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Abstract Shoot tips of sweet potato were successfully
cryopreserved using an encapsulation vitrification meth-
od. Encapsulated shoot tips were pre-incubated in liquid
Murashige-Skoog medium containing 30 g/l sucrose for
24 h, then precultured in sucrose-enriched medium (0.3 M
sucrose) for 16 h. Shoot tips were osmoprotected with a
mixture of 2 M glycerol and 1.6 M sucrose for 3 h before
being dehydrated with a highly concentrated vitrification
solution (PVS2) for 1 h at 25�C. The encapsulated and
dehydrated shoot tips were transferred to a 2 ml cryotube,
suspended in 0.5 ml PVS2, and plunged directly into
liquid nitrogen. Rapidly warmed shoot tips developed
normal shoots and roots in 21 days without any morpho-
logical abnormalities after plating on a recovery medium.
High levels (average of about 80%) of shoot formation
were obtained for three cultivars of sweet potato. This
encapsulation vitrification method appears promising for
cryopreservation of sweet potato germplasm.
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Abbreviations BA: 6-Benzyl aminopurine ·
DMSO: Dimethyl sulfoxide · GA3: Gibberellic acid 3 ·
IAA: Indole-3-acetic acid · LN: Liquid nitrogen ·
MS: Murashige-Skoog medium · NAA:
1-Naphthaleneacetic acid

Introduction

Cryopreservation of shoot tips is a logical choice for the
long-term storage of germplasm of vegetatively propa-
gated plants, conferring genetic stability with minimum
space and maintenance requirements (Bajaj 1978;
Harding and Benson 1994; Sakai 1995). Simple and
reliable methods for cryopreservation using vitrification
(Langis et al. 1990; Sakai et al. 1990) and encapsulation-
dehydration (Fabre and Dereuddre 1990) were reported
almost 10 years ago. These new procedures dehydrate a
major part of the freezable water from the tissues at non-
freezing temperatures and enable them to be cryopre-
served by being plunged directly into liquid nitrogen
(LN). These protocols simplified the cryogenic process
and increased the applicability of cryopreservation to a
wide range of plant materials, especially non-cold-hardy
tropical plants. The vitrification method, with or without
encapsulation, has proved to be more effective in
producing a higher percentage of survival and faster
recovery growth than other cryogenic procedures
(Matsumoto et al. 1995a, 1995b; Hirai and Sakai 1999a,
1999b). Over the past decade, the vitrification method has
become the preferred method for the cryopreservation,
with more than 160 species and cultivars being success-
fully cryopreserved (Sakai 2000; Sakai et al. 2002;
Touchell and Dixon 2002).

In the vitrification method, a highly concentrated
vitrification solution (PVS2) is used. This solution
dehydrates tissues of explants sufficiently without causing
injury so that they form a stable glass and thus remain
alive, when they are plunged into LN. Key factors for
successful cryopreservation are an increase in osmotic
dehydration tolerance (osmotolerance) and a mitigation of
the injurious effects of the shoot tip dehydration process
(Sakai et al. 2002). Osmoprotection, treatment with a
mixture of 2 M glycerol and 0.4 M sucrose (LS solution)
following preculture with 0.3 M sucrose, significantly
increased osmotolerance of shoot tips and improved the
recovery growth (Matsumoto et al. 1994; Takagi et al.
1997; Charoensub et al. 1999; Hirai and Sakai 1999b;
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Lambardi et al. 2000; Pennycooke and Towill 2000,
2001). These positive effects of osmoprotection with or
without preculture were also demonstrated in several
tropical plants (Charoensub et al. 1999; Thinh et al. 1999;
Kyesmu and Takagi 2000; Niino et al. 2000; Thinh and
Takagi 2000).

Sweet potato is one of the most important root crops in
tropical and sub-tropical countries and its genetic re-
sources are conserved in field gene banks and/or in vitro
culture. Cryopreservation of sweet potato using vitrifica-
tion has been difficult because of its low tolerance to
dehydration with PVS2 (Takagi et al. 1998) and its
sensitivity to low temperature during cold-hardening.
Recently, Pennycooke and Towill (2000, 2001) reported
the successful cryopreservation of sweet potato using a
combined vitrification-droplet method. In this method,
shoot tips and one droplet of PVS2 were placed on a thin
aluminum strip and immersed into partially solidified
nitrogen (�208�C) to achieve rapid cooling (�400�C/min).

In the present study, we determined the optimal
conditions for successful cryopreservation of sweet potato
shoot tips using an encapsulation vitrification method
without the use of any special technique and rapid
cooling. The rate of recovery growth was about 80% for
the three cultivars tested. This paper describes a simple,
effective, encapsulation vitrification method for long-
term conservation of sweet potato germplasm.

Materials and methods

Plant materials

In-vitro-grown sweet potato [Ipomoea batatas (L.) Lam.] ‘Beni-
azuma’, ‘Chikou-1gou’ and ‘Kogane-sengan’ were used in this
study. All in vitro plantlets were supplied by Dr. Kei Shimonishi,
Kagoshima Biotechnology Institute (Kagoshima, Japan). Apical
buds with one or two nodal segments (Fig. 1a) were excised from
the plantlets and cultured on 20 ml basal MS (Murashige and Skoog
1962) medium supplemented with 30 g/l sucrose, 1 g/l casamino
acids and 2 g/l Gellan-gum, in tissue culture dishes (90 mm
�20 mm) at 25�C under a 16 h photoperiod at 50 �mol m�2 s�1 for
14 days (stock culture). Media were adjusted to pH 5.7 prior to
autoclaving at 121�C for 7 min. For micropropagation, nodal

segments consisting of a piece of stem about 8 mm long were
transferred to basal medium supplemented with 0.5 mg/l 6-benzyl
aminopurine (BA) and incubated as above. Leaves were removed
from nodal segments before their culture for the uniform growth of
axillary buds (Fig. 1b). After 10–14 days incubation (Fig. 1c), shoot
tips with three to four leaf primordia (about 1 mm long) were then
excised for use in later experiments.

Encapsulation, preculture and osmoprotection

Excised shoot tips were suspended in a bead solution composed of
Ca2+-free MS inorganic medium supplemented with 2% (w/v) Na-
alginate (100–150 cp; Wako, Japan) and 30 g/l sucrose. A sterile
2 ml pipette was used to dispense a droplet of bead solution
containing a single shoot tip into MS medium supplemented with
30 g/l sucrose and 0.1 M CaCl2 (encapsulation solution). Shoot tips
were kept in the encapsulation solution for 30 min at 25�C to allow
completion of the gelation process (to about 4 mm in diameter).
Beads (10–15) were pre-incubated in 40 ml liquid basal MS
medium supplemented with 30 g/l sucrose and 1 g/l casamino acid
in a 100 ml Erlenmeyer flask for 24 h on a rotary shaker (90 rpm)
before being transferred to a sucrose-enriched (0.3 M) liquid basal
medium and precultured for 16 h. Pre-incubation and preculture
were carried out under the same conditions as for stock culture.
Osmoprotection was accomplished by incubating precultured beads
in liquid MS medium supplemented with different concentrations
(0.4–1.8 M) of sucrose with or without 2 M glycerol for 3 h on a
rotary shaker (60 rpm) at 25�C.

Vitrification procedure

Between 10 and 15 encapsulated, precultured and osmoprotected
shoot tips were dehydrated in 20 ml PVS2 in a 50 ml Erlenmeyer
flask on a rotary shaker (60 rpm) at 25�C for various periods of
time (0–100 min). PVS2 contains 30% (w/v) glycerol, 15% (w/v)
ethylene glycol, 15% (w/v) DMSO and 0.4 M sucrose in MS
medium (pH 5.8). After dehydration, beads were transferred to a
2 ml cryotube and suspended in 0.5 ml PVS2. Cryotubes were
plunged directly into LN (cooling rate: about �200�C/min) and held
there for at least 1 h.

Dilution process

After storing in LN, cryotubes were rapidly warmed in a water bath
at 38�C for 2 min (rewarming rate: about 200�C/min). PVS2 was
drained from the cryotubes and replaced twice at 10 min intervals
with 1 ml 1.2 M sucrose solution (dilution solution).

Fig. 1a–c Stock cultures and micropropagation of sweet potato. a
Apical buds with one or two nodal segments for initiating stock
cultures. b Nodal segments without leaves cultured on basal

medium supplemented with 0.5 mg/l 6-benzyl aminopurine (BA). c
A nodal segment 14 days after transfer. Material: cv. Beni-azuma.
Bars 10 mm
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Viability and plant regrowth

The LN-treated beads (Fig. 5a) were placed on recovery medium 1,
consisting of basal medium supplemented with 0.5 mg/l BA and
1 mg/l gibberellic acid 3 (GA3) for 7 days and then transferred to
recovery medium 2, consisting of basal medium supplemented with
0.5 mg/l GA3. The culture environment was the same as for stock
cultures. Shoot formation was expressed as a percentage of the total
number of shoot tips forming normal shoots 21 days after plating.
Between 10 and 15 beads were treated in each of three replicates.

Results and discussion

In preliminary experiments, it was confirmed that both
plantlets and excised shoot tips of sweet potato were too
sensitive to tolerate cold-hardening for 14 days at 5�C,
and dehydration with PVS2 for 3 h at 0�C. Thus, each
step of the vitrification protocol—osmoprotection, de-
hydration with PVS2, and dilution—was carried out at
25�C.

The benefit of pre-incubating shoot tips before their
preculture was examined using liquid MS medium
containing 30 g/l sucrose for 24 h after encapsulation.
As shown in Table 1, a 1-day pre-incubation produced a
significantly higher level of recovery growth when
followed by preculture with 0.3 M sucrose for 16 h.
However, pre-incubation alone and preculture without
pre-incubation gave very low recovery rates. Elimination
of preculture in 0.3 M sucrose resulted in a decrease of
recovery rate in wasabi (Matsumoto et al. 1994) and
cassava (Charoensub et al. 1999), or in no survival at all
in sweet potato (Pennycooke and Towill 2000). Thus, pre-
incubation followed by preculture was an important step
for the successful cryopreservation of sweet potato by
encapsulation vitrification. These results appeared to
agree with those of Pennycooke and Towill (2000,
2001). Longer periods of pre-incubation (>48 h) with
30 g/l sucrose and preculture (>24 h) with 0.3 M sucrose
did not further improve the percentage of shoot formation
(data not shown).

To determine the best combination of osmoprotectants
for sweet potato shoot tips, solutions that included various

Fig. 2 Percentage of shoot formation for encapsulated vitrified
shoot tips of sweet potato treated with various osmoprotectants.
Encapsulated, pre-incubated and precultured shoot tips were treated
with various osmoprotectants, including different concentrations of
sucrose with or without 2 M glycerol for 60 min at 25�C before
being dehydrated with a highly concentrated vitrification solution
(PVS2) for 60 min at 25�C; 10–15 shoot tips were treated in each of
three replicates. Material: cv. Beni-azuma. Bars standard error

Table 1 Effect of a 1-day pre-incubation in 30 g/l sucrose before
preculture in 0.3 M sucrose on percentage of shoot formation of
encapsulated and vitrified sweet potato shoot tips of cv. Beni-
azuma; 10–15 shoot tips were treated in each of three replicates

Pre-incubationa Precultureb Shoot formation (% €SE)

+ + 70.1€6.8
+ � 16.3€8.9
� + 26.5€0.8
� � 0.0€0.0

a Excised shoot tips were encapsulated in alginate gel beads, then
pre-incubated in liquid Murashige-Skoog (MS) medium supple-
mented with 30 g/l sucrose for 24 h at 25�C before being
precultured
b Encapsulated shoot tips with or without pre-incubation were
precultured in MS medium supplemented with 0.3 M sucrose for
16 h at 25�C. These beads were osmoprotected with a mixture of
2 M glycerol and 1.6 M sucrose for 3 h at 25�C and then
dehydrated with a highly concentrated vitrification solution

Fig. 3 Effect of incubation time in a mixture of 2 M glycerol and
1.6 M sucrose at 25�C on percentage of shoot formation of
encapsulated sweet potato shoot tips cooled to �196�C. Encapsu-
lated, pre-incubated and precultured shoot tips were osmoprotected
with 2 M glycerol and 1.6 M sucrose for different lengths of time
before being dehydrated with PVS2 for 60 min and plunged into
liquid nitrogen (LN); 10–15 shoot tips were treated in each of three
replicates. Material: cv. Beni-azuma. Bars standard error

Fig. 4 Effect of exposure time to PVS2 at 25�C on percentage of
shoot formation of encapsulated sweet potato shoot tips cooled to
�196�C. Encapsulated, pre-incubated and precultured shoot tips
were osmoprotected with 2 M glycerol and 1.6 M sucrose for 3 h.
They were then dehydrated with PVS2 for various lengths of time
prior to a plunge into LN (+LN); 10–15 shoot tips were treated in
each of three replicates. �LN, No LN treatment (no replicates).
Material: cv. Beni-azuma. Bars standard error
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concentrations of sucrose with or without 2 M glycerol
were examined. As shown in Fig. 2, the highest percent-
age of shoot formation was obtained when precultured
shoot tips were treated with 2 M glycerol and 1.6 M
sucrose for 3 h at 25�C. Treatment with sucrose solution
alone produced low percentages (below 20%) of shoot
formation. Based on this, a mixture of 2 M glycerol plus
1.6 M sucrose was used as an osmoprotectant in
subsequent experiments. The optimal incubation time in
a mixture of 2 M glycerol and 1.6 M sucrose at 25�C was
examined. As shown in Fig. 3, incubation for 3 h gave the
highest percentage of shoot formation (about 80%).

The protective effect of osmoprotection might be due
to osmotic dehydration, resulting in the concentration of
cytosolic stress-responsive solutes that were accumulated
during preculture with sucrose or sorbitol-enriched medi-
um (Reinhoud 1996). During incubation in LS solution
for 20 min, meristematic cells became plasmolyzed,
producing concentrated spherical protoplasts (Matsumoto
et al. 1998; Sakai et al. 2002). Plasmolysis might mitigate
the mechanical stress incurred during severe dehydration
(Hellergren and Li 1981; Tao et al. 1983; Jitsuyama et al.
1997). A higher concentration of sucrose (1.6 M) in LS
solution and a longer period of osmoprotection were
necessary to increase the osmotolerance of sweet potato

Fig. 5a–i Shoot formation from encapsulated sweet potato shoot
tips cooled to �196�C. a Encapsulated vitrified shoot tips imme-
diately after dilution and plating. b Encapsulated vitrified shoot tips
2 days after plating. c–e Encapsulated vitrified shoot tips 4, 7 and
10 days after plating, respectively. f Normal shoot (black arrow)

14 days after plating. Black arrowheads Swollen leaves. g
Encapsulated vitrified shoot tips osmoprotected with 1.6 M sucrose
alone. h, i Normal plantlets 18 and 21 days after plating,
respectively. Black arrowheads Shoots. Material: cv. Beni-azuma.
Bars 10 mm
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shoot tips, although the actual protective action mecha-
nism is poorly understood.

The pre-incubated, precultured and osmoprotected
shoot tips were dehydrated with PVS2 at 25�C for various
lengths of time to determine the optimal time of exposure
to PVS2 before immersion in LN. The percentage of
shoot formation of vitrified shoot tips increased consid-
erably between 40 and 50 min and reached a maximum
(about 70%) at 50–60 min. The shoot tips dehydrated with
PVS2 up to 60 min but LN treatment (treated control)
retained a high level of shoot formation (Fig. 4).

Apices cryopreserved by vitrification with or without
encapsulation have been reported to produce shoots
directly without intermediary callus formation and genetic
variants (Yamada et al. 1991; Fukai et al. 1991;
Matsumoto et al. 1995a, 1995b; Touchell and Dixon
1995; Hirai et al. 1998; Hirai and Sakai 1999a, 1999b,
2001). Cryopreserved shoot tips of sweet potato were
rapidly warmed, diluted and plated on recovery medium 1
for 7 days (Fig. 5a), then transferred to recovery
medium 2. These shoot tips resumed growth and devel-
oped vigorous normal shoots (Fig. 5e, f, h, i). Roots
developed within 14 days after placement of shoot tips on
recovery medium 2 (Fig. 5i). These plants appeared
identical to the non-treated phenotypes. However, cryop-
reserved shoot tips osmoprotected with 1.6 M sucrose
alone did not develop into shoots and turned brown within
21 days (Fig. 5g).

This encapsulation vitrification protocol was tested
with two other cultivars of sweet potato (Chikou-1gou
and Kogane-sengan). The percentage of shoot formation
of both of these cultivars exceeded 80% (Fig. 6).

The encapsulation vitrification method has many
advantages when compared to the vitrification method.
The latter requires the handling of many small shoot tips
floating or suspended in a solution. Their exposure to
PVS2 must be precisely controlled. Thus, it is difficult to
manipulate many small shoot tips in the solution at the
same time. Encapsulated shoot tips are much easier to
manipulate and permit greater flexibility in handling large
amounts of material because the time scale at all steps is
much longer than with the vitrification method. Encap-
sulated shoot tips probably undergo slower dehydration

during exposure to PVS2. The encapsulation vitrification
method has been successfully applied to cryopreservation
of cell lines and somatic embryos of carrot (Hirai 2001).

The encapsulation vitrification method established in
this study appears to be simple and effective for the
cryopreservation of sweet potato germplasm. Further
studies should be directed at examining the applicability
of this technique across sweet potato genotypes.
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