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Cryopreservation
of plant species:
progress and prospects

F.ENGELMANN*

RESUME : Un procédé de cryoconservation SUMMARY :

A cryopreservation process

comprend une série 'd’étapes successives, pour
lesquelles des conditions précises doivent étre
définies pour chaque matériel végétal. De nou-
velles techniques sont expérimentdes (encapsu-
lation, vitrification, utilisation d'un congélateur
ménager), qui visent & simplifier les procédés
classiques. La résistance & la congélation dans
l'azote liquide a été obtenue pour plus de 70 es-
péces veégétales, Cependant, l‘utilisation en rou-
tine de la cryoconservation reste encore excep-
tionnelle.

comprizes successive steps, for which precise
conditions have to be defined for each plant spe-
cies.

New techniques are tested (encapsulation/de-
hydration, vitrification, use of domestic freezer),
which aim at simplifying the standard pro-
cesses.

Resistance to freezing in liquid nitrogen has been
obtained for more than 70 different plant species.
However, the routine use of cryopreservation still
remains exceptional,

Intmd'uction

Asregards preservation possi-
bilities, plant species have
been divided into 2 catego-
ries: ‘

— orthodox seeds, which can
withstadnd dehydration to 5%
or less (dryweight basis) wi-

. thout damage. When dry, the

viability of these seeds can be
prolonged by keeping them at
the lowest temperature and
moisture possible,

— recalcitrant seeds, which
are high in moisture and are
unable to whithstand much
desiccation. They are predo-
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>minantly seeds from tropical
or subtropical species. They
can be stored only in wet me-
dium in order to avoid dehy-
dration injury and inrelatively
warm conditions because chil-
ling injury is very common
among these species. They re-
main viable only for a short
time (several weeks or
months), even if kept in the re-
quired moisture conditions.
This group comprizes many
crop species of great economic
importance such as oil palm,
coconut, cocoq, coffee, etc.

Moreover, the conservation of
plants which are vegetatively
propagated, such as cassava,
potato, yam, etc, poses also
considerable problems.

During the last years in vitro
culture techniques have been
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extensivelydeveloped and ap-
plied to more than 1,000 spe-
cies. The use of in vitro tissue
culture techniques can be of
great interest for germplasm

storage and multiplication of

recalcitrant and vegetatively
propagated species due to
their numerous advantages.

Indeed, very high multiplica-
tion rates can be obtained (up
to one million plants in one
year, starting from one single
plant). The plants are placed in
an aseptic system, free from
contamination. Moreover, the
space requirements are con-
siderably decreased and the
expenses in terms of labour
and finances reduced.

The methodsemployed are dif-
ferent depending on the sto-
rage duration requested. For
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short and medium term sto-
rage the aim is to reduce the
growth and to increase the in-
tervals between subcultures.
This is achieved by modifying
the culture conditionsmainly
by lowering the culture tempe-
rature.

Medium term storage techni-
ques are now routinely em-
ployed in many laboratories
and International Germplasm
Conservation Centers. How-
ever, the management of large
numbers poses considerable
problems, even if the intervals
between transfers are greatly
extended. Moreover, the risks
of genetic variation, which
lead to the loss of trueness to
type, increase with the in vitro
storage duration. Finally, pro-
longed storage periods in
more or less detrimental
conditions may induce the se-
lection of particular geno-
types, thus leading to the loss
of a part of the germplasm
conserved.

Forlong term storage, cryopre-
servation, i.e. storage at very
low temperatures, usually that
of liquid nitrogen (- 196 °C), is
the only current method. At
this temperature, all cellular
divisions and metabolic
events are stopped. The plant
material can be stored without
alterations or modifications
for a theoretically unlimited
period of time. Moreover, the
cultures are stored in a small
space sheltered from contami-
nation, with very limited main-
tenance.

Cryopreservation

Methodology

A cryopreservation process
comprizes the following suc-
cessive steps which have to be
defined for every species :
choice and obtainment of ma-
terial, pretreatment, freezing,
storage, thawing and post-
treatment. The main parame-
ters which have to be determi-
ned for each of these steps are
summarized on table 1.

Tableau 1 : principaux paramétres & définir pour les élapes successives
d’un protocole standard de cryoconservation.

Table 1 : Main parameters to set up for the successive steps of a stand-
ard cryopreservation protocol.

Successive steps

Main parameters to set up

1) choice of starting
material

type and physiological stage of explants
(special obtaining medium)

2) pretreatment

duration, nature and concentration of
cryoprotective substances

3) freezing

freezing rate (ultra-rapid/rapid, slow)
prefreezing temperature

4) storage

-19%°C

5) thawing

rapid, slow (water-bath temperature)

6) post-treatment

elimination of cryoprotective substances
(rinsing, dilution, diffusion)

reduction of osmotic shock

(sugar concentration)

regrowth

(growth regulators, medium modifica-
tions, light)

Choice and obtainment of ma-
terial

As ageneral rule, the material
willbe chosen as youngand as
meristematic as possible. In-
deed, the cells of this type of
material are the most likely to
withstand freezing : they are
small, contain only a few va-
cuoles, i.e. only a small
amount of water, their cyto-
plasm is dense and their nu-
cleo-cytoplasmic balance is
high.

The material can be sampled
on in vivo or in vitro plants. In
vitro material is generally pre-
ferable since the explants are
already miniaturised and free
of contamination.

The physiological stage of the
material is very important. In
the case of cell suspensions,
only material which is in the
exponential growth stage can
successfully withstand free-
zing. With carnation meris-
tems, survival decreases pro-
gressively with their rank on
the shoot axis, starting from
the terminal meristem.

It is sometimes necessary to
set up a special culture me-
dium in order to obtain star-
ting material in sufficient

quantities. It is the case with
oil palm somatic embryos : on-
ly a special type of embryos,
shiny white, finger-like sha-
ped, which are foten grouped
into clumps, are likely to wi-
thstand freezing. These parti-
cular embryos are very rarely
observed in standard culture
conditions. Their frequency is
increased by a two-month cul-
ture on a medium containing
0.3M sucrose instead of 0.1M,
which is used in the standard
culture medium.

It was indicated recently that a
long-term period of tissue cul-
ture before cryopreservation
significantly reduced the abi-
lity of potato shoot-tips to sur-
vive freezing.

Pretreatment

The pretreatment corresponds
to the culiure of the material
during a certain period of time
(several minutes to afew days)
in conditions which prepare it
for the ireezing process. It is
carried out using various cryo-
protective substances like su-
crose, sorbitol, mannitol, di-
methylsulioxide, polyethylene
glycol, etc, which differ greatly
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from one another by their mo-
lecular weight and their struc-
ture. The exact functionning of
these substances is unclear :
they have an osmotic role thus
dehydrating the cells; they
may however act also by pro-
tecting membranes and enzy-
matic binding sites from free-
zing injury. They are some-
times classified in penetrating
and non-penetrating com-
pounds, the former having
both above mentioned effects,
the latter acting only as osmo-
ticums.

For every species, one will
have to determine the cryopro-
tectant, its concentration as
well as the duration of the pre-
treatment. In some cases, the
pretreatment will have to be
adapted for different clones or
varieties of the same material.

Freezing

Different types of freezing pro-
cesses can be carried out : ul-
tra-rapid, rapid or slow free-
zing. In the latter case, a
programmable freezing appa-
ratus is needed in order to ob-
tain precise and reproducible
freezing conditions. The diffe-
rent freezing profiles are pre-
sented on figure 1.

At the cellular level, the diffe-
rent freezing processes men-
tioned above correspond to dif-
ferent mechanisms regarding
water flux and crystallization :
‘during slow freezing, crystal-
lization occurs first in the ex-
ternal medium. The water
flows out of the cells to the ex-
ternal ice. The cells will have
to be sufficiently dehydrated
so as crystallisation of the re-
sidual water will cause no da-
mage but at the same time not
too dehydrated in order to
avoid toxicity due to the
concentration of the internal
solutes, which increases with
dehydration. During rapid
freezing, intracellular ice crys-
tallizes in microcrystals of a
size which isnot harmful to the
integrity of the cell compo-
nents.

'For each material, the follo-
wing criteria must be determi-
ned:
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Figure 1 : profils caractéristiques
de congélation et réchauffement
(d‘aprés Withys 1980).

1 - Refroidissement rapide, obtenu
en immergeant l'échantillon ou
I'ampoule dans I'azote liquide.

2 - Refroidissement intermédiaire,
obtenu en suspendant I'échantil-
lon au-dessus de I'azote liquide.

3 - Refroidissement par paliers ; le
passage d'un palier & I'autre peut
étre rapide, comme sur cette figu-
re, ou plus progressif, dans le cas
d’un échantillon de taille plus im-
portante.

4 - Refroidissement lent &
2°C.min "

5 - Refroidissement lent &
1°C.min™ "

6 - Refroidissement lent interrom-
pu par un plateau & une tempéra-
ture donnée.

7 - Réchauffement rapide dans de
I'eau & 35-40 °C.

8- Réchauffement lent dans I'air &
température ambiante.

Les fléches indiquent le moment
de I'immersion des échantillons
dans l'azote liquide.

— freezing rate : in some cases
it must be very precise, as for
strawberry meristems. Indeed,
for a {reezing rate of
0.84 °C.min !, 90 % survival can
be obtained. If the cooling rate
is increased to 1 °C.min , the
survival drops to less than
20 %. On the contrary, oil palm
somatic embryos can be suc-
cessfully frozen using a much
wider range of cooling rates,
between 0.5 and 200 °C.min !,

— starting and prefreezing
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Figure 1 : Typical freeze-thaw pro-
files (after Withers, 1980)

1. Rapid freezing obtained by im-
mersing specimen/ampoule in lig-
uid nitrogen.

2. Relatively rapid freezing produ-
ced by suspending specimen over
liquid nitrogen ; slope of curve de-
pends upon distance between spe-
cimen and liquid nitrogen.

3. Step-wise or prefreezing ; transi-
tion from one step to next may be
steep as shown here or more
gentle in the case of larger speci-

men.

4. Slow freezing at 2 °C.min™ .

5. Slow freezing at 1 °C.min~ !

6. Slow freezing interrupted by a
period at holding temperature.

7. Rapid thawing as in warm water
at 35-40 °C.

8. Slow thawing as in air at room
temperature.

The arrows indicate the termina-
tion of cooling by transfer to liquid
nitrogen.

temperature : i.e. the tempera-
tures at the start and the end of
programmed freezing. These
parameters can be very impor-
tant : in the case of cassava
meristems, a prefreezing tem-
perature of —20°C ensures
91 % of survival ; only 3.3 % are
observed if the controlled free-
zing stops at — 40 °C. However
with grape embryogenic cell
suspensions, regrowth is pos-
sible only for a prefreezing
temperature of — 40 °C, even if
satisfactory viability rates are
obtained for different prefree-
zing temperatures.
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Storage

The storage duration is theore-
tically unlimited, provided
that the samples are perma-
nently kept at the temperature
of liquid nitrogen. The mate-
rial remains exposed to natu-
ral radiation. It was calculated
with animal cells that the level
of mutations caused by natu-
ral radiation during storage
may reach an irreparable level
after thawing only after an ex-
tended storage period.

Thawing

In the mdjority of the cases,
thawing is carried out rapidly
by immersing the cryotubes
containing the samples in a
water-bath with a thermo-
statically controlled tempera-
ture of approximately + 40 °C.
The aim of a guick thawing is
to prevent the ice microcrys-
tals formed during freezing
from growing to larger crystals
of a size which would be harm-
ful to cellular integrity.

Post-treatment

Post-treatment consists of cul-
tivating the material in condi-
tions ensuring its best possi-
ble recovery. Cryoprotective
substances are progressively
eliminated by rinsing, dilution
and diffusion, for they are toxic
if kept too long in contact with
the material.

It is sometimes necessary to
attenuate the osmotic shock
caused by animmediate trans-
fer on a medium with low os-
motic potential by successive
transfers of the material on
progressively less concentra-
ted media. In some cases, the
nature of the medium must be
changed (solid versus liquid,
and vice versa), in order to im-
prove the regrowth. With cell
suspensions, a transitory cul-
ture phase on solid medium is
commonly used before retur-
ning to liquid conditions.

Recovery can eventually take
place in the dark, in order to
avoid protooxidation pheno-
meng, which can-be harmiul
fortherecoveryof the material.

Finally, the composition of the

culture medium can be provi-
sionally modified. With cell
suspensions of rice, the NH ¢4
ions are suppressed for a few
days until regrowth has star-
ted. In the case of oil palm so-
matic embryos, the hormonal
content of the medium is trans-
itorily modified : an auxin
must be added during a few
days after thawing, in order to
stimulate the recovery of the
proliferation.

Viability assessment

The only definitive assess-
ment of viability is the growth
of the material after thawing.
Regrowth, in many cases, how-
ever can be very slow and it is
veryimportant to know as soon
as possible after thawing if the
material is still living. Two
main tests exist in order to
measure the viability of the
material, which can be ap-
plied very rapidly after tha-
wing. These tests are:

— FDA (fluorescein diace-
tate) : FDA is absorbed by the
living cells and transformed
into fluorescein, whose fluo-
rescence is measured in UV.
This test is quantitative ;

— TTC (iriphenyl tetrazolium
chloride) : TTC is reduced into
formazan, colored inred, in the
mitochondria of the living
cells. This test is quantitative
for cell suspensions but is only
qualitative for large tissues
and organs.

Their major disadvantage is
that they are destructive ; Mo-
reover, it was observed recent-
ly that the FDA test is very pre-
cise for estimating the viabili-
ty, but it gives no information
on the capacities of the cells to
proliferate. Non destructive
methods for estimating the
viability of the material are
sought, such as chromatogra-
phicanalysisof volatile hydro-
carbon production (ethylene,
ethane) by cryopreserved tis-
sues.

Results

Various types of cultures

Today, cryopreservation has
been applied to more than 70

different species which were
in the form of cell suspensions,
calluses, meristems and em-
bryos.

For cell suspensions, routine
techniques adapted to a large
number of species have been
used for several years. Free-
zing of cell suspensions usual-
ly comprizes a pretreatment
with cryoprotective sub-
stances, followed by a slow co-
oling (0.1 to 2-3°C.min"}), to
temperatures ranging be-
tween - 30 to— 50 °C. After tha-
wing, a transitory culture on
solid medium is generally per-
formed, before returning to li-
quid medium.

Callus cryopreservation is ge-
nerally performed using simi-
lartechniques. It is interesting
tonote that, in the case of Picea
abies calluses, it was obser-
ved that frozen material sho-
wed a better regrowth than the
nonfrozen controls. This is cer-
tainly due to the selection be-
tween different cell types im-
posed by cryopreservation : all
the differenciated cells of the
callus are killed during the
freeze-thaw cycle and all the
meristematic cells remain via-
ble. The possibility of regene-
rating actively growing sus-
pensions could prove a further
advantage of cryopreserva-
tion applied to cell suspen-
sions or calluses.

In the case of meristems, the
aim is to preserve the whole
structure, which is of macro-
scopic size, and to abtain its
direct regrowth without ad-
ventious organogenesis. The
number of species on which
cryopreservation has been
performed using meristems is
limited. With this type of ex-
plants, rapid as well as slow
freezing can be employed.

Concerning embryos, the main
characteristics of this type of
material is its size, which is
generally large, according to
cryopreservation standards.
The embryos comprize diffe-
rentiated structures and tis-
sues. Thus, embryos as young
and as immature as possible
(e.g. globular stage) will be
preferentially used. As
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concerns embryo cryopreser-
vation, two different catego-
ries of material can be consi-
dered : zygotic embryos, which
are harvested on in vivo mate-
rial and placed in in vitro
conditions only after cryopre-
servation, and embryos which
are already cultivated in vitro.
The challenge is different for
these two categories : for gi-
gotic embryos, the whole
structure has to be preserved
in order to give rise to a whole
plant, whereas with somatic
embryos, only the proliferation
capacities of the material must
be preserved and not necessa-
rily their structural integrity.
For this latter group, standard
cryopreservation techniques
are used.

In the case of zygotic embryos,
which are excised from the
seed and frozen immediately,
the cryopreservation process
is generally different. The co-
tyledons are often removed
and only the embryonic axes
used. The partial dehydration,
usually provided by the
contact with the cryoprotective
solution, is obtained by pla-
cing the explants under the la-
minar flow and letting them
dehydrate in the air current.
The intensity of this dehydra-
tion is adapted to the desicca-
tion tolerance/sensitivity of
the species. For example, He-
vea freshly excised embryonic
axes have a moisture content
of 55 % and 100 % viability wi-
thout any treatment, but do not
resist freezing in liquid nitro-
gen. After 3 hours of desicca-
tion, the water content drops to
16 %, the viability is 87 % and
the survival after freezing
reaches 67 %. Rapid dry iree-
zing is usually employed, but
controlled slow cooling
(2°C.min" }) can also to be suc-
cessful as with cassava em-
bryonic axes.

New cryopreservation
techniques

The aim of these new freezing
techniques is to look for even-
tual simplification of the
standard cryopreservation
process.

Encapsulation/dehydration

This technique is based on the
technology developed for the
production of synthetic seeds,
in which the embryos are en-
capsulated in a bead of algi-
nate, to which various sub-
stances can be added and rep-
resents a sort of synthetic
albumen. It was developed by
a French research team, using
potato meristems. It is based
ont the fact that encapsulation
protects the embedded struc-
ture and makes it resistant to
treatments which otherwise
would be lethal. The alginate
beads containing the explants
are cultivated for several
hours/days in aliquid medium
with high sucrose level, then
partially desiccated under the
laminar flow and frozen either
slowly or rapidly. After slow
thawing, the beads are trans-
ferred to a standard medium.
Regrowth of the explants is sa-
tisfactory. In the case of potato,
up to 26 % of the frozen apices
could develop into plants.

Vitrification

Vitrification is the transforma-
tion of water from the liquid
phase directly into an amor-
phous phase, or glass, at low
temperature, whilst avoiding
the formation of crystalline
ice. This technique was deve-
loped recently by various au-
thors using cell suspensions,
protoplasts, somatic embryos
and meristems of various spe-
cies. In a vitrification process,
the material is frozen ultrara-
pidly, in the presence of very
high cryoprotectant concen-
trations. A very precisely ti-
med pretreatment is necessa-
ry. as the high concentration in
cryoprotectants is rapidly
toxic. Dilution of the cryopro-
tective medium, after thawing,
must also be very precise. It
seems that, at least forcell sus-
pensions, the complexity of the
freezing phase in the standard
procedure is transferred to the
pretreatment phase, making
this technique far from being
extensively usable in the near
future.

Use of a domestic freezer '
This technique was developed
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recently using coffee embryo-
genic cell suspensions and so-
matic embryos. After a stand-
ard pretreatment with high su-
crose concentrations, the
cryotubes containing the sus-
pension are placed in «
commercial freezer at —20 °C
for 24 hours, then immersed in
liquid nitrogen. A 50 % viabili-
ty rate (measured by TTC re-
duction) could be obtained im-
mediately after thawing. After
42 days in culture, the perfor-
mance of the cryopreserved
line, as regards the final cell
density, the productivity ofem-
bryos and the percentage of
embryos at the torpedo stage
were similar to that of the non-
frozen control.

Potential use for these new
techniques

These new techniques, vitrifi-
cation, encapsulation/dehy-
dration, use of domestic free-
zer, will certainly not replace
the conventional processes,
but they present two main ad-
vantages. Firstly, they may of-
fer additional possibilities for
plant materials which are re-
calcitrant to conventional free-
zing procedures. Second, they
may offer the possibility of
avoiding the use of a program-
mable freezer ; this would sim-
plify the process, thus facilita-
ting its utilization.

Conformance to type,
storage duration

The possible varications of the
material due to cryopreserva-
tion have been principally
checked with respect to the
production of particular
compounds by cell strains. Un-
til now, no modifications, after
thawing, of the properties of
the stored material have been
observed. As concerns organi-
zed structures, plants obtained
from frozen meristems or em-
bryos of several species were
phenotypically normal (ta-
ble 2). However, in a recent
work with Triticum aestivum,
the authors could select free-
zing tolerant calluses by re-
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Tableau 2 : Durées maximales de conservation dans I'azote liquide ex-
périmentée pour différentes espéces végétales cultivées in vitro.

Table 2 : Maximal storage durations in LN experimented
for plant species cultured in vitro.

Species Material storage reference
duration
(years)
Digitalis cell . Diettrich et al., 1985
lanata suspension
Fragaria meristems Kartha et al., 1980
ananassa (normal plants)
f rachis " (normal Bajaj, 1983
ypogea plants+seeds)
Manihot " Bajaj, 1985
esculenta
Solanum " -
tuberosum Bajaj, 1985
}.Eilcxeis . somatic Lo Engelmann et al., 1986
guineensis [ smbryos | (normal plants)

peated exposures to LN.The
cryoselected calluses regene-
rated plants with enhanced
cold hardiness. The seed pro-
genyofsome ofthelines tested
exhibited significantly enhan-
ced tolerance to -12°C, thus
indicating that cryoselection
appears to involve, at least in
part, selection for genetic ra-
ther than epigenetic variants.
The implications of this work
may be of great importance,
particularly in the case of tro-
pical species, which are cold
sensitive. Indeed, the possibi-
lity of producing plants with
increased cold resistance is
very interesting.

As concerns storage duration,
the experience is very limited
plant material. Indeed, the
moaximal storage duration ex-
perimented-is 4 years, in the
case of cassava and potato
meristems. To date, all storage
experiments led to the obtain-
ment of true-to-type material
(table 2).

Present development of
cryopreservation

If resistance to freezing at the
temperature of liquid nitrogen

has been demonstirated for a
large number of species, the
current applications of cryo-
preservation as a routine tech-
nique are exceptional. The
first two examples concern oil
palm and cassava.

Research for the development
of a cryopreservation process
for oil palm somatic embryos
started in France in 1984 in or-
der to solve the problems en-
countered with the industrial
development of the in vitro
micropropagation process set
up by ORSTOM/IRHO. Indeed,
the continuous creation of
clones poseslaboratory mana-
gement problems. Moreover,
the risks of producing abnor-
mal material increase with the
in vitro culture duration.

The process set up is charac-
terized by its simplicity : free-
zing can be carried out by di-
rect immersion of the embryos
in liquid nitrogen, thus avoi-
ding the use of a program-
mable freezing apparatus.

In a first step, the process was
tested in the laboratory in
France with 27 clones. Plants
originating from cryopreser-

ved cultures were grown in the
field at the La Mé IRHO experi-
mental station in Céte d'Ivoire.
No difference was observed
when compared with the
controls. In a second step, star-
ting in 1989, the technique was
successfully transferred to the
overseas laboratories (1 in
Céte d'lvoire, 1 in Malaysia, 2
in Indonesia). It has been ap-
plied to nearly 80 clones in
these laboratories. This in-
crease in scale shows that
slight modifications in some
steps of the current process
could have been necessary in
orderto adapt it to the different
conditions of each laboratory.

Researchis still progressingin
Montpellier in order to im-
prove the performance of the
technique. A more fundamen-
tal approach concerning the
physiology of the embryos re-
lated to cryopreservation is
being developed simulta-
neously.

With cassava, a technique has
recently been developed in
CIAT (Centro International de
Agricultura Tropical, Cali, Co-
lombie), which is in charge of
a very large in vitro collection,
including more than 5,000 ge-
notypes. It was been tested on
approximately 20 different ge-
notypes and will be extented
in the near future.

Conclusion

In conclusion, tissue culture
techniques, together with
cryopreservation techniques,
are of great interest for the me-
dium and long-term conserva-
tion of plant germplasm.

If routine techniques can be
easily set up for medium term
storage of plant collections, it
is not the case for cryopreser-
vation. The resistance toliquid
nitrogen temperature has
been proved for a large num-
ber of species. However, the
use of cryopreservation is limi-
ted to small laboratory collec-
tions and its use on a large
scale is currently exceptional.
Indeed, the successful freezing
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of plant material, which im-
plies the setting up of very pre-
cise conditions, requires ex-
tensive research using sophi-
sticated equipement. In this
context, the search for less so-
phisticated freezing techni-
ques, such as encapsula-
tion/dehydration, vitrification
or the use of a domestic freezer
is of great interest. However,
the resort to conventional free-
zing techniques may still re-
main obligatory in the majori-
ty of the cases.

In recent years, national and
international bodies, public
research institutes and private
firms have shown increasing
interest in germplasm storage
and cryopreservation. This en-
courages us to feel optimistic
about the development of rou-
tine techniques for the safe
storage of tropical germplasm.
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