and
Taylor, 1990). Ebert and Taylor (1990) also found that the age of the
solid medium containing 100 uM 2,4-D and 10 uM BAP affected the
fresh weight of callus obtained from coconut inflorescence tissue,
whereby the highest fresh weight was obtained when cultured in a 9-
day-old medium as compared to a 1-day-old or 5-day-old medium. The
author suggested that AC adsorbed the toxic compounds present in the
media (most likely excessive amounts of 2,4-D), hence preventing da-
mage to the inflorescence tissues.

3.2.2. Carbon source

In vitro cultures often require carbohydrates as a carbon source, to
provide energy as well as to function as an osmotic agent. Carbohydrate
is the main dissolved substance responsible for most of the osmotic
potential of a culture medium. The uptake of carbohydrates into plant
cells and tissues is partly due to passive permeation and partly due to
active transport. Certain development and growth processes are closely
related to the tissue carbohydrate status whereby genes are induced,
repressed or affected minimally with the changing status of tissue
carbohydrate (Thorpe et al., 2008). In general, cell cultures are het-
erotrophic because carbon has to be incorporated in the form of car-
bohydrates but some are photoautotrophic, which assimilate carbon
dioxide to satisfy their energy requirements (Endress, 1994). Therefore,
a carbon source is essential in the normal process of culturing plant
cells, tissues and organs. Pure sucrose is the universally used carbon
source in plant tissue cultures, although refined white domestic sugar is
also sufficiently pure to use (Thorpe et al., 2008). For example, sucrose
is the most efficient energy source in inducing protocorm-like body
formation in cell suspension cultures of Phalaenopsis orchids (Tokuhara
and Mii, 2003). The synthesis of chlorophyll and non-photosynthetic
pigments seems to be controlled by sucrose (Tognetti et al., 2013).
However, the addition of sucrose specifically inhibited the formation of
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chlorophyll and photosynthesis processes, resulting in low autotrophic
growth (Thorpe et al., 2008). Other carbohydrates that have been used
for the cultivation of plant cells are glucose, glycerol, pentoses and
uronic acid (Endress, 1994).

In general, for the growth of callus or suspension cells, the optimal
sucrose concentration is 20-40 g L~'. However, this optimal con-
centration for callus growth may not be the best for morphogenesis and
plantlet development (Thorpe et al., 2008). Therefore, the type and
concentration of carbon source in the establishment and development
of cultures are usually experimentally determined (de Paiva Neto and
Otoni, 2003). For instance, Kramut and Te-chato (2010) found MS
medium supplemented with 0.2 M sorbitol gave the best result in terms
of size and number of somatic embryos produced from cell suspension
culture of oil palm. In date palm, the optimal sucrose concentration was
found to be 30 g L™! (Al-Matar et al., 1997; Veramendi and Navarro,
1996; Zouine and El Hadrami, 2004). However, starvation of sucrose
for 2 weeks prior to culture in 30 g L' sucrose was found to be ben-
eficial to somatic embryo development from a cell suspension culture of
date palm (Veramendi and Navarro, 1996). Similarly for the initiation
of coconut cell suspension culture, 30 g L™! of sucrose was trialled in
the liquid culture medium (Nguyen, 2018). A viable cell suspension
culture was initiated, but no further work was carried out due to limited
availability of friable embryogenic callus used for initiation.

3.2.3. pH of media

The concentration of hydrogen ions present in the culture medium
determines the pH of that medium. The culture medium should have a
pH that does not disrupt the development of the plant tissues (Thorpe
et al., 2008). Therefore, the pH of a typical culture medium is usually
adjusted to pH 5.5-6.0 prior to autoclaving, as it usually drops after
autoclaving, by 0.6-1.3 units (Smith, 2013). However, the pH of a
culture medium is not always constant and changes when ions and
compounds are taken up by the plant tissue. Media containing nitrate
and ammonium ions usually decline slowly in pH, but sometimes pH
may also increase over time (Thorpe et al., 2008). Medium pH is af-
fected by the carbon source, inorganic salts, AC, gelling agent and the
medium storage conditions. For instance, the post-autoclave pH of a
medium without a carbon source, or with the addition of sucrose, was
the highest, while a medium with maltose, glucose or fructose as the
carbon source had a lower post-autoclave pH. The difference was found
to be related to the buffering capacity of the medium (Owen et al.,
1991).

The pH of media can control the availability of certain salts, as well
as influence the nutrient and exogenous PGR uptake. It can also affect
the chemical reactions - particularly those induced by enzymes, as well
as the efficiency of the gelling agent. In the development of a cell
suspension culture from coconut leaf cells (non-embryogenic), cell di-
vision was found to be affected by the pH of the culture media. The cell
number increased three-fold when cultured in a medium of pH 7.0, as
compared to the culture growing at pH 5.0 (Basu et al., 1988). The
unfavourable effect of low pH is thought to be closely related to the
non-availability of ions and the lack of uptake of nutrients rather than
on cell death (Thorpe et al., 2008).

On the other hand, PGRs such as auxin, induce the efflux of hy-
drogen ions through the plant cell wall to encourage cell growth and
this process is accompanied by the influx of potassium ions (Thorpe
et al., 2008), which has a major role in the regulation of cell pH and its
osmotic status (George and De Klerk, 2008). The medium will become
more acidic and then the pH of the cell sap will rise when auxin is
added to the culture. However, the addition of AC to the medium
containing auxin may influence cell growth. This is because the ad-
sorption of 2,4-D by AC was found to be accelerated at low pH
(Dehghani et al., 2014; Ebert and Taylor, 1990). Therefore, pH of the
culture medium is an important variable to manage in establishing
embryogenic cell suspension cultures of coconut.
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3.3. Physical factors

3.3.1. Agitation

A fast multiplication rate in in vitro cultures requires adequate
gaseous exchange. The decline often seen in the growth rate is asso-
ciated with a limited oxygen supply (George and Davies, 2008). Agi-
tation is used to supply the cells with oxygen for proliferation (Fukui
et al., 1999). Agitation also promotes homogeneity in terms of nutrient
supply and cell biomass (Georgiev et al., 2009), as it facilitates cell
dispersion (Razdan, 2003). Hence, the speed of agitation has direct
effects on cell growth and viability due to aeration and agitation (Singh
and Chaturvedi, 2012). The frequency of agitation also affects the size
of cell aggregates produced and the amount of oxygen supplied
(Endress, 1994). A shaker speed of 30-150 rpm is optimal for most
tissues in suspension culture (Razdan, 2003). Whilst, for cell suspension
culture, the speed of agitation is usually between 90-125 rpm. How-
ever, the optimal shaker speed depends on the type of shaker as plant
cells may experience shear stress at high speeds which negatively af-
fects cell viability (Mustafa et al., 2011).

The shaker speed varies by species for instance, the cell suspension
culture of Chinese ginger (Boesenbergia rotunda L.) has been shown to
grow healthily and actively multiply at shaker speeds of 80 and 100
rpm (Yusuf et al., 2013). On the other hand, the culture of toothache
plant (Spilanthes acmella Murr.) cells at lower shaker speed of 60-90
rpm resulted in cell death due to aggregation and clumping. At higher
shaker speeds of 150-180 rpm, the cell viability and biomass obtained
were poor and the best cell growth was obtained at a shaker speed of
120 rpm (Singh and Chaturvedi, 2012). The shaker speed used for cell
suspension culture of different palm species can be different, ranging
from 90 to 150 rpm (Table 1 and 2). Similarly, for the oil palm, in a
bioreactor, the agitation speed also played an important role in cell
proliferation. Bioreactor agitation speeds of between 120-300 rpm
were found to be suitable for the culture of oil palm cells (Choi et al.,
2008). Hence, the variation in the shaker speed used for the coconut
palm should be considered as the speed of agitation can favourably
influence cell growth and viability.

3.3.2. Temperature

Temperature is the principal physical factor that impacts upon the
rate of plant growth and development. The temperature used varies, as
each species has an optimum, and a minimum and maximum where
growth does not occur (Hatfield and Prueger, 2015). Sometimes, the
optimum temperature can be different among closely related geno-
types. In the natural environment, temperature fluctuates, in vitro cul-
tures are often maintained at a constant day and night temperature in a
growth chamber (George and Davies, 2008). The standard optimum
temperature for the growth of plant cell suspension cultures was found
to be 26 = 3 °C (Endress, 1994). Tropical and subtropical species are
likely to grow best in vitro at a mean temperature of 27.7 °C, in a range
24-32 °C (George and Davies, 2008). Most cell suspension cultures of
oil, date and coconut palms are cultured in a temperature ranging from
23 to 28 °C, while peach palm requires a lower temperature of 21 °C
(Table 1 and 2).

Temperature also has a strong effect on plant ontology and meta-
bolic activity (Ramakrishna and Ravishankar, 2011). Therefore, the
establishment and growth of a culture and the development and mor-
phogenesis of plantlets, are all dependent on temperature (George and
Davies, 2008). For instance, in the cell suspension culture of B. rotunda,
cell growth was slow at low temperature while at higher temperature,
the growth was vigorous, but less healthy (Yusuf et al., 2013). Also, the
induction of secondary embryogenesis is influenced by temperature. A
higher temperature of 30 °C was found to be beneficial for the induction
of secondary somatic embryos from cell suspension culture of the Ja-
panese raisin tree (Hovenia dulcis Thunb.) while a lower temperature of
20 °C was more suitable for the further development of the embryos
produced, as well as their transformation into plantlets, and the success
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of transplantation (Yang et al., 2013). On the other hand, low tem-
perature was found to be better for the improvement of somatic embryo
germination for date palm (Shareef et al., 2016), as well as in the ap-
plication of slow growth maintenance in embryogenic cell suspension
cultures of banana (Musa spp.) (Kulkarni and Ganapathi, 2009). Ac-
cording to Ebert and Taylor (1990), temperature could also affect the
adsorption of 2,4-D by AC as adsorption was accelerated when a high
temperature range, from 20-30 °C was applied. Hence, it is crucial to
determine the most suitable temperature for culture, as it affects the
concentration of 2,4-D available in the medium when AC is present. In
turn, this is likely to affect coconut work, as both 2,4-D and activated
charcoal are common additives in coconut culture media.

3.3.3. Light

Most plants depend on light for energy and consequently survival
(Hangarter, 1997). In vitro plant growth and morphogenesis are affected
by the photo-environment in three ways viz flux density (intensity),
wavelength and photoperiod. Both photosynthesis and photo-
morphogenesis are affected by these features of the light environment.
Light is important for photosynthesis in tissue culture systems if the
culture is photoautotrophic. However, light can sometimes have in-
hibitory effects on cell division and callus growth and development.
(George and Davies, 2008). Hence, the effects of light on photo-
autotrophic, photomixotrophic and heterotrophic cultures are different
(Endress, 1994). For instance, red and green light, which were similar
to dark culture conditions were suitable for SE of carrot (Daucus carota
L.) cells from suspension culture. On the other hand, white and blue
light were found to inhibit growth and the formation of carrot somatic
embryos (Michler and Lineberger, 1987). Similarly, callus of royal lily
(Lilium regale Wilson) underwent differentiation when cultured in dark
condition, and light was only required prior to plantlet formation
(Pelkonen and Kauppi, 1999). Light condition was also found to cause
browning, somatic embryo necrosis and low plantlet conversion rate for
Phalaenopsis orchids (Gow et al., 2008). It is also likely to have a sig-
nificant impact on the production, maturation and germination of blue
agave (Agave tequilana Weber var. Azul) somatic embryos (Rodriguez-
Sahagtin et al., 2011). Light is essential in the establishment of cell
suspension culture of some palms (Table 1 and 2). For instance, oil palm
and date palm cells were commonly cultured in light conditions with
various photoperiods (light:dark) such as 12:12, 16:8 and 14:10 h at
different intensity, whereas the dark conditions are used for coconut
palm and peach palm cells. The dark condition is often used in estab-
lishing cultures, as it can reduce visible blackening in tissues and pre-
vent the formation of growth inhibitors. In general, callus formation is
often initiated in the dark as it lacks chlorophyll. Subsequently, light is
required for regeneration through organogenesis. In some species, light
may be essential for callus initiation, but not required for culture
maintenance (George and Davies, 2008). Therefore, the effect of illu-
mination can vary among different species as well as at different growth
stages. Hence, light is another important factor to be considered for
establishing the optimal coconut embryogenic cell suspension culture
environment.

4. Cell suspension culture of economically important palms

Cell suspension culture has been used in several palm species for
propagation via SE and subsequent plantlet regeneration. Research on
palms has been focused extensively on oil palm and date palm and there
are hardly any studies reported on coconut or peach palm (Table 1 and
2). Oil palm, date palm and peach palm have been involved since the
1990s, with the first reports made by de Touchet et al. (1990);
Bhaskaran and Smith (1992), and Schiavone and Wisniewski (1990),
respectively. Reports on the establishment of a basic embryogenic cell
suspension culture for coconut are more recent (Bhavyashree et al.,
2016). In this study, cell aggregation occurred and there was no further
progress of SE. Failure in obtaining a high-quality cell suspension
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culture was reasoned to be the “hard” nature of coconut embryogenic
calli produced.

Murashige and Skoog (1962) medium was used with oil palm in the
protocol developed by de Touchet et al. (1991), and has been widely
applied in other studies of oil palm. It can be initiated in a shorter time
(within 2 months) when friable embryogenic tissue is used as the
starting material (Teixeira et al., 1995). A culture with a four-fold
multiplication rate is generally achieved each month for oil palm but
there have been studies which achieved at a higher rate of six to seven-
fold (Soh et al., 2003, 2001; Wong et al., 1999), and a lower rate of only
two to three-fold (Kanchanapoom and Chourykaew, 1998) for oil palm
cells every month. In contrast, a solid culture system has been found to
have a much lower multiplication rate of only two-fold every 2 months
for oil palm (Soh et al., 2003, 2001). Teixeira et al. (1995) achieved a
high regeneration frequency of 180 embryos in 1 g of settled-cell vo-
lume, or 5,400 embryos in 1 L of oil palm cell suspension culture so-
lution, with an optimum inoculum size of 1.5 g of fresh cells in 50 mL of
liquid medium. Yet, the highest regeneration frequency reported is 300
oil palm embryos per Petri dish from 0.05 mL of packed cell volume of
small cell aggregates (Rival, 2000), and 90-100% shoot formation in
the embryos transferred to solid medium (Soh et al., 2001). In some
cases, proliferating cell lines have been found to have embryogenic
potential and capability to form shoots, after more than 24 subculture
cycles (Wong et al., 1999).

In most cases, friable embryogenic callus derived from shoot tips is
used to establish date palm cell suspension culture. According to the
date palm protocol developed by Fki et al. (2003), pro-embryogenic
masses started to form after 20 days without subculture. The embryo
production rate was 20 times higher than those in the solid culture
system. Maximum biomass production was achieved at week 11 after
initiation, and achieved a fresh weight of 62.9 g L~ * and a dry weight of
7.6 g L~! (Naik and Al-Khayri, 2017). The highest regeneration fre-
quency documented has been 200 date palm embryos from 0.1 g of
fresh embryogenic callus each month and 10,000 embryos from 1 L of
cell suspension culture each month (Fki et al., 2003) which is similar to
the result of Fki et al. (2017). However, the germination rate was only
25 % in plant growth regulator-free media (Fki et al., 2003). Despite
that, Bhaskaran and Smith (1992) have achieved 40 % normal plantlets
developed from the embryos derived from a date palm cell suspension
culture. Plantlet regeneration stages still need to be improved to
achieve a higher percentage of plantlet production. As a result, a study
on developing an improved date plant regeneration medium for in-
itiation, maturation and germination was conducted by Aslam et al.
(2011). Based on the results, the response was better in a medium
supplemented with 1.5 mg L~ NAA (1-Naphthaleneacetic acid), 1.0
mg L~! TDZ (Thidiazuron) and 0.75 mg L~' BAP for the initiation,
maturation and germination stages respectively. Media supplemented
with BAP was found to be better than kinetin in terms of germination
and somatic embryo conversion into plantlets.

It has been found that 2,4-D has an important role in peach palm
and the one study on coconut palm. High cell production was achieved
by Schiavone and Wisniewski (1990) in peach palm whereby 289,900
+ 7,150 and 46,310 + 2,530 cells per mL was achieved for Sunhigh
and KV862478 genotypes respectively after 4 months culture in media
added with 1.0 uyM 2,4-D and 5 uM BAP. For coconut, 9.9 % of packed
cell volume was achieved by Bhavyashree et al. (2016) after 200 days
and 52 % were viable cells. The addition of 4.5 pM 2,4-D and 34.2 uyM
glutamine to the media were found to be ideal for the initiation of
coconut cell suspension culture. However, a high-quality cell suspen-
sion culture was not obtained due to the formation of hard and densely
aggregated cells. Despite that, Nguyen (2018) suggested that a viable
cell suspension culture can be produced from friable secondary em-
bryogenic callus. Hence, it is crucial to obtain friable embryogenic
callus for coconut. As for plant regeneration, Y3 (Eeuwens, 1976) liquid
media supplemented with spermine, smoke-saturated water (SSW),
high auxin and activated charcoal, without the addition of cytokinin,
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were shown to improve the production of coconut embryogenic masses
derived from inflorescence tissues (Antonova, 2009). Although the
conversion from somatic embryos to plantlets has not been attained yet,
it is plausible to consider this method for the mass propagation of co-
conut from suspended cells to somatic embryos and then further de-
velop them into plantlets.

5. Limitations of cell suspension culture

In spite of the significance of cell suspension culture system in plant
propagation, it is still not a routine technique for economically im-
portant species. One of the major problems is hyperhydricity (Preil,
2005). This is defined as the formation of abnormal cells and tissues
with brittle and water-soaked appearance (George and De Klerk, 2008).
This is a morphological and physiological disorder in plants that is re-
cognized by a glassy appearance. Hyperhydricity is affected by the
microenvironment and ethylene concentration in the culture vessel
(Hazarika, 2006). Hence, hyperhydricity may be reduced by modifying
solutes and gel concentrations, or water evaporation, from tissue when
in contact with air. Carbon sources such as galactose and fructose can
be effective in reducing hyperhydricity. Also, osmoregulators such as
sorbitol, mannitol and maltose, and inhibitors for biosynthesis of gib-
berellin including ancymidol and paclobutrazol may prevent hyperhy-
dricity (Thorpe et al., 2008). In addition, a medium containing PEG was
found to reduce hyperhydration in date palm suspension cultures (Al-
Matar et al., 1997).

Oxygen deprivation is another limitation as the oxygen concentra-
tion is usually inadequate to fulfil the respiratory needs of immersed
cells and tissues. Hence, the oxygen concentration in the medium
should be raised, or direct contact should be allowed between cells and
tissues with the air (Thorpe et al., 2008) which is closely related to the
agitation. Some other limitations shown in banana are low embryogenic
response, a prolonged period in establishing embryogenic cell suspen-
sion, contamination incidents, and the risk of somaclonal variation
(Strosse et al., 2003). Larkin and Scowcroft (1981) concluded that plant
cell culture itself can induce genetic variability or somaclonal variation.
Somaclonal variation involves deoxyribonucleic acid (DNA) and phe-
notypic variations caused by chromosome or epigenetic changes. It can
be observed as unusual cytological activities, sequence changes, re-
current phenotypic mutations, and activation and silencing of genes
(Kaeppler et al., 2000). Although somaclonal variation can lead to plant
improvement as a source of beneficial variants with superior agronomic
attributes (Bairu et al., 2011), the variation is most likely due to DNA
methylation (epigenetic mechanism) as it appears to be more recurrent
(Miguel and Marum, 2011).

Rival et al. (2013) studied the variation in DNA methylation of oil
palm embryogenic cell suspension cultures that had undergone long-
term proliferation. The results indicated that DNA hypermethylation
was induced by in vitro proliferation in a time-dependent mode. How-
ever, most of the cell lines (except one of the five cell lines) retained
their embryogenic capacity to produce somatic embryos after 12
months and regenerate into plantlets. Similarly, somaclonal variations
in coffee (Coffea arabica L.) embryogenic suspension showed an ex-
ponential increase as the age of the suspension culture increased. The
results showed only 1.3 % somaclonal variants in a 3 months old coffee
cell suspension culture but 25 % variants in 12 months old suspension
culture, although these results differed among genotypes. The soma-
clonal variants produced showed less vigorous growth and low fruit
productivity (Etienne and Bertrand, 2003). Therefore, newly initiated
cells are recommended for plant regeneration because the genetic sta-
bility and regeneration capability is reduced as the duration of the
culture period increases (Mathur and Koncz, 1998).

6. Conclusion

Although coconut SE has established a pathway to improve the
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conventional breeding production rate of one seedling to many seed-
lings per fruit, the process can be further improved to achieve a much
higher multiplication rate, and to do this in a shorter period of time. A
cell multiplication step utilizing cell suspension culture is anticipated to
be able to significantly improve the production rate of plantlets. This
possibility is indicated by the successful work undertaken on oil and
date palm, which have shown a high and rapid cell multiplication rate.
Studies have reported 5400 and 10,000 embryos produced from each
litre of oil palm (Teixeira et al., 1995) and date palm (Fki et al., 2003)
in cell suspension culture medium respectively. Hence, this technique
offers the possibility of increasing the large-scale multiplication rate of
coconut. This is urgently needed by the industry, as high-quality seed
coconuts are in short supply due to increasing demand for coconut
products and the rapidly decreasing productivity of old plantations
worldwide. For future research, it is important to optimize the cell
suspension culture system by determining the critical factors (biolo-
gical, chemical and physical) which should be studied experimentally.
This would enable the production, in as short a time-frame as possible,
of embryogenic cell suspension cultures with a high multiplication rate.
As hyperhydricity and somaclonal variation are common problems for
other species including palms, these should be carefully considered. The
significance of cell suspension culture for coconut is evident as it pro-
vides the basic requirements for scaled-up bioreactor propagation, as an
initiation point for plant transformation, protoplast isolation and
genome editing. Hence, success in the establishment of coconut em-
bryogenic cell suspension culture will likely be the key to other im-
portant biotechnology applications. Plant cell suspension culture de-
velopment is indeed a worthwhile venture, critical to the future of the
global coconut industries.
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