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Abstract

The Cycadales are a group of botanical and evolutionary importance; however,
many species face the threat of extinction due to poaching and habitat
destruction. The current investigation reviews previous work on in wvitro
production of cycads, which holds great potential for mass production and
germplasm conservation of these unique plants. Megagametophytes and zygotic
embryos have been used as explants in most studies, while seedling tissue and
new leaf tissue of mature trees have also been used. Callus, coralloid roots and
somatic embryos have been formed in vitro but direct organogenesis appears to
be the most promising method for mass production and germplasm preservation
of the cycads, as recent studies have reported the acclimatization of numerous
plantlets less than 200 days after initial culture of zygotic embryos.

Cycads have been referred to by Gilbert (1984) as "living fossils" because
they are an ancient group of plants, the Cycadales being the oldest of the living
members of the gymnosperms (Ikeno 1896) and are therefore an important
group in the quest to unravel the mysteries of plant evolution.

Cycads are made up of three families: Cycadaceae, Stangeriaceae and
Zamiaceae (Chavez et al. 1998). In the Cycadales, Hill and Stevenson (1999)
listed 273 tropical and subtropical species in 11 genera although Chavez et al.
(1998) claim 132 species in 10 living families. Cycas revoluta Thunb., commonly
known as "Japanese sago palm", is probably the most researched member of the
Cycadaceae family and is the oldest of the living cycads (Jones 1993). Native to
southern China and Japan (Stevenson 1990), it has several characteristic botanical
features: it is evergreen, has palm-like, pinnately divided, glossy green leaves
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with narrow leaflets that have a sunken midrib and rolled down margins
(Gilman 1999). In addition to its ornamental value, C. revoluta has some
medicinal properties such as the traditional treatment of cancer (Kowalska et al.
1995) and nutritional value, including eaten raw, cooked, or in a fermented state
within “miso” soup (Brenner et al. 2003), but with toxic potential (Chang 2004),
possibly due to the presence of cycasin (Tadera et al. 1995). In its ornamental
appeal, reputed medicinal properties, nutritional value and toxicity, C. revoluta
epitomizes the economic importance of cycads.

Cycads are also unique in their possession of motile antherozoids and are the
only gymnosperms that have a symbiotic relationship with nitrogen-fixing
cyanobacteria (Vessey et al. 2005), which inhabit specialized branching structures
of cycads known as apogeotropic or coralloid roots (Webb et al. 1984, Lindblad
and Bergman 1990, Korzhenevskaya et al. 1999, Vessey et al. 2005). Cycads of
today, however, represent a small fraction of a plant group that once dominated
the earth’s flora millions of years ago (Bhatnagar and Moitra 1996), and many
species now face the threat of extinction in the wild.

While cycad numbers appear to have declined naturally over the millennia,
the principal reasons for their rapid decline in recent years include the removal
of plants from the wild by collectors, traders and landscapers, and the
destruction of habitat for agricultural, domestic and commercial development
(Osborne 1995; Donaldson et al. 2003; Vovides et al. 2003). Cycad numbers have
declined to such an extent that all species are now included in either Appendix I
or II of the Convention in International Trade in Endangered Species of Flora and
Fauna (CITES 2014), and are protected by law in various countries. However,
despite legislative protection for a number of years, there has not been a
substantial increase in cycad numbers in the wild mainly due to reproductive
failure, as a very few seeds germinate in nature and few seedlings are observed
(Forsyth and van Staden 1983, Giddy 1990).

Cycads are dioecious with males bearing cones and females bearing groups
of megasporophylls (Ikeno 1896). It is, therefore essential that male and female
plants of the same species cone at the same time for fertilized seed to be
produced in nature, which may present a problem in populations with a few
individuals. Although a few studies have been conducted, cycad seeds also
appear to be recalcitrant (Dehgan and Schutzman 1989, Forsyth and van Staden
1983, Woodenberg et al. 2010), i.e. they are ‘wet’ and desiccation-sensitive, and
may succumb to dehydration in the field during the protracted development of
the embryo after seed-shed (Woodenberg et al. 2014). While rapid germination
(2-6 weeks) of Zamia floridana (sensu lato) seeds is possible when the sarcotesta is
removed and seeds are soaked in H2SOsfor 1 hr, rinsed, then soaked in 1 g/l GA3
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for 48 hrs (Dehgan and Johnson 1948), C. revoluta seeds lose viability rapidly and
have low morphogenic potential or recalcitrance in vitro (Benson 2000). The
recalcitrant nature of cycad seeds means that they are not suitable for ex situ long
term storage and/or conservation and therefore methods — other than seed
propagation — are urgently needed to conserve these plants.

Furthermore, cycads are generally slow growers and it may take up to 15
years for a seedling to become sexually mature (Norstog and Nicholls 1997, Tang
1990, Vogel et al. 1995). Hence, cycad numbers in the field increase naturally at a
relatively slow rate and there is a pressing need to develop -effective
biotechnological protocols for the mass production of cycads to satisfy the
demand by landscapers and collectors, and to prevent the extinction of these
ancient plants.

In this regard, the current review aims to analyze the in vitro studies that
have been conducted on members of the Cycadales, since biotechnology -
specifically tissue culture — is a viable way to conserve the germplasm of this
ancient plant group (Litz et al. 2004, 2005).

The first in vitro studies on cycads (Gymnospermae, Cycadales) was reported
by La Rue (1948, 1954) for Zamia floridana (= pumila) (Zamiaceae) and Norstog
(1965) for Zamia integrifolia. Callus induction from zygotic embryos (ZEs) and/or
megagametophytes of Cycas circinalis and Zamia integrifolius was reported by
Norstog and Rhamstine (1967), of Zamia pumila by Webb et al. (1983), and of
Dioon edule by Chavez and Litz (1999). De Luca et al. (1979) conducted studies on
the in vitro culture of Ceratozamia mexicana, C. revoluta and Encephalartos
umbeluziensis megagametophytes and identified structures that were classified as
pseudobulbils or globular embryos but that were later corrected in C. revoluta to
coralloid root nodules (De Luca and Sabato 1980, De Luca et al. 1980) and by
Webb and Osborne (1988) as adventitious shoots in Ceratozamia mexicana. Chavez
et al. (1992a, 1995) then reported somatic embryogenesis from the leaves of C.
mexicana while somatic embryogenesis and shoot formation were reported in C.
mexicana and C. hildae when ZEs and megagametophytes were used (Chavez
et al. 1992b). In those studies, somatic embryos developed within 2 - 4 months
and reached the cotyledonary stage after 6 - 8 months (18 months for leaves) in
culture. Chavez et al. (1995) criticized how earlier claims of somatic
embryogenesis were not substantiated by sufficient histological proof, and also
indicate how somatic embryogenesis in C. mexicana differed substantially
(dicotyledonous in nature when from leaves) from the in ovulo development of
ZEs as defined by Chamberlain (1912) (monocotyledonous in nature), although
Dorety (1908) claimed a dicotyledonous-like development of excised Ceratozamia
ZEs.
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Following a suitable explant disinfection process (Table 1), in most studies, it
was common to induce callus from ZEs or megagametophytes using kinetin or
2,4-D, BA and NAA (La Rue 1950, 1954, Webb et al. 1983, Pan et al. 2013), and
more recently one case of the use of picloram for callus induction (Ling et al.
2008) (Table 1). Webb et al. (1983) reported that NAA was required for callus
initiation, but BA was not always necessary. High frequency of callus initiation
occurred with 1.0 mg/l NAA combined with 0.01 or 1.0 mg/l BA. When the
concentration of NAA was high relative to that of BA, friable callus formed and
as the relative BA concentration was increased, a more compact callus formed.
Compact-nodular callus developed at equal concentrations of NAA and BA over
a wide range of absolute concentrations. Friable callus formed roots only while
compact-nodular callus formed roots, shoots and ZE-like structures. Dhirnan et
al. (1998) reported callus formation from the leaves of C. revoluta.

The sterilization procedure employed by several authors is quite similar
(Table 1). However, Chaplot and Jasrai (2000) used bulbils as explants and a
complicated sterilization procedure. Bulbils were treated for 90 min with an
aqueous solution containing 0.1% bavistin, 0.1% citric acid, 1% activated charcoal
on a gyratory shaker (100 rpm), and surface sterilized with 50% ethanol for 1 min,
followed by 0.1% HgCl, for 3 min. The outer 9 or 10 bulb-scales were discarded
and the bulbils were re-treated with 0.05% HgCl: for 1 min, followed by repeated
rinses with sterile distilled water five times. The inner (8 - 10) bulb-scales were
used as explants. After incubation for 20 - 25 days, shoot primordia differentiated
in 60% of the cultures of only the inner bulb-scales on half-strength MS with 2.21
uM BA. One or two shoot buds differentiated directly on either surface of the
bulb-scale without any observable callus formation. Three weeks after culture the
explants bearing shoot buds were transferred to fresh medium. At 4.43 uM BA
there was slight callus formation. However, the callus failed to differentiate
further, even on fresh medium. The choice of gelling agent (Moon et al. 2004) or
light intensity (Vargas-Luna et al. 2004) can affect the qualitative and quantitative
outcome of somatic embryogenesis. Some parallels have been drawn between
somatic embryogenesis of coniferous gymnosperms and cycads, the former
having been reviewed elsewhere (Teixeira da Silva and Malabadi 2012).

Luo et al. (2011) reported the formation of callus from root tips or the stem of
in vitro seedlings of Cycas guizhouensis on MS containing 50 mg/l Kn and 20 mg/1
2,4-D or MS with 50 mg/l Kn and 20 mg/l BA. There are no other reports about
callus proliferation or plant regeneration for this plant.
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Lin et al. (2007) reported plantlet regeneration in wvitro, particularly the
formation of multiple shoots derived from seed, cotyledon, squama (plant scales)
and shoot tips of C. revoluta. C. revoluta seed cultured in vitro could germinate six
months earlier than when sown under normal conditions (ex vitro) at 25°C. When
seeds were inoculated on ER media (Eriksson 1995) containing 2.0 mg/l BA, 0.4
mg/l IBA, and 2 ml/l of juice of C. revoluta episperm (testa), multiple shoots
formed on 76.7% of explants. Shoot buds differentiated from 53.3% of cotyledons
and from 33.3% of squama. Survival rate exceeded 90% when plantlets were
transplanted from April to July on a substrate of sand and garden soil, ora1:1
(v/v) mixture of perlite and coco coir.

An effective in vitro protocol serves several purposes for cycads: (1) to
conserve rare or endangered germplasm; (2) to establish protocols that will allow
for the clonal production of standardized material, suitable for gardening; (3)
with standardized protocols, aspects such as gametogenesis can be examined
without the dependence on environmental cues and tissues subjected to genetic
transformation can have a better chance of recovery of transgenic callus, plantlets
or somatic embryos; (4) the ability to obtain regenerable transformants would
allow for the introduction of novel traits such as disease or pest resistance; (5) the
ability to induce somatic embryos would allow for the mass production of
plantlets through bioreactor culture; (6) in vitro production of algae-free coralloid
roots may be important for studies on cycad-cyanobacteria symbiosis — especially
studies looking at the path of entry of cyanobacteria; and (7) to produce suitably-
sized explants for the cryopreservation of these endangered plants.
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