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INTRODUCTION

Biodiversity—genetic, taxonomic, and ecological diversity—has been
produced by millions of years of mutation and natural selection
(Krogstrup et al., 1992). In contrast, within the past 10,000 years,
human activity has resulted in an accelerating decline in the biodiversity
of the Earth. It has, in fact, been estimated that 25% of the 250,000
vascular plant species could become extinct within the next 50 years
(Raven, 1987, as cited by Schemske et al., 1994). Real and potential
genetic erosion has attracted wide attention, leading to the drawing up
of the International Convention on Biological Diversity of 1993 which
addresses a broad spectrum of issues related to the protection of
biodiversity.

Biodiversity can be conserved either in situ or ex situ. In the former
instance, species are conserved in their natural habitat, including na-
ture reserves. The advantage of this form of conservation is that it
facilitates the ongoing processes of natural evolution in both the physi-
cal and biological contexts (Krogstrup et al.,, 1992). Although in situ
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conservation is probably the best way to preserve biodiversity, it is
nevertheless expensive in terms of the area required and in the cost
of establishment and maintenance of natural reserves.

Ex-situ conservation involves removing plants and/or propagules
from their natural habitat and storing the collections in botanic gardens,
arboreta, seedbanks or in in vitro culture. Seedbanks are probably the
most common and convenient way of storing germplasm, as main-
tenance of such facilities is a relatively low-cost operation that does
not require very sophisticated technology (Krogstrup et al., 1992). How-
ever, conventional seedbanking, which implies maintenance of low rela-
tive humidity/low temperature conditions, is not suitable for all
seed-types.

Seeds have been characterized as showing orthodox, recalcitrant
or intermediate storage behavior (Roberts, 1973; Ellis et al., 1990,
1991). Mature, orthodox seeds have moisture contents of 20% or less
on a wet-mass basis, and can be further dried (generally to moisture
contents of around 5%) without loss of viability in most species (Chin
and Roberts, 1980). According to Roberts (1973), the lower the water
content of an orthodox seed, the longer its lifespan. Additionally, a
guantitative relationship has been shown to exist between seed lon-
gevity and storage temperature (Dickie et al., 1990), whereby the lower
the temperature, the more prolonged the lifespan of the seeds of many
species. In this regard, according to recommendations of the IBPGR
(1976), orthodox seeds should be dried to a moisture content range
of 5-1%, and stored hermetically at temperatures of —18°C or less.
More recently, however, Vertucci and Roos (1993) have suggested that
the optimal seed moisture content might depend on the storage
temperature, and that the ultradry condition may actually reduce lon-
gevity because of the effects of overdehydration.

In contrast to the desiccated condition of mature, orthodox seeds,
those categorized as recalcitrant (Roberts, 1973) or intermediate (Ellis
et al.,, 1990, 1991) are relatively highly hydrated at maturity. The
notable difference between these two seed categories, however, is that
while recaicitrant seeds remain sensitive to water loss, intermediate
seeds may be dehydrated to relatively low water contents (12-5%,
depending on the species; Ellis et al., 1990, 1991). Chilling sensitivity
is an additional feature of many recalcitrant seed species (Chin and
Roberts, 1980; Berjak et al., 1995), and of dehydrated intermediate
seeds (Ellis et al., 1990, 1991). As a result of their postharvest char-
acteristics, neither recalcitrant nor intermediate seeds are amenable to
low moisture/low temperature storage conditions. Presently, the only
option for the storage of infact recalcitrant or intermediate seeds is
their maintenance in an hydrated or dehydrated condition respectively,
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at the lowest temperature that is commensurate with viability retention
(Chin and Roberts, 1980; Berjak et al., 1989; Ellis et al., 1990, 1991).
However, such conditions facilitate only relatively short-term storage,
varying from a few days in the case of highly recalcitrant seeds (Berjak
et al.,, 1984) to several months for intermediate types (Ellis et al., 1990,
1991).

Cryopreservation (i.e., storage at temperatures between = —80
and = —196°C) presently appears to offer the only option for long-
term conservation of the germplasm of species with recalcitrant or
intermediate seeds. Once tissue is cooled down to sufficiently low
temperatures, biological and most degradative processes are halted,
theoretically facilitating storage for thousands of years (Ashwood-
Smith and Friedman, 1979). However, it should be noted that some
authors contend free radical generation may continue even at cryo-
storage temperatures (Benson, 1990) and that this process could
well occur under all seed storage conditions (Hendry, 1993; Smith
and Berjak, 1995).

While it might be possible to cryostore suitably dehydrated, intact,
intermediate seeds, this is not the case for hydrated, recalcitrant seeds,
which are relatively large to very large (e.g. diameter 50 mm or more
in the case of avocado, mango, and coconut). However, in the great
majority of cases, the embryonic axes constitute only an insignificant
proportion of the total seed mass (Berjak et al., 1989), offering, after
excision, an appropriate source of gemplasm for cryopreservation. Fur-
thermore, for species of economic importance (e.g. oil palm, date palm,
coffee) there has been extensive development of systems for in vitro
propagation to produce somatic embryos (Pannetier et al., 1981; Tis-
serat, 1984; Hatanaka et al., 1991). Cryopreservation of somatic
embryos has great potential for the storage of selected genotypes,
particularly in cases where the seeds are highly heterozygous although,
in the interests of preserving biodiversity, conservation of zygotic
embryonic axes should not be neglected.

The water content of both zygotic and somatic embryos of recal-
citrant and intermediate species remains high throughout their develop-
ment. According to Crowe et al. (1990), most tissue water is "free"
(i.e., freezable), as opposed to a very small proportion that is described
as "bound" (i.e., non-freezable) and is frequently constitutive of macro
molecules. During cooling, free water forms ice crystals, which have
the potential to cause lethal mechanical damage. Furthermore, as ice
is formed, the intracellular milieu becomes increasingly desiccated,
which may cause perturbation because of changes in osmotic potential
and pH (Mazur, 1984; Kartha, 1985; Franks, 1990).
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Several procedures may be followed in order to limit lethal ice crys-
tal formation during freezing:

1) Reduction or elimination of the freezable water by dehydration of
the tissue prior to freezing.

2) Increasing the cooling rate. According to Mazur (1984), when the
cooling rate is extremely rapid, water movement cannot occur, thus
facilitating the formation of only very small (micro) ice crystals. In
this regard, the smaller the ice crystals, the less the consequent
damage.

3) Pretreatment of the embryos with cryoprotectants, i.e., molecules
known to improve the low-temperature tolerance of tissues. The
suggested modes of action of cryoprotectants have been reviewed
by Withers (1990) and will not be considered here.

This chapter highlights the critical facets of the cryopreservation
processes that have been developed for zygotic and somatic embryos
of several tropical species that produce recalcitrant or intermediate
seeds.

STERILIZATION AND /N VITRO CULTURE CONDITIONS

Recalcitrant seeds almost invariably harbor a mixed external and in-
ternal microflora (Mycock and Berjak, 1990) which contributes adver-
sely to their already curtailed lifespan (Berjak, 1996). This microflora
can be the cause of significant problems in the in vitro propagation of
isolated embryonic axes. As a consequence, rigorous sterilization pro-
cedures must be followed to eliminate fungi and bacteria that would
otherwise proliferate in the culture. After surface sterilization of fruits
and/or seeds, embryonic axes are excised aseptically in a laminar flow
cabinet. Alternatively, axes may be excised from unsterilized seeds and
then subjected to surface sterilization, using the least injurious treat-
ment, which usually involves a solution of sodium hypochlorite, mer-
curic chloride or ethanol (Table 1), often with a few drops of a wetting
agent (e.g. Tween 20®) added. However, while a particular treatment
might be adequate in eliminating all associated microflora in one in-
stance, it is not guaranteed to succeed in all cases. For example,
while sterilization of axes of Camellia sinensis with a 1% solution of
sodium hypochlorite was successful, this procedure was found to be
inadequate for axes of Syzygium guineense, for which 0.1% mercuric
chloride had to be employed (Dumet, unpublished data). Even in the
case of an individual species, sterilization procedures must sometimes
be amended: e.g. heavy bacterial contamination occurred in the case



Table 1. Sterilization processes, principal culture media, and in vitro development of zygotic embryonic axes of various species

Growth media for embryonic axes

—— Embryonic
Species Sterilization Salts Vitamins Sugars  Growth  Charcoal  pH Axis References
Regulator @ Development
(mg!™)

(1) 2 3 4 5) (6) o] (8) (9) (10)
Artocarpus * Seeds: 0.5% mercuric MS* MS ? 1 NAA 2 ? Shoot and Chandel et
heterophyllus chloride, axes excised 1 BAP root al.,, 1994

aseptically .
¢ Axes: 1% sodium MS/2 MS2 3% — — 5.6—  Shoot and Dumet and
hypochlorite 5.8 root Berjak, 1995
» Axes: 0.1% mercuric MS MS 3% — — 5.8 Radicle Fu et al,
chloride 10 min sucrose clearly visible 1993
Azadirachta * Axes: 1% sodium MS/2 MS/2 3% — — 5.6~ Root and Dumet and
indica hypochlorite 20 min 5.8 shoot Berjak, 1995
elongation
Camellia * Axes: 1% sodium MS MS 3% — — 5.6-  Greening Wesley-
sinensis hypochlorite 10 mn + 0.2% sucrose 5.8 and organ Smith et al.,
hibitane (Hibiclens; Stuart development 1992
Pharmaceutical, Wilmington,
DE)
* Axes: 1% sodium MS/2 MS/2 3% — — 5.6—  Seedlings Dumet and
hypochlorite 20 min sucrose 5.8 Berjak, 1995
* Fruit: 0.5% mercuric MS + Yeast ? ? — ? Shoot and Chandel et
chioride, axes excised extract root al.,, 1994
aseptically
(Contd)
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Table 1. (Contd)

N {2) 3) {4) {5) (6) {7) (8) (9) (10)
¢ Fruit: 0.1% mercuric NN** NN ? ? ? ? Seedlings Chaudhury
chlonde, axes excised et al., 1991
aseptically
Cocos nucifera * Embryo: cylinder of MS MW*™* 6% — 2 55 Seedlings Assy-Bah et
albumen, 3% sodium sucrose al., 1989
hypochlorite 20 min,
embryos excised aseptically
Coffea sp. s Fruit: 70% ethanol 15 min, MS** MS 3% 1 BA — 5.7 Seedlings Abdelnour-
C. canephora, axes excised aseptically sucrose Esguivel et
C. arabica and al., 1992
Arabusta
C. libenca ¢ Axes: 5% commercial MS MS 3% 0.1 kinetin 2 ? Seedlings Normah and
Chlorox 6 min 0.1 2,4-D Vengada-
0.1 BA salam, 1992
0.5 IBA
Elaeis * Kernels: 0.1% mercuric MS MS 3% 0.01 NAA — 5.7 Seedlings Engelmann
guineensis chloride 20 min, axes 0.1 kinetin et al.,, 1995
excised asepfically
Euphoria longan < Axes: 70% alcohol 5-10s  ? ? ? ? ? 5.8 Radicle and Fu et al,,
plumule 1993
elongation
Hevea * Seeds: 20—-30% Chiorox, MS MS ? 0.15 kinetin 4 ? Seedlings Normah et
brasiliensis axes excised aseptically 0.2 NAA al., 1986
0.5 GA

(Contd)
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(1) (2) @) ()

(5)

(6) 7)

(8)

(©)

(10)

Landoiphia kirkii * Axes: 2.5% sodium MS MS
hypochlorite 10 min + 0.2%
hibitane (Hibiciens; Stuart
Pharmaceutical, Wilmington,

DE)
Litchi chinensis * Axes: 70% alcohol 5-10 s ? ?
Mangifera indica * Seeds: 0.1% mercuric MS/2 MS/2

chloride 10 min, axes
excised aseptically

Theobroma * Friit: 70% ethanol 15 min, MS MS
cacao axes excised aseptically

Trichilia * Axes: 1% sodium MS/2 MS/2
dregeana hypochlorite

3%

5%

3%

3%

0.15 kinetin 4
0.2 NAA

0.5 GA

? ?
1.5-3 NAA 0.5

5.8

5.8

5.6

5.6-
5.8

Greening
and root
development

Radicle and
plumule
elongation

Leaf
production
from axes

Callus and
somatic
embryo-
genesis

Greening
and callus

Vertucci et
al.,, 1991

Fu et al,,

1993

Fu et al,,
1990

Pence, 1991

Dumet and
Berjak, 1995

*Murashige and Skoog (1962); **Nitsch and Nitsch (1967); ***Morel and Wetmore (1951)
BAP: benzylaminopurine; 2,4-D: 2,4-dichloro-phenoxyacetic acid; IBA: indole-3-butyric acid;

NAA: naphtaleneacetic acid; BA: 6-benzylaminopurine; GA: gibberellic acid
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of one particular sample of C. sinensis seeds, necessitating the addi-
tion of Hibitane® to the sterilant used for the excised axes (Table 1).

Depending on the species, the composition of in vitro culture media
may be more or less complex. The medium acts as a substitute for
the storage tissues of the intact seed, in which all the constituents
necessary for germination and early seedling growth are contained. In
the case of some species, a basic MS medium (Murashige and Skoog,
1962) with various combinations of vitamins and sugar(s) allows
embryonic axes to develop into seedlings. For other species, incor-
poration of growth regulators into the medium is essential. Develop-
ment of the appropriate medium on a species basis requires a
considerable expenditure of time and effort, notwithstanding which
plantlet establishment might still prove elusive. In the case of some
species, despite intensive trials with various combinations of com-
ponents, incomplete development is currently still being obtained (Table
1). Although it is probable that the more mature an embryonic axis,
the simpler will be its in vitro cultivation, it appears that there are
greater problems with associated microorganisms (e.g. for coffee [Ab-
delnour-Esquivel et al., 1992] and S. guineense [Dumet, unpublished
data]).

DESICCATION

Desiccation Procedures

Despite the fact that a seed species may be recalcitrant (and thus, by
definition, desiccation-sensitive), if water is removed rapidly, then axes
withstand a considerable degree of dehydration (Berjak et al., 1989).
Dehydration may be achieved by one of several means:

1) In a sterile airstream in a laminar flow cabinet. This method has
been used in several cases, e.g. for zygotic axes of rubber (Normah
et al., 1986), tea (Chaudhury et al., 1991), coffee (Abdeinour-
Esquivel et al., 1992), and oil palm (Engelmann et al., 1995), as
well as for somatic embryos of oil palm (Dumet et al., 1993a) and
coffee and date palm (Mycock et al., 1995).

2) In airtight containers containing dry silica gel, which has been used
for zygotic embryonic axes of Euphoria longan (Fu et al., 1993)
and somatic embryos of oil palm (Dumet et al., 1993a, b).

3) Using a compressed airstream (flash-drying) as carried out for the
dehydration of zygotic axes of Landolphia kirkii (Pammenter et al.,
1991; Vertucci et al.,, 1991) and C. sinensis (Wesley-Smith et al.,
1992; Berjak et al., 1993).
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4) Under vacuum, as described for the dehydration of Artocarpus
heterophyllus (jackfruit) zygotic axes by Fu et al. (1990).
Depending on the mode of dehydration, the rate of water loss

varies, which might be reflected in the degree of desiccation tolerance

achieved (see below).

Desiccation Tolerance

As with intact seeds, relative desiccation tolerance of isolated
embryonic axes varies among recalcitrant and intermediate species.
However, it is highly relevant that whereas intact recalcitrant seeds
cannot tolerate a significant degree of desiccation, the isolated axes
can, but it is important to note that such desiccated axes will not retain
viability for any length of time unless they are cryostored. Embryonic
axes of tea, which is a recalcitrant species, can be dried down to a
moisture content of 13% (FWB; i.e. 0.14 g water per g'dry mass, g-g )
(Chaudhury et al.,, 1991; Dumet and Berjak, 1995). Over 80% of the
embryonic axes of coffee, an intermediate species, have been reported
to survive when desiccated to water contents of 15-20% (0.17-0.25
g-g“) and 15.8% (0.18 g-g'1) for Coffea liberica and C. arabica respec-
tively (Normah and Vengadasalam, 1992; Abdelnour-Esquivel et al.,
1992). In the case of neem (a species which has been variously
categorized as orthodox, intermediate or recalcitrant, depending on
provenance (Gamene et al., 1994; Sacandé et al., 1995; Berjak et al.,

1995)), viability |s not adversely affected when axes are desiccated
down to 0.23 g-g (Dumet and Berjak, 1995).

Depending on the species, the degree of desiccation tolerance of
somatic embryos also varies. Hatanaka et al. (1994) reported that 50—
80% of Coffea canephora embryos withstood dehydration to a water
content of 20% (0.25 g g"1) but 80% loss of viability occurred when
clumps of somatic embryos of oil palm were desiccated to water con-
tents below 0.7 g-.g° (41 % FWB) (Dumet et al., 1993a).

Optimization of Desiccation Tolerance

Various studies have indicated that several parameters, e.g. develop-
mental stage, desiccation rate or pretreatment conditions, can modify
the ability of both zygotic axes and somatic embryos to survive water
loss.

Desiccation Rate: Pammenter et al. (1991) have shown that flash-
dried axes of Lando/ph/a kirkii could be dehydrated down to a water
content of 0.3 g-g (23% FWB) without damage, whereas viability
of axes in slowly dried, intact seeds was lost in the water content
range 0.9-0.7 gg (47—41% FWB). In contrast, for axes of Artocarpus
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heterophyllus, Fu et al. (1993) reported that the relatively slower the
desiccation rate, the lower the water content tolerated without loss of
viability. Those authors achieved the slower drying rate using silica gel,
and the faster by vacuum, and pointed out that depletion of oxygen
during vacuum drying might have contributed to viability loss. The
benefit of relatively less rapid dehydration has also been suggested
by the work of Dumet et al. (1993a): those authors suggested that oil
palm somatic embryos desiccated with silica gel might adapt better to
the imposed water stress and thus to lower water contents, than those
dried more rapidly in a laminar flow cabinet.

Developmental Stage: More mature embryonic axes of Camellia
sinensis and A. heterophyllus have been shown by Chandel et al.
(1994) to be relatively more desiccation tolerant, but, in contrast, those
authors indicated that mature axes of Theobrama cacao were less
tolerant than those excised in an immature condition. Berjak et al.
(1993) have also drawn attention to the importance of developmental
status of zygotic axes in relation to relative tolerance of water loss.

Conditioning Prior to Desiccation: Conditioning embryos—certainly in
the case of somatic embryos—can substantially improve their desicca-
tion tolerance. This has been shown for oil palm by Dumet et al.
(1993b), wherein somatic embryos pretreated on a medium containing
25% sucrose survived desiccation down to a water content of 0.5 g-g~
(33% FWBY), while only 20% of the embryos not pretreated survived to
0.7 g-g‘1 (41% FWB). Sucrose has been suggested to be involved in
desiccation-tolerance mechanisms of orthodox seeds (by water sub-
stitution, e.g. Crowe et al., 1988) and/or by facilitating vitrification (Wil-
liams and Leopold, 1989; Koster, 1991). However, in the case of the
oil palm somatic embryos, these phenomena are inappropriate, as
neither water replacement nor vitrification would occur under ambient
conditions at a water content of 0.5 g-g‘1. Furthermore, sucrose
pretreatment is not specific in conferring greater desiccation tolerance
in oil palm somatic embryos, since fructose, galactose, and glucose
are also effective (Dumet et al., 1994).

The effect of sucrose in conferring greater desiccation tolerance on
zygotic embryonic axes has been tested for four recalcitrant species,
with conflicting results (Dumet and Berjak, 1995). In the case of A.
heterophyllus and Trichilia dregeana, axes pretreated with sucrose
could be dehydrated successfully to lower water contents than those
not pretreated. However, similar treatment had no effect on the desic-
cation tolerance of axes of C. sinensis (tea) and actually had a negative
effect on those of Landolphia kirkii, which showed reduced tolerance
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after sucrose pretreatment. As mentioned earlier for L. kirkii, more rapid
water loss facilitated survival of axes of lower water contents than did
slower dehydration. It is possible that pretreatment of the excised axes
of L. kirkii on a high-sucrose medium causes dehydration to proceed
at a damagingly slow rate. However, when appropriate dehydration
rates are achieved by this osmotic effect, then such treatment could
be beneficial in facilitating further water loss from the axes (Dumet and
Berjak, 1995). Those results indicate that if osmotic dehydration is to
be used to advantage, then parameters need to be determined on a
species basis.

improvement of desiccation tolerance of somatic embryos has also
been achieved by encapsulation in sodium alginate. Hatanaka et al.
(1994) showed that encapsulated embryos of C. canephora survived
dehydration to 13% water content (0.14 g-g'1), while viability retention
was not as good for those not encapsulated.

CRYOPROTECTION

Pretreatment with cryoprotectants prior to freezing may increase sur-
vival to very low temperatures. As previously mentioned, sucrose can
improve desiccation tolerance in certain cases and this sugar can also
act as a cryoprotectant. Oil palm somatic embryos have been shown
to survive liquid nitrogen immersion after being pretreated on a medium
containing 25% sucrose (Engelmann et al., 1985; Dumet et al., 1993a).
Sucrose also showed a specific cryoprotectant effect in the case of
relatively hydrated oil palm somatic embryos, whereas other sugars,
although acting to promote desiccation tolerance, did not afford
cryoprotection (Dumet et al.,, 1994). High sucrose pretreatment has
also been used successfully for cryopreservation of C. canephora somatic
embryos in liquid medium (Tessereau, 1993).

Use of a combination of cryoprotectants can also be beneficial.
Mycock et al. (1995) have shown that somatic embryos of date palm
and coffee survived cryopreservation after being treated with mixtures
of sucrose and glycerol (5% followed by 10%), while for immature
zygotic embryos of coconut, combination of 60% glucose and 10-15%
glycerol were used as pretreatments for cryopreservation (Assy-Bah
and Engelmann, 1992a).

However, even if cryoprotectant pretreatment permits some survival
of cryopreservation, improved survival rates are obtained when such
treatments are followed by partial desiccation. This has been clearly
shown for somatic embryos of oil palm (Dumet et al., 1993a) and coffee
and date palm (Mycock et al., 1995). While the usual procedure is that
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desiccation follows cryoprotectant treatment, Assy-Bah and Engelmann
(1992b) dehydrated mature embryos of coconut prior to the application
of cryoprotectants, using a combination of 60% glucose and 15%
glycerol. It should be noted that when certain cryoprotectants or
cryoprotectant combinations are used, it might be necessary to
eliminate them from the tissues by several rinses in distilled water after
the embryos have been thawed (see below).

FREEZING

Freezing Processes

Various processes, affording different cooling rates, have been used.

Slow cooling can be performed by using a programmable freezing
apparatus, the most common rates used being 0.5 to 1.0°C-min”" (Kar-
tha and Engelmann, 1994). Alternatively, the specimen can be slowly
precooled at a temperature of —18°C in a deep freezer before being
immersed in liquid nitrogen. Slow cooling rates have been successfully
used for the cryopreservation of desiccated zygotic axes of Euphoria
longan (Fu et al., 1990) as well as for hydrated somatic embryos of
coffee (Tessereau 1993). In the latter case, freezing of cryoprotected
embryos was carried out in a liquid medium.

Freezing by rapid cooling rates has frequently been employed. In
these cases, specimens have been enclosed either in cryovials or
aluminium foil, or have been held within stainless steel mesh baskets,
which are then rapidly immersed in liquid nitrogen. Such procedures
have been used for the cryopreservation of zygotic axes of several
species, such as rubber, coconut, oil palm, and coffee, among others
(Normah et al., 1986, 1992; Abdelnour-Esquivel et al., 1992; Assy-Bah
and Engelmann, 1992a, b; Engelmann et al., 1995). Somatic embryos
of oil palm, coffee, and date paim have been similarly successfully
frozen (Engelmann et al., 1985; Dumet et al., 1993a, b; Mycock et al.,
1995).

The cooling rate achieved by direct immersion of a specimen in
liquid nitrogen will vary according to its volume and to the mode of its
introduction into the cryogen (Wesley-Smith et al., 1992). Those
authors discuss the phenomenon that enclosing containers, or forceps
holding the specimen, are heat-sinks which substantially slow cooling
rates, achieving perhaps a cooling rate of around 200°C-min~". Wes-
ley-Smith et al. (1992) achieved a cooling rate in the region of 500°C-s™!
for axes of C. sinensis which were propelled by a spring-loaded device
directly into subcooled liquid nitrogen (-210°C). The same technique
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has been used successfully for the cryopreservation of somatic
embryos of date palm and coffee (Mycock et al., 1995).

Optimization of Freezing Tolerance

Freezing Rate and Water Content: Wesley-Smith et al. (1992) have
clearly shown that in order to achieve successful cryopreservation, the
higher the water content of the embryonic axes, the faster must be the
freezing rate. Those authors achieved 100% survival of embryonic axes
of C. sinensis in the water content range 1.6-1.1 g. g" (61-52% FWB),
which they were rapidly propelled into subcooled liquid nitrogen (see
above), whereas none in this water content range survived cooling at
either 200 or 10°C-min~". However when the water content was
moderately reduced below 1.1 ?g , then some survival was obtained
at a cooling rate of 200°C'min” ', and a snmllar result was obtained at
very reduced water content (0.6-0.44 g-g ) after cooling at 10°C-min B
(Wesley-Smith et al., 1992).

The benefit of such rapid freezing has also been demonstrated for
somatic embryos of coffee dried down to a moisture content range of
0.26-0.21 gg~ (20—1 7% FWD): 70% survived cryopreservation when
propelled into subcooled liquid nitrogen, as opposed to 8-10% when
plunged into the same cryogen at —196°C (Mycock et al., 1995). Those
authors reported a similar (although less marked) trend for somatic
embryos of date palm. However, according to Fu et al (1993)
embryonic axes of Euphoria longan at a water content of 0.21 g g
(17% FWB) survived cryopreservation better when subjected to pre
cooling at —18°C than when directly immersed in liquid nitrogen. This
suggests that, at least for excised zygotic axes, factors other than only
the cooling rate need to be taken into consideration when devising a
protocol for cryopreservation.

Optimal Water Content for Cryopreservation: As long as desicca-
tion effects are not injurious, the optimal water content for
cryopreservation is generally between 10 and 16% (fresh-weight
basis) (Engelmann, 1992). However, optimal water content appears
to vary with the species and the nature of the embryo. Use of dif-
ferential scanning calorimetry (DSC) has shown that increasing sur-
vival of embryos is correlated with diminishing levels of freezable
water (Vertucci et al., 1991; Wesley-Smith et al.,, 1992; Dumet et
al., 1993b). In the case of oil palm somatic embryos, maximum sur-
vival was obtained when all freezable water had been removed
(Dumet et al., 1993b). However, this is not necessarily always the
case: for example, zygotic axes of Landolphia kirkii that retained a
small amount of freezable water survived cooling to —80°C, whereas
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those that had been dehydrated to the level of non-freezable water
only did not (Vertucci et al., 1991). Axes of C. sinensis that had been
dehydrated near to the level of non-freezable water only were
described as having sustained desiccation injury, which in itself could
have been worsened by the stress imposed by freezing (Wesley-Smith
et al., 1992). It is probable, as discussed by those authors, that the
formation of very small ice crystals is not injurious and thus that retain-
ing a measure of freezable water and manipulating the freezing rate
is a better procedure than excessive desiccation prior to freezing.

Developmental Stage: At a similar water content, mature embryonic
axes of L. kirkii have been shown to be more tolerant of cryopreser-
vation at —80°C than immature axes (Vertucci et al., 1991). Other
studies correlating the response to freezing with the developmental
stage were not found in the literature. However, it seems reasonable
to suppose that there might be an optimal developmental stage that
would facilitate successful cryopreservation, and that this is likely to
be at full maturity. However, a major difficulty with recalcitrant seeds
is that there are no clear-cut indications as to what constitutes full
maturity and, indeed, it appears that seeds of the same species may
be shed at varying stages of maturity (Finch-Savage, 1996). This un-
derscores the importance of gaining as complete an appreciation of
individual seed species as possible, in order to develop protocols which
have the potential to achieve successful cryopreservation.

THAWING

When cryovials are used for liquid nitrogen storage of material, these
are usually plunged into a water bath at 30—40°C in order to warm the
specimen relatively rapidly, which avoids ice crystallization during the
process. This procedure has been used for zygotic axes and somatic
embryos of coffee and oil paim (Engelmann et al., 1985; Abdelnour-
Esquivel et al., 1992; Normah et al., 1992; Dumet at al., 1993a, b).
Hydrated thawing, by plunging the specimens themselves directly into
a culture medium, either preheated to 37°C or maintained at ambient
temperature, has been used for zygotic axes of tea (Wesley-Smith et
al.,, 1992) and also somatic embryos of coffee and date palm (Mycock
et al., 1995). Fu et al. (1990), in comparing the effects of different
thawing temperatures on axes of Euphoria longan, concluded that
temperatures in the range 10-30°C facilitated better survival than thaw-
ing carried out at O or 5°C. It must be noted, however, that adverse
effects of such low temperatures might be caused by chilling injury,
rather than by the rate of thawing.
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CONDITIONING AND EMBRYO DEVELOPMENT AFTER FREEZING

After thawing, both zygotic axes and somatic embryos must be trans-
ferred onto a culture medium for further development; it is essential
that the optimal medium has been developed and tested for individual
species beforehand. Although in most instances the medium developed
for unfrozen controls is quite suitable, sometimes the incorporation of
growth regulators may be necessary to ensure normal post-thawing
development. This was found to be the case for oil paim somatic
embryos, which required short-term addition of 2,4-D (0.2 mg~l_1) to
increase recovery after cryopreservation (Engelmann et al., 1985;
Dumet et al., 1993). A similar situation has been described for zygotic
axes of Coffea liberica (Normah and Vengadasalam, 1992), which in-
itiated normal development that then ceased until IBA and BA (0.1
mg~l_1 and 0.5 mg~l_1 respectively) were added to the medium. Abdel-
nour Esquivel et al. (1992) mention that the lower survival of
cryopreserved immature axes of C. arabica, compared with mature
ones, could be almost totally overcome by placing them on a modified
medium supplemented with GA3 (100 mg'I'1) for recovery.

A further consideration is that complete (normal) development of
embryos might not occur after cryopreservation. For example, mature
embryos of coconut no longer produced haustoria after retrieval from
liquid nitrogen, although normal plantlet development did occur (Assy-
Bah and Engelmann, 1992b). In other cases, only some regenerative
tissue survived cryopreservation, leading to the formation of callus: this
was observed in the case of cryopreserved zygotic axes of Theobroma
cacao (Pence, 1991) and Trichilia dregeana (Dumet and Berjak, 1995).
In such cases, when the protocol for in vitro propagation of somatic
embryos from callus has been developed, the situation poses no prob-
lem, as in the case of T. cacao (Pence, 1991).

CONCLUSIONS AND PERSPECTIVES

The requirements for successful cryopreservation differ for different
species.

In some case embryos will withstand the removal of most (or all)
of their free water, thus eliminating lethal ice formation and creating
the potential for high survival rates after cryopreservation. However,
factors additional to those involved with water, may play a part in the
adverse reaction of embryonic axes or somatic embryos to freezing.
For example, Vertucci et al. (1991) found that despite very low water
contents, Landolphia kirkii axes frozen to —80°C did not survive as well
as did controls that had not been frozen. Moreover, whatever their
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water content, no axes of L. kirkii survived if the temperature were
lowered to —150°C. Wesley-Smith et al. (1992) reported that embryonic
axes of Camellia sinensis dehydrated so that no ¢rystallizable water
remained, showed lower survival rates after cryopreservation than
those not frozen. Those authors suggested that phase transitions of
certain intracellular macromolecules occurring at very low temperatures
might underlie damage in partially dried, frozen tissues.

For some species, potentially lethal damage of embryonic axes
occurs at relatively high water contents, considerably in excess of the
level of non-freezable water only (Pammenter et al., 1993). The causes
of desiccation sensitivity of recalcitrant seeds have not yet been
elucidated, whereas several factors have been implicated in the desic-
cation-tolerance mechanism of orthodox seeds. Desiccation tolerance
has been associated in the latter with high sugar contents, particularly
of sucrose in association with oligosaccharides such as raffinose and/or
stachyose, as well as with the presence of LEA (late embryogenic
abundant) proteins (Bartels et al., 1988; Bocchichio et al., 1988; Caffrey
et al.,, 1988; Koster and Leopold, 1988; Williams and Leopold, 1989;
Leopold, 1990; Blackman et al.,, 1991, 1992). However since the
presence of certain sugars or of LEAs alone is insufficient to confer
desiccation tolerance, it is thought that other factors must also be in-
volved (Berjak et al., 1989; Blackman et al., 1991; Farrant et al., 1993).
The presence of highly vacuolated tissue (Farrant et al., 1992) or of
latex (Dument and Berjak, 1995) has been suggested as being impli-
cated in desiccation sensitivity.

Use of particular rates of dehydration, and/or pretreatments, and/or
by choosing specific developmental stages, might improve the relative
desiccation tolerance of isolated embryonic axes. As the minimum
water content commensurate with viability retention increases, the
freezing rate becomes a parameter of prime importance. If embryonic
axes lose viability at relatively high water contents, then very fast cool-
ing rates are essential to avoid lethal ice formation. One exception
seems to be the case of embryos frozen in liquid medium, when slow
freezing of cryoprotected material may be the method of choice.

The heterogeneity of embryonic axes from recalcitrant and inter-
mediate seeds probably results from the difficulty of ascertaining the
precise maturation stage. In contrast to orthodox seeds, in which
maturation drying occurs, there appears to be no easily recognisable,
but reliable, sign of maturity in recalcitrant or intermediate seeds. An
approximation of the state of maturity is usually made on the basis of
fruit or seed color. However, germinable seeds may be extracted from
still-unripe fruits, as observed for Strychnos madagascariensis (Dumet,
unpublished observations), and the axes from such seeds may be
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amenable to cryopreservation. For other species, however, this is not
the case, and it is possible that developmental stages that are optimal
for cryopreservation may differ from species to species.

Thus it should be apparent that the achievement of successful
embryo cryopreservation and the subsequent regeneration of a plant
is no easy task; many parameters have to be ascertained and tested
on a species basis.
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