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Abstract

Palms (Arecaceae) contribute remarkable economic and environmental values to human life. However, many elite and com-
mercial palm species are becoming critically endangered and demand immediate action to preserve their genetic resources.
Cryopreservation has established itself as the definitive in vitro conservation method for recalcitrant-seeded species, such as
those within the Arecaceae. Progress in this area has moved steadily forward over the last three decades with the develop-
ment of various techniques for different explants and palm genotypes and for molecular testing methods to ensure genetic
fidelity is maintained in the regenerants. There remains a key challenge to properly identify the components that will enable
the long-term conservation of palms using cryopreservation. This review methodically analyzes the state-of-the-art cryo-
preservation techniques developed for palms and places them within a practical framework. This framework encompasses
four underlying components, namely the tissue culture approaches required, the recalcitrant nature of the palm seed, the
cryobiology and cryogenic techniques required, and fidelity assessment after cryopreservation. Through a critical analysis of
this framework, further optimization of palm cryopreservation protocols and more fundamental studies on the physiological
and molecular changes in cryopreserved palm tissues are recommended. The present review helps to showcase a multi-decade
global attempt to preserve these mostly recalcitrant species through ex situ collections. From a conservationist’s perspec-
tive, this review hopes to stimulate awareness for further concerted efforts in the conservation of rare and endangered plant
families. Meanwhile, from a managerial perspective, this work serves to inform decision-makers of the global research effort
underway to improve key components of the cryopreservation program for palm species and to encourage funding bodies to
appropriately allocate resources to these much-needed research areas.
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diseases, natural disasters, climate change, and genetic ero-
sion (Nguyen et al. 2015; Abul-Soad et al. 2017). Therefore,
a conscious effort needs to be made to conserve and enhance
genetic diversity of the major economically important palms.
Any conservation plan should not only preserve palm varie-
ties with high economic values, but also maintain those with
undiscovered values. Fortunately, palms so far are the tar-
gets of international conservation efforts, which also require
cross-sectoral collaborations (Coates 2016; Griffith et al.
2021). This ambitious goal can be achieved through in situ
farmers’ fields and through ex sifu conservation collections.

In situ approaches often consist of storing germplasm in
its natural habitat through on-farm conservation or using
some other landscaping options. However, a major problem
with many forms of in sifu conservation is that they require
significant financial support and labor for maintenance (Vir-
chow 2005). Construction of more seed gardens is impossi-
ble due to the vast requirement for lands and the availability
of so many varieties. Therefore, an alternative approach is to
transport plant materials to designated facilities, such as field
genebanks and in vitro laboratories. This method is called
“ex situ conservation.” However, one major disadvantage
of ex situ field genebanks, similar to in sifu conservation,
is that they are under constant threat of abiotic and biotic
stresses and the appearance of devastating pests and diseases
(Panis and Nagel 2020; Engels and Ebert 2021). In addition,
the recalcitrant nature of palm seeds prevents their dehydra-
tion and storage in ex situ genebanks. Alternatively, in vitro
collections are believed to provide a cost-effective, safe,
and sustainable long-term ex situ conservation approach
for plant genetic resources, including the recalcitrant palm
species (Bourdeix et al. 2020). Furthermore, with the pres-
ently developed in vitro culture protocols, maintenance of
selected in vitro-conserved lines can be undertaken and,
when needed for breeding and research purposes, can be rap-
idly produced and sustained over a long period of time. From
an economic point of view, an in vitro collection is regarded
to be a more logistically efficient process for the reintroduc-
tion of superior plant types back into the environment. At
present, there exist two main in vitro approaches to conser-
vation, that is, short- to medium-term conservation (Table 1)
and cryopreservation. The former is a process of utilizing
a limited source of nutrients or using growth suppressive
conditions (for example, using low incubation temperatures,
or a medium that induces an osmotic stress) with the aim
of keeping the cultured tissues viable for a longer period
of time (Panis and Nagel 2020). However, this method still
involves repetitive subculturing due to nutrient depletion
and is prone to contamination risk and genetic shift. On the
other hand, cryopreservation method uses extremely low
temperatures (— 196°C) to bring all metabolic activities of
living cells to a halt, thereby enabling long-term mainte-
nance (Panis et al. 2001; Engelmann 2014). This process

requires an initial reduction of intra-cellular water molecules
by using either a physical or a chemical dehydration process
and aims to turn the internal cell solutes into a vitreous state
where ice cannot be formed and cause irreversible damage.
Compared to the short- to medium-term method, cryopreser-
vation provides a long-term option for plant genetic diversity
conservation. In addition, cryopreservation can also serve
as a powerful tool to single out cold-tolerant varieties from
a mixed collection (cryo-selection) and to eradicate viruses
from culture stocks (cryo-therapy) (Watanabe et al. 1985;
Brison ef al. 1997; Helliot et al. 2002; Engelmann 2004;
Wang and Valkonen 2009; Wang et al. 2018).

Over the past three decades, a range of cryopreservation
techniques were developed and modified for various palm
species. Most major palm cryopreservation studies focus on
rapid cooling following either physical dehydration (N’Nan
et al. 2008; Sisunandar et al. 2010a, 2010b) or chemical
dehydration (Fki et al. 2013; Lédo et al. 2018; Wilms et
al. 2019) techniques. For palm species, cryopreservation
must be undertaken with careful consideration of the state-
of-the-art techniques available. It should be mindful of the
availability of explant types, species-specific biology, culture
media, preculture conditions, cryoprotectants, and cooling
and rewarming cycles and regrowth procedures. By using a
proposed framework for palm cryopreservation, this paper
aims to provide a more systematic approach to conducting
cryopreservation techniques for palms and through which
cryopreservation of palm tissues can be achieved efficiently
and economically soon (Fig. 1).

In this review, the aim is to discuss four underlying ele-
ments to a framework for the cryopreservation of palm spe-
cies, including (i) their response to tissue culture, (ii) the
recalcitrant nature of their seed tissues, (iii) their cryobi-
ology and responses to cryogenic techniques, and (iv) the
fidelity assessment of regenerants. Together, these four ele-
ments form a basis to a practical framework for the long-
term conservation of palm species using the core technology
of cryopreservation.

Presently developed tissue culture pathways for the major
palm species - Tissue culture for material preparation and
post-cryostorage recovery The first cornerstone of the
framework is built upon a sound understanding of plant cell
totipotency, which is the capability of an individual cell or
cell clusters to develop into a whole plant (Su et al. 2021).
To date, biotechnological interventions are used to help
overcome the recalcitrant nature (low responsiveness to in
vitro culture) of various palm species. These interventions,
therefore, have enabled the regeneration of some economi-
cally important palm species via somatic embryogenesis
(SE) or direct organogenesis (Al-Khayri and Naik 2017;
Lédo et al. 2019; Yarra et al. 2019). Given the diminish-
ing nature of sample quantities after going through different
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Figure 1. Proposed framework
for long-term cryopreservation
of Arecaceae species.
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cryopreservation phases (Martinez-Montero and Harding
2015), it is necessary to multiply a surplus number of start-
ing materials using the quickest method available, which
is partially achieved by tissue culture. The process of SE
involves a number of sequential steps, including the induc-
tion of callus, the formation, maturation and germination
of somatic embryos, and the establishment of complete
plantlets (Al-Khayri and Naik 2017). Meanwhile, direct
organogenesis often starts with axillary shoot formation
followed by shoot bud multiplication and plantlet establish-
ment (Sidky 2017).

In oil palm, SE is reported to be a successful pathway
for the multiple production of uniform plantlets, despite
reported incidences of somaclonal variation (Weckx et al.
2019; Yarra et al. 2019). Also, SE is considered to be a
fast and efficient pathway towards the large-scale propaga-
tion of date palm and coconut. Various explants (including
zygotic embryos (Gomes et al. 2015; Monteiro et al. 2018),
shoot tips (Al-Khayri 2010), immature leaves (Othmani et
al. 2009; Gomes et al. 2017), adventitious bud and proximal
leaf segments (Mazri et al. 2017), immature inflorescences
(Teixeira et al. 1994; Jayanthi et al. 2015, anthers (Perera
et al. 2008), plumules (Pérez-Nufez et al. 2006), and ova-
ries (Bandupriya et al. 2017)) were used as explants for the
induction of callus in these palm species. On an industrial

scale, it is speculated that advances in SE techniques may
achieve a 10,000-fold multiplication (Pérez-Nufez et al.
2006; Saenz et al. 2018).

On the other side, direct organogenesis was utilized in
several regeneration protocols, especially for date palm
(Bekheet 2013; Mazri and Meziani 2013; Meziani et al.
2015). In coconut, propagation of plant materials was
mostly achieved through embryo culture (Assy-Bah et al.
1987; Rillo 1999; Sisunandar et al. 2015) and SE (Pérez-
Nuifiez et al. 2006; Samosir and Adkins 2014) with a view
towards conservation and germplasm exchange of coco-
nut varieties (Nguyen et al. 2016; Oropeza et al. 2018).
Very recently, coconut shoot tips have proven to be poten-
tial explants for both multiplication and cryopreservation,
which completes the available repertoire of methodologies
for regeneration of the most important palm species (Wilms
et al. 2019, 2021). This new achievement has paved the
way for in vitro establishment of regenerants in the post-
cryopreservation stage.

Explant choice Since recalcitrant species cannot be con-
served by cryopreservation using whole seeds, different
explants must be used from which whole plants can be
recovered. Each type of explant has different requirements

@ Springer
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Table 1. Short- to medium-term in vitro conservation studies on Cocos nucifera L., Phoenix dactylifera L., and Elaeis guineensis Jacq.

Species Explant In vitro method Results References
Coconut  ZE Culture in a modified Y3 medium with  53% of ZEs were able to produce nor-  Karunaratne 1988
half strength macro- and micro- mal seedlings after 2 mo
nutrients
ZE Storage in sterile water 80% of embryos survived in recovery Karun and Sajini 1994
medium after 2 mo
ZE Culture in MS medium without sucrose  100% of embryos survived after 6 mo  Assy-Bah and Engelmann 1993
of storage
ZE Storage in freezer at —20 and — 80°C 12% of embryos were normally recov-  Sisunandar et al. 2012
ered after 3 wk of storage at—20°C,
and 28% were recovered after 26 wk
at—80°C
Date palm Shoot buds Culture in MS medium without PGRs 100% of buds survived after 3 mo of Bekheet et al. 2002
storage
Callus Culture in MS medium supplemented ~ Callus were viable with mild browning Bekheet et al. 2002
with 10 mg L™ 2,4-D and 3 mg L™! after 12 mo of storage at 5°C in the
2iP dark condition
Pollen Storage in freezer at —5°C 71% of pollen germinated after 1 mo of  Ateyyeh 2012
storage
Oil palm  Polyembryoids Storage in refrigerator at 5°C 73.3% survived after 2 mo of storage Palanyandy 2013

Pollen Oven-drying at 37°C for 2-8 h and stor-

age in deep freezer (—15°C)

100% of pollen germinated after 12 mo
of storage

Ekaratne and Senathirajah 1983

Abbreviations: 2,4-D, 2,4-dichlorophenoxyacetic acid; 2iP, isopentenyl adenine; MS, Murashige and Skoog (1962); PGR, plant growth regula-

tor; Y3, Eeuwens (1976); ZE, zygotic embryos

for cryopreservation (Supplementary Table 1). A broad
range of explant types can be used for cryopreservation in
major palm species, including pollen, zygotic embryos and
isolated plumules, somatic embryos, friable embryogenic
tissues (FET), embryogenic cell suspensions (ECS), nodu-
lar culture, polyembryonic masses (PEMs), and meristems
(Table 2). Coconut cryopreservation was attempted on
zygotic embryos, pollen, plumules, embryogenic callus, and
recently vegetative shoot tips. However, cryopreservation
of the zygotic embryo and pollen are considered the only
complete protocols shown to be possible to date (Bourdeix
et al. 2020). In date palm, attempts have been made on the
palm’s pollen, meristems, shoot tips, FET, somatic embryos,
and ECS. For oil palm, advances have been made in using
a wide array of explants, including intact seeds, whole ker-
nels containing embryos, pollen, zygotic embryos, somatic
embryos, and friable embryogenic callus.

When embryos are used, their maturity stage is a sig-
nificant factor that affects the success of cryopreservation.
Previous studies on orthodox species showed that mature
embryo is the best stage for cryopreservation (Kermode
and Finch-Savage 2002; Wen and Song 2007; Vineesh et al.
2015). However, the embryo stage for cryopreservation var-
ies depending on the species in recalcitrant plants. In coffee
(Coffea arabica L.) and jackfruit (Artocarpus heterophyllus
L.), zygotic embryos harvested at an intermediate stage of
maturity were more successfully used in cryopreservation
as compared to immature or fully mature embryos while in

tea (Camellia sinensis L.) and coconut, the mature embryos
gave the highest survival rate after cryopreservation (Abdel-
nour-Esquivel et al. 1992; Chandel et al. 1995; Kim et al.
2002; Sisunandar et al. 2014.

For small explants, such as plumular tissues, embryogenic
callus, or meristems, it is also essential to determine the
appropriate development stage at which cryopreservation
will be most successful, and to determine if any preculture
of the tissues (for example, preculture using high sucrose
solutions or osmoprotectants) can aid the cryopreservation
process. Researchers should also be mindful that careful
excision of the explants and their appropriate recovery will
help reduce the impact of unavoidable stress. According to
Sisunandar et al. (2010a), the highest post-cryotreatment
survival rate, germination, and normal seedling production
belong to embryos harvested at 11 mo of age. In cryopreser-
vation of date palm meristematic cell aggregates, explants
with sizes below 3 mm and displaying the meristematic-
aggregate-bearing structures were precultured on 18%
sucrose and incubated at low temperatures for several days
before being subjected to different vitrification schemes.
After cryotreatment, they were able to produce proembryos
and adventitious buds, which later multiplied using a tempo-
rary immersion system (Fki ef al. 2014). In cryopreservation
of oil palm polyembryoids, selected cell suspension-derived
aggregates must be larger than 500 pm and contain devel-
oping embryoids. Observation of haustorium and torpedo
structures was the prerequisite for high regeneration rates in
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cryopreserved oil palm polyembryoids (Gantait et al. 2015;
Palanyandy et al. 2020).

Insight to be gained Successful establishment of regenera-
tive cultures should be achieved prior to a start of any cryo-
preservation work, so it is essential to establish a solid tissue
culture skillset. This crucial milestone will provide sufficient
in vitro materials for preliminary and long-term cryostorage
trials, as well as a means for recovery of plantlets post-cryo-
preservation. In addition, the input materials (also known as
explant types) also dictate the cryopreservation procedures
and outcomes. By comprehending the most efficient regen-
erative pathways and mastering the factors needed for suc-
cessful regeneration (including physical conditions, medium
composition, type of explants, and genotype), researchers
would be able to conduct cryopreservation tasks on a wide
choice of palm materials.

Recalcitrant nature of palm species - Problem defini-
tion Understanding the distinctive recalcitrant nature of a
particular palm species is a crucial step towards developing
an appropriate cryopreservation approach for that species.
In the field of cryobiology, recalcitrance is mainly attributed
to low tolerance of seed tissues to dehydration, and this has
been extensively discussed in literature (Berjak and Pam-
menter 2013; Pammenter and Berjak 2014; Walters 2015;
Ballesteros et al. 2021). A different response threshold to
water removal and glassy state formation in the seed sep-
arates recalcitrant plant species from the rest of the plant
kingdom (Walters 2015). It has been widely known that a 50
to 70% loss in total fresh weight due to dehydration is lethal
to the seeds of most of recalcitrant plants (Engelmann 1997).
This makes them highly vulnerable to extreme dehydration
when compared with orthodox and intermediate plant spe-
cies and must require specific dehydration approaches. Like
other recalcitrant species, such as rubber (Hevea brasiliensis
Miill.Arg.), avocado (Persea americana Mill.), and citrus
(Citrus L.), the seeds of most palm species are unable to
withstand excessive moisture loss and cannot tolerate the
associated damage that is caused during inappropriate low-
temperature storage (Umarani et al. 2015). Due to such limi-
tations in drying, cryopreservation has been considered to
provide a reliable method in place of traditional seed banks
to conserve desiccation-intolerant seed crops, including
most of palms (Engelmann 2004). Nevertheless, the in vitro
culture and cryopreservation protocols of these recalcitrant-
seeded species often take a great deal of time and effort to
develop and yet are unable to provide a highly effective solu-
tion to the long-term conservation process.

Dehydration approaches for recalcitrant palms - Physical
dehydration In cryopreservation, physical dehydration (also

known as desiccation) is a method by which a laminar air
flow hood or silica gel is used to dry the samples (Uragami
et al. 1990; Sherlock et al. 2005). In the encapsulation-
dehydration technique, explants can be further protected by
being encapsulated in calcium alginate beads before sucrose
preculture and drastic moisture reduction by physical means
(Dereuddre et al. 1990). Physical dehydration approaches,
especially encapsulation-dehydration, were used to prepare
the tissues of many essential crops for cryopreservation
(Gupta and Reed 2006; Halmagyi and Deliu 2006; Barraco
et al. 2014; Pinto et al. 2016; Nakkanong and Nualsri 2018;
AlMousa and Hassan 2021). In addition, the speed of dehy-
dration can be modified to accommodate each specific spe-
cies. For example, rapid dehydration methods using silica
gel are found to be the most useful methods to dehydrate
zygotic embryos of recalcitrant species (Berjak and Pam-
menter 2001; Sisunandar et al. 2010b). As the traditional
slow dehydration approach used for orthodox seeds is unable
to be used with recalcitrant species, the drying process for
these species needs to be undertaken rapidly but only down
to certain tissue water contents, then immediately rapidly
cooled, which enables the cytoplasm to ultimately achieve
the vitrified state (Sisunandar ef al. 2010b). A preculture
period in high sucrose can be beneficial for palm tissue
undergoing physical dehydration. Sucrose acts as a non-pen-
etrating osmotic agent to prime the explants into a suitable
physiological state that can withstand subsequent moisture
loss. However, at high concentrations, this compound can
become toxic and must be gradually adjusted to accommo-
date each explant type (Sakai ef al. 2008; Engelmann 2009).

Chemical dehydration Another cryopreservation approach
is through chemical dehydration. This approach, which is
shortened to “vitrification method” in many references and
must be distinguished from physical dehydration methods
that also aim at tissue vitrification, undertakes sample prepa-
ration using a mixture of cryoprotective agents, including
dimethyl sulfoxide (DMSO), glycerol, and sucrose (Sakai
et al. 1990; Panis and Lambardi 2005). Different plant vit-
rification solutions were developed by changing the amount
and ratio of these components, but the major solutions used
for palms are PVS1 (Uragami et al. 1989), PVS2 (Sakai et
al. 1990), and PVS3 (non-DMSO containing) (Nishizawa
et al. 1993). For horticultural and ornamental crops, which
possess numerous vegetative shoot tips or buds, vitrifica-
tion by chemical dehydration has become the technique of
choice (Zamecnik et al. 2021) while physical approaches
are still favored for palms with few vegetative shoot tips or
buds (Table 2).

Over time, improved cryopreservation techniques that
use vitrification solutions have been developed. Among
those is encapsulation-vitrification, which, similar to
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encapsulation-dehydration, utilizes alginate beads to pre-
vent the plant tissues from coming into direct contact with
the vitrification solutions thereby reducing the chances of
tissues becoming intoxicated (Sakai and Engelmann 2007).
Another method called droplet-vitrification involves using
aluminum foil strips to hold the samples to achieve a faster
cooling rate by direct and rapid exposure to liquid nitrogen
(Panis et al. 2009). Indeed, droplet-vitrification has become
the method of choice to cryopreserve the highly organized
tissues of several species (Wang et al. 2021) while for palms
it is mainly used for the cryopreservation of meristems or
proembryonic cultures (Table 2). In the chemical approach,
it is important to prevent damage to the tissues by control-
ling the concentration of the cryoprotectants and vitrification
solutions used. Although DMSO-containing cryoprotective
agents are often associated with high anti-freeze properties,
they could be toxic to some members of the Palm family, as
has been shown in peach palm (Bactris gasipaes Kunth.)
(Heringer et al. 2013b; Awan et al. 2020). As the effect of
cryoprotective chemicals can be species-dependent, future
empirical research is of importance to determine appropri-
ate use of them.

Based on the aforementioned technologies, two cryoplate
approaches have been developed, namely the V-cryoplate
and D-cryoplate techniques. The V-cryoplate technique was
first developed from droplet-vitrification (Yamamoto et al.
2011) while the D-cryoplate technique was developed from
encapsulation-dehydration (Niino et al. 2014).

Potential approaches through molecular and oxidative
responses In temperate species, inducing the innate cold
acclimation pathways before cryopreservation has long been
applied so that the explants can better tolerate the extreme
cooling process (Scottez et al. 1992; Wu et al. 2001; Senula
et al. 2007; Kushnarenko et al. 2009; Bettoni et al. 2019),
although efforts to improve cryopreservation on palms have
not taken advantage of such molecular mechanisms. Empiri-
cal research showed that cold stress is likely to upregulate
certain transcription factors (for example, the C-repeat bind-
ing factor (CBF)) that regulate the cold-related (COR) genes
(Zhao and Zhu 2016; Mathivanan 2021). Despite the limited
literature, some preliminary studies have shed some light
on the cold-induced molecular pathways of palm species.
For example, in oil palm, the CBF-binding capability is
limited due to the lack of Dehydration Responsive Element
(DRE) motifs in the COR genes, which leads to a lower
tolerance to cold stress (Lei ef al. 2014). One study on oil
palm suggested that expression of certain CBF genes might
be linked with tissue accumulation of sucrose or proline (Li
et al. 2019). This prompts future investigators to conduct
more basic research on similar pathways, which could be
beneficial for understanding species-dependent responses to
a particular cryogenic treatment (Volk 2010). However, even

though desiccation-responsive and cold acclimation path-
ways can be universal among plant species, their expression
levels substantially differ due to evolutionary adaptation (Lei
et al. 2014; Subbiah et al. 2019). Therefore, practitioners
should be considerate of any metabolic and proteomic differ-
ences that may be present between orthodox and recalcitrant
plants.

Unlike physical damage, oxidative injury is induced only
before and after the tissue is plunged into liquid nitrogen,
and this is due to the stresses imposed by the dehydration and
rewarming steps. Specifically, oxidative responses should
be monitored when explants are recovered from cryostor-
age. In both orthodox and recalcitrant species, many studies
have evidently shown a correlation between cryopreserva-
tion-induced oxidative stress and a direct uplift in antioxi-
dant enzymes, lipid peroxidation, and an accumulation of
reactive oxidative species (ROS) (Naidoo 2012; Ren et al.
2015; Pareek et al. 2017). Unfortunately, this is still a gap
in cryopreservation research in palms. For instance, it is still
elusive how ROS-induced oxidation correlates with palm
explant viability after cryopreservation. In cryopreservation
of Chinese fan palm, although plasma membrane destabi-
lization and changes in antioxidant system were observed,
induced oxidative stress was less likely to affect the viability
of embryo explant (Wen et al. 2012). This implies that it
is essential to identify stress tolerance threshold of explant
types being used. In Arabidopsis, incorporation of dehy-
drins into vitrification solution can accelerate breakdown
of ROS and promote expression of antioxidant enzymes,
thereby enhancing survival of cryopreserved tissues (Yang
et al. 2019). Hence, investigation of dehydrins, such as their
expression and application, and similar antioxidative pro-
teins (Uchendu et al. 2010) in palm cryopreservation should
be given consideration.

Insight to be gained Storage of recalcitrant species
by cryopreservation is much more challenging due to
low tolerance for extreme moisture loss, either by long
storage time or by artificial dehydration, and the survival
rates often widely oscillate between 0 and 100%. Thus,
choosing the most appropriate explants and developing a
species-specific dehydration approach are necessary for
successful cryopreservation of palms (see comparison
among explants and approaches in Supplementary Table 1
and Supplementary Table 2), since many protocols,
while reportedly working on other species, were proven
infeasible for these recalcitrant plants. In addition,
although basic research has pointed out some potential
areas to investigate in terms of molecular and oxidative
changes in palm under cold stress, cryopreservation
studies utilizing these pieces of information continue to
be extensively underdeveloped in palms and should be
given priorities in the future.

@ Springer (
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Cryobiology theory and responses of palm tissues to cryo-
genic techniques - The idea of achieving a vitreous state The
underlying principle of cryopreservation is to transform liv-
ing tissues into a vitrified state without forming intra- or
extra-cellular ice crystals, and then to store those tissues at
ultra-low temperatures (Pegg 2007). This requires a clear
understanding of several different fields of study, including
plant physiology, cryobiology, and biochemical properties
of water molecules (Martinez-Montero and Harding 2015).
When water is frozen, ice crystals develop in a process
known as “crystal seeding” (Huang er al. 2017). This can
occur with water molecules in both intra-cellular and extra-
cellular sites, and result in lethal damage to tissues when
frozen (Pegg 2007). By coupling ultra-fast cooling with the
addition of a physical or chemical dehydration approach,
the cell cytoplasm can become vitrified without ice crystal
formation (Wowk 2010). However, upon rewarming, further
instability of the cryopreserved tissues can occur since unfro-
zen water molecules become remobilized within and out of
individual cells and can reform ice crystals. The principle is
to maintain a homogenous transition from normal to frozen
state and vice versa to mitigate such instability and also cel-
lular stress (Benson 2008). On the contrary, if the transition
takes place heterogeneously, physical and biochemical states
of the cells can be affected, leading to the so-called cryoin-
jury, or ruptures at intra- and extra-cellular sites (Gao and
Critser 2000). The biology of recalcitrant species has in so
far prevented them from being dehydrated and cryopreserved
similarly to other plants and must follow specific procedural
rules with regard to preculture, cryoprotectants, drying and
cooling rate, and recovery (Pammenter and Berjak 2014;
Roque-Borda et al. 2021).

Developments of cryopreservation techniques for palm
species In recent years, a wide range of cryopreservation
techniques have been attempted in palm species with some
notable achievements. These optimizations are summarized
in this review section and listed in Table 2.

Oil palm Among palm species, the cryopreservation of oil
palm has been the most studied. Among physical dehydra-
tion techniques applied, silica gel-based desiccation is by far
the most widely used (Norziha et al. 2017; Beulé et al. 2018;
Prakash et al. 2019). In contrary to date palm, most of oil
palm cryopreservation studies have been undertaken without
a preculture treatment. There has been no clear explanation,
except that the oil palm may not be a recalcitrant species as
previously mentioned by Grout et al. (1983). Studies that
actually used pretreatment reported that high-sucrose cul-
ture (17 to 26%) is important for cryopreservation of oil
palm somatic embryos using both silica gel dehydration
and vitrification techniques (Gantait ef al. 2015; Beulé et

al. 2018). There has been a variation in terms of physical
dehydration duration, which could range from 4 to 6 h and
towards a targeted water content, which varied between 10
and 63% (Table 2). In a recent study, other techniques have
been tested, including encapsulation-dehydration on oil
palm polyembryoids, which resulted in 73.3% survival rate
(Palanyandy et al. 2020). A brief rehydration period follow-
ing initial desiccation has also been successfully applied in
oil palm, leading to improved survival and plantlet recovery
(Norziha et al. 2017; Prakash et al. 2019; Aratjo de Oliveira
et al. 2021). Cryopreservation techniques that use vitrifi-
cation solutions (PVS2) have been tested in oil palm with
inconsistent results (Suranthran et al. 2012; Gantait et al.
2015; Prakash et al. 2019). Liquid nitrogen storage duration
can also vary between 1 h and 20 yr time (Engelmann e al.
1995; Gantait et al. 2015; Norziha et al. 2017; Beulé et al.
2018). To the best of this review’s knowledge, cryopreserva-
tion of oil palm has endured the longest-ever storage time
among the Palm family (20 yr), albeit at a relatively low
survival rate (19.1% after rewarming, 33.2% after 20 yr),
with fifty shoots regenerated from one specific clone (Beulé
et al. 2018).

As for recovery, after removing the explants from liquid
nitrogen storage, most rewarming methods involve a water
bath rewarming at 40°C (Suranthran et al. 2012; Beulé et al.
2018; Palanyandy et al. 2020) or at room temperatures (Nor-
ziha et al. 2017). Oil palm tissues can be then transferred
onto recovery media containing high sucrose concentrations
(10 to 41% sucrose) for up to 3 wk before being subcul-
tured back onto normal propagation medium (Beulé et al.
2018; Palanyandy er al. 2020). This high sucrose medium
can sometimes be referred to as unloading solution (Gantait
et al. 2015; Prakash et al. 2019).

Date palm Both physical and chemical dehydration
approaches have been applied for date palm cryopreserva-
tion (Metwali et al. 2020). PVS2 is a preferred solution
for achieving chemical-based vitrification in date palm (Al-
Bahrany and Al-Khayri 2012; Fki et al. 2013; Alansi et al.
2019). A high survival rate (up to 80%) was achieved with
encapsulation-vitrification (chemical approach) (Bekheet et
al. 2007; Alansi et al. 2019) and encapsulation-dehydration
(physical approach) (Solliman et al. 2019). It is also impor-
tant to note that droplet-vitrification in date palm requires a
partial dehydration step to reduce the initial water content to
75% while the encapsulation-dehydration approach requires
desiccation to 65% (Bekheet et al. 2007; Fki et al. 2011;
Solliman et al. 2019). Physical dehydration using silica
gel has also been demonstrated on date palm pollen; how-
ever, pollen moisture needs to be monitored and adjusted
beforehand (Aradjo de Oliveira et al. 2021). Data from
other studies also indicated that cutoff moisture values can
be a contributing factor for explant recovery, particularly
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for heterogenous explants (Gonzalez-Arnao et al. 2008;
Engelmann 2014).

Survival rates can also be enhanced by incorporating
pretreatments, including preculture with sucrose, cryo-
protective agents, and a brief dehydration, before being
plunged into liquid nitrogen (Table 2). Pretreatment with
higher sucrose concentrations (between 17 and 34%) was
found suitable for pro-embryogenic masses, embryogenic
callus, and isolated shoot tip (Fki et al. 2011, 2013; Salma
and Engelmann 2017). It is also worth noting that duration
of cryogenic treatment may range from 60 min to 6 wk.
There has been no longer duration for cryopreservation of
this palm species since the first study conducted three dec-
ades ago (Towill et al. 1989). The most recent advance-
ment involves the use of D-cryoplate method, which pro-
duced a high survival rate (95.8%) (Salma and Engelmann
2017). Similar to other Palm members, during recovery,
a medium containing normal sucrose concentration or
similar with one used for tissue culturing the respective
explant was used to recover date palm embryogenic callus
(Alansi et al. 2019; Solliman et al. 2019; Metwali et al.
2020). For D-cryoplate method and vitrification, an initial
high sucrose concentration (41%) was used for unloading;
then, a lowered concentration (10 to 17%) was used for
recovery (Fki et al. 2014; Salma and Engelmann 2017;
Alansi et al. 2019).

Coconut Cryopreservation research in coconut has trailed
behind that undertaken on other members of the Palm fam-
ily. Due to a recent decline in coconut productivity around
the globe and the rapid loss in diversity, there has been a
concerted effort to develop such techniques (Karun et al.
1999, 2014; Sisunandar et al. 2010a; Malaurie et al. 2011;
Sajini et al. 2011; Lédo et al. 2018; Kim et al. 2019). To
date, most coconut germplasm is conserved in genebanks to
be found in more than 30 countries around the world, includ-
ing five International Coconut Genebanks located in Brazil,
Cote d’Ivoire, India, Indonesia, and Papua New Guinea. The
COGENT (The International Coconut Genetic Resources
Network) is among the most active research organizations
that facilitate global collaboration for coconut genetic
resource conservation and utilization. It has released a 10-yr
global strategy that includes a comprehensive analysis of
the current coconut genetic diversity and the accompanying
conservation methodologies (COGENT et al. 2017). Even
though there are 39 country members that actively contrib-
ute to the network’s visions, work into the cryopreservation
of coconut has only been undertaken by research teams in
Australia, Belgium, Brazil, Cote d’Ivoire, France, India,
Korea, Malaysia, Sri Lanka, and the UK (Welewanni and
Bandupriya 2017) (Table 2).

For coconut cryopreservation, zygotic embryos are often
physically dehydrated either using a laminar air flow hood or

by silica gel in a desiccator (Assy-Bah and Engelmann 1992;
N’Nan et al. 2008; Welewanni et al. 2020). One method
using rapid dehydration of zygotic embryos with a silica gel
chamber, followed by rapid cooling and rewarming, resulted
in a high number of seedlings of uniform morphology, cytol-
ogy, and molecular makeup growing in soil (Sisunandar et
al. 2010a). In order to achieve such a high rate of recovery
to soil, the physical dehydration approach needed to reduce
embryo water content to 20% in just a few hours (Sisunandar
et al. 2010a). More recently, work has been undertaken on
coconut vegetative shoots (Normah et al. 2019; Wilms et
al. 2019). In these studies, a PVS2- or PVS3-based droplet-
vitrification approach was used to overcome ice crystal for-
mation (Sajini et al. 2011; Lédo et al. 2018; Wilms et al.
2019), yet no plants have been recovered to soil using these
methods.

Recovery medium for encapsulated-dehydrated coconut
tissues does not strictly require high sucrose concentrations
and may be identical in composition to normal culturing
media for the respective tissues (Assy-Bah and Engelmann
1992; Sisunandar et al. 2010b; Sajini ef al. 2011; Lédo et al.
2020). However, for techniques using vitrification solutions,
it is reported that a high-to-low sucrose recovery medium
was used for up to 2 wk post-cryostorage (Lédo et al. 2018,
2020; Wilms et al. 2019).

Insight to be gained Due to the occurrences of lethal ice
crystals during cooling and rewarming cycles, successful
cryopreservation protocols for palms should be designed
towards minimizing such events and achieving a homoge-
nous vitreous state throughout the tissue. This state is called
vitrification, which can be achieved with either physical or
chemical dehydration approaches. Indeed, cryopreservation
protocols have been refined for targeted palm species and
varieties with a diverse array of techniques and explants
used. The biggest gap in palm cryopreservation, however,
is the lack of studies that adequately regenerate palm plant-
lets post-cryopreservation into field-grown plants. Taken
together from past research, researchers should begin their
studies by addressing a set of aspects: (i) explant choice and
cryopreservation techniques; (ii) detailed procedures and
chemicals; and (iii) clear outcomes and analytical measures
(depicted in Supplementary Fig. 1).

Fidelity assessment approaches for cryopreservation in
palms-Morphological and physiological assessments Sev-
eral ways have been used to assess the viability of recov-
ered cryopreserved plant tissues. It is worth mentioning
that the term “survival” and “recovery” are sometimes used
ambiguously in reports, although they should be clearly dis-
tinguished. While survival rates consider post-cryostorage
recovered tissues to contain viable cells, recovery demands
that those tissues be able to grow back into a fully functional
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organ or a complete plantlet. Sometimes report may use the
term “regrowth” to indicate the increase in size of recovered
tissues with or without subsequent organ regeneration. In
palms, the viability of zygotic embryos is determined by
measuring certain phenotypic traits, such as shoot or root
elongation or the increase in embryo biomass (Steinmacher
et al. 2007; Sisunandar et al. 2010b). Cryopreserved callus
tissues are considered to be viable when visible swelling
or new callus formation occurs (Welewanni et al. 2020).
Polyembryoids are considered to have survived if they show
growth of meristematic regions or shoot apices (Gantait et
al. 2015). However, since the final requirement for an effec-
tive cryopreservation protocol is the successful establish-
ment of healthy plants in soil, using viability measurements
alone cannot determine the efficiency of the protocol.
Morphological and physiological assessments of the
recovering tissues should be monitored throughout the
recovery process and to a point well after soil establishment.
For coconut cryopreservation, only two studies have reported
the successful soil establishment of seedlings coming from
cryopreserved zygotic embryos (Sisunandar et al. 2010a;
Sajini et al. 2011). The regenerated coconut seedlings pro-
duced after cryopreservation demonstrated normal morpho-
logical, cytological, and genetical character, and the only dif-
ference was in the rate of shoot growth, which was slower in
plantlets coming from cryopreserved embryos (Sisunandar
et al. 2010a). For oil palm, field observations carried out on
plantlets coming from cryopreserved somatic embryos were
reported to show normal morphology and floral conformity
and identical to non-cryopreserved plantlets (Konan et al.
2006). In a similar study, long-term observations made on
six oil palm clones coming from cryopreserved polyembry-
onic cultures showed an average recovery of 34% (Konan et
al. 2007). The study revealed that the percentage of abnor-
mal palms originating from cryopreserved polyembryonic
cultures was considerably lower (5%) than those originating
from non-cryopreserved culture (29%), suggesting the pos-
sibility of using cryopreservation as a tool to select highly
proliferative and normally developing cultures of oil palms.

Histological, ultrastructural, and cytological assessments In a
histological analysis, chromosomal changes of cryopreserved
palms can be clearly observed by microsectioning and using
various staining techniques (Table 2). However, the extent of
nuclear damage observed by these methods is unlikely to give
a true understanding of what may occur in the fully regen-
erated plant. In palm cryopreservation, osmotic damage can
be detected by histological observations made on cell plas-
molysis, damaged plasma membranes, retracted nuclei, and
increasing periplasmic space, while dehydration damage can
be detected by broken plasma membrane with condensed and
poorly stained cytoplasm, decreasing nucleus and cytoplasmic
ratio, and leaking intra-cellular soluble proteins. Furthermore,

pyknotic nuclei and disappearing nucleoli observed through
histological methods can predict chromatin contraction,
which can be helpful when coupled with epigenetic assess-
ments (Welewanni et al. 2020). Histological staining is used to
observe the epidermal, protodermal, and procambium layer of
cryopreserved coconut zygotic embryos (var. Brazilian Green
Dwarf) although not at a comparable resolution to ultrastruc-
tural analyses (Lédo ef al. 2018). In addition, it was reported
on peach palm and date palm that detecting viability through a
histological method can help draw conclusions about the corre-
lation between the remaining meristematic regions and cellular
vacuolation during a later stage of recovery (Steinmacher et al.
2007; Fki et al. 2013).

Ultrastructurally, technologies, such as Scanning Electron
Microscopy (SEM), can assist in observing epidermal lay-
ers and specific contraction of cell regions (Welewanni et al.
2020). For example, in peach palm somatic embryo and oil
palm polyembryoid cryopreservation, SEM helped visualize
cell shape and configuration, cell and nucleus disruption, cell
wall breakdown, mitochondria and middle lamella damage,
and cellular space appearance (Heringer ez al. 2013b; Gantait
et al. 2015; ). Detecting such morphological damages, espe-
cially in similar minuscule tissues, can help accelerate the
evaluation process for a particular treatment. Also, there is
currently a lack of studies looking closely into gas exchange or
leaf chlorophyll formation, which are indicators of self-sustain-
ing capabilities of non-damaged tissues. In palm species, using
these methods is less destructive and allows for more frequent
sampling of plant material (Equiza and Francko 2010).

Cytological tests on coconut showed that the cryopre-
served regenerants maintain the same gross chromosome
arrangement (numbers and size) as non-cryopreserved plant-
lets. There was also no significant difference in the global
methylation rates between coconut seedlings coming from
cryopreserved and non-cryopreserved embryos (Sisunandar
et al. 2010a) although some minor differences were detected
among genotypes. This study also reported a high frequency
of black banding (N-banding) in the cryopreserved seed-
lings, suggesting a possible relationship between the desic-
cation pretreatment with chromosomal protein denaturation
and inhibition of certain quintessential functional genes
(Sisunandar et al. 2010a).

Molecular change assessments It is believed that plant cells
possess an exceptional ability, known as plasticity, which
allows them to adapt and survive through stress events. How-
ever, during cryopreservation, plant genetic makeup has to
encounter many impactful factors, for example, injury during
cooling and rewarming transition, osmotic disruption, toxic-
ity of cryoprotective agents, oxidative damage, and accumula-
tion of secondary products (Martinez-Montero and Harding
2015). Therefore, genetic fidelity assessments are necessary
to ensure that cryo-related stress does not exceed the limit of
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cell plasticity as it would result in undesired mutations or mal-
functioning gene expression. This kind of assessment is often
carried out using molecular marker techniques (Khan et al.
2012), which were previously developed for gene mapping
or studies of related species, and are now widely employed
to ensure that targeted accessions are well-maintained in gen-
ebanks (Spooner et al. 2005). Still, the use of genetic markers
in palm cryopreservation research has only been targeted at
checking whether recovered progenies are of any significant
difference from their source plants, while in fact, those assess-
ments could have been serving a more integrative picture and
applied consistently over an extended period.

In some other species, molecular marker methods
detected a mixed result between some and no variation with
some possible reasons. In Lamprocapnos spectabilis L.,
RAPD (Random amplified polymorphic DNA) and ISSR
(Inter simple sequence repeat) methods detected 5% vari-
ation, mostly of non-encapsulated samples (Kulus 2020).
Meanwhile, in Chrysanthemum X morifolium Ramat., RAPD
and AFLP (Amplified fragment length polymorphism)
methods helped conclude that other steps of the procedure,
such as sucrose preculture, may have caused the variations
(Martin et al. 2011). RAPD, ISSR, AFLP, and SSR (Simple
sequence repeats) methods have also been used to detect
instability in other species, although the results can be
inconsistent between two different measurement periods, or
between two methods used or two different studies on the
same species (Kaity et al. 2008, 2013; Castillo et al. 2010;
Martin et al. 2015; Bi et al. 2016; Ibaifez et al. 2019).

In contrast to aforementioned research, genetic varia-
tion has yet to be reported in different cryopreserved palm
species, with different cryogenic techniques being used
(Bekheet et al. 2007; Sisunandar et al. 2010a; Gantait et
al. 2015; Alansi et al. 2017; Solliman et al. 2019; Wele-
wanni ef al. 2020). In coconut, all-round fidelity analyses
were undertaken on cryopreserved regenerants and, thus
far, no significant variation has been reported (Sisunandar
et al. 2010a; Iroshini et al. 2017; Bandupriya et al. 2017).
Among the methods used, RAPD and ISSR techniques are
the most chosen for their low cost, high speed, and small
amount of required DNA (Gantait et al. 2015; Alansi et al.
2017). Yet, one caveat to the use of RAPD and SSR markers
to detect variations is that they can only perform screening
on an extremely small portion of the DNA. Firm conclusions
about the whole genome cannot be drawn if these methods
detect no differences or detect differences that happen to be
on non-coding DNA portions. Usage of fidelity assessment
protocols on palms is further hindered by a lack of studies
that aim to develop molecular markers based on recently
completed genome sequences of palm species.

Epigenetic change assessments Plant living materials are
known for their great adaptability and this capacity is closely

linked to changes at transcriptional level. These changes are
due to a phenomenon called DNA methylation (Finnegan
and Kovac 2000). Scientists believe that assessing its rate
can help understand how plant cell and tissue cope with
cold-storage condition. This phenomenon was hypothesized
to protect DNA regions from the stress-induced damages
during cryopreservation process (Heringer e al. 2013a).
Evidence suggested that global methylation profiles of cry-
opreserved plantlets return to a normal level after a period
of elevation (Harding 2004). Global DNA methylation
rate (often expressed in percentage) is usually the generic
measure for this particular analysis, which determines the
frequency of 5'- methylated deoxycytosines over the total
amount of cytosines (Xie et al. 2017). In peach palm, global
methylation rates of PVS3-treated peach palm embryogenic
clusters increased temporarily after they had been subjected
to cryopreservation treatment and eventually returned almost
to the control level after several weeks of recovery (Heringer
et al. 2013a). Similarly, no significant differences were found
in the percentages of global DNA methylation rate between
plants recovered from cryopreservation and non-cryopreser-
vation on coconut (Sisunandar et al. 2010a). This might
suggest that elevation of methylation rates can be beneficial
for the survival and regrowth of cryopreserved materials in
palms as it enables cells to temporarily hold up normal gene
regulation and functionality. It is also worth combining these
epigenetic studies with DNA change assessment to produce
more robust fidelity assessment.

Insight to be gained Morpho-physiological assessments
should involve consistent analysis of tissue viability and
subsequent shoot and root growth upon rewarming until
the plant is well established in the field. Major histological,
ultrastructural, and cytological techniques should be applied
to further observe gross changes which the cryogenic treat-
ments can cause on the cryopreserved tissues of palms.
These methods, however, demand destructive preparation
of the tissues, and may not be suitable if there is low avail-
ability of materials. Finally, since the ultimate goal of palm
conservation is to preserve true-to-type clones, an effective
program should involve rigorous molecular and epigenetic
evaluations of cryopreserved regenerants.

Conclusion and prospects

Palms are an example of economically important species
that demand immediate conservation efforts and also offer
decades of illustrative cryopreservation research trials.
The current review differs from previous palm reviews in
that it encourages researchers and conservationists to base
their cryopreservation research on the proposed framework
and a series of consideration checkpoints (tissue culture,
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recalcitrant nature, cryobiology, and fidelity assessments),
and to progress to further topics created by the combi-
nation of two nearby foundations. Cryopreservation is a
multifaceted process that requires careful construction
of different research blocks and having a frail one can
result in a futile research endeavor. In reality, even though
considerable efforts have been made in cryopreservation
of important palm crops to achieve a certain degree of
regrowth rate, the goal of true regeneration of cryopre-
served plantlets (also known as soil establishment) has
not been met satisfactorily by the majority of reports. The
long-term view of palm cryobank construction is yet to
be fulfilled due to a number of factors, including the lack
of a systematic effort and often times short duration of
research projects. Indeed, most current palm collections
are only serving the immediate consumer demands instead
of creating broader and more collaborative collections to
preserve the palm taxa. With a diversity of species-spe-
cific protocols and problems, it is easy to get lost in the
minor details and forget about the big picture. Thus, this
review provided the most important insights for each foun-
dation of the framework. It is important to note that the
approach used does depend on species recalcitrance and
the availability of explant tissues. Looking ahead, technol-
ogy transfer among research laboratories around the globe
should be facilitated to ensure high reproducibility of cry-
opreservation protocols, and a fidelity assessment should
be performed with robust and state-of-the-art methods.
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