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Abstract

Cryopreservation of embryonic axes of Fortunella polyandra was investigated using a vitrification-based technique. Plant
vitrification solution 2 (PVS2) was added to cryovials containing embryonic axes (2 mm) and kept for 0, 5, 10, 15, 20, 25 or 30
minutes at 25°C and for 0, 15, 30, 45, 60 or 75 minutes at 0°C before plunging into liquid nitrogen. Another set of embryonic axes
with the same treatment but not exposed to liquid nitrogen was used as a control. The highest survival percentage of the embryonic
axes was 50.0% with 15 minutes exposure to PVS2 at 25°C and 53.30% with 60 minutes exposure at 0°C. Gradual increase in
exposure to PVS2 from 50% to 100% at PVS2 in one to four steps was also studied at both temperatures. The embryonic axis
survival rates of 50.0-56.7% obtained for 2- to 4-step PVS2 treatments at both temperatures were significantly better than those of
embryonic axes directly exposed to PVS2 (survival of 30%), showing that the period of exposure to PVS2 and sequential
applications of PVS2 to the embryonic axes are important for successful cryopreservation of F. polyandra.

Keywords: cryopreservation; embryonic axis; Fortunella polyandra; vitrification.
Abbreviations: BA-benzyladenine; MS-Murashige and Skoog; PVS2- plant vitrification solution 2.

Introduction

Fortunella polyandra (Ridl.) Tanaka, also known as the
Malayan kumquat, is a cultivated species in Malaysia (Jones,
1989). It is a sought-after ornamental plant due to its
attractive golden yellow fruits believed, especially among the
Chinese, to bring good luck and prosperity. The fruits are
also used for the treatment of diabetes. F. polyandra seeds
have shown sensitivity to the temperatures of 5°C and lower
necessary for cryopreservation (Normah and Yap, 2001).
Hence cryopreservation of embryonic axes of F. polyandra
for long term conservation of this species has continued to be
investigated. Al Zoubi and Normah (2012) found that the
highest normal seedling percentage of cryopreserved axes
was 50% attained at the water content of 0.16 g H,0 g™dw
and 0.15 g H,O g*dw when desiccated in a laminar airflow
and ultra-rapidly, respectively. To improve the survival
percentage,  vitrification  represents an  alternative
cryopreservation technique. In vitrification, cell viscosity is
increased to a point at which ice formation is inhibited and
water becomes vitrified on exposure to cryogenic
temperatures. This can be achieved by adding cryoprotective
additives at a very high concentration and by removal of
water by evaporative desiccation and osmotic dehydration
(Benson, 2008). However, high concentrations of
cryoprotectants can cause cryoprotectant toxicity and non-
penetrating components can result in osmotic injury. Fahy et
al. (1986) have suggested the use of a mixture of different
additives to reduce toxicity, limit extreme evaporative drying
and stabilise the glasses formed. One plant vitrification
solution that has been very successful for cryopreservation of
a number of plant materials (Sakai et al., 2008) is Plant
Vitrification Solution 2 (PVS2), a cryoprotectant mixture of
30% glycerol, 15% ethylene glycol, 15% dimethyl
sulphoxide (DMSO) and 0.4M sucrose. Successful use of
vitrification for cryopreservation of close relatives of F.
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polyandra has been reported in the work done on Citrus
madurensis embryonic axes by Cho et al. (2001) and by
Malik and Chaudhury (2006) on Citrus macroptera Mont and
Citrus latipes Tanaka. Sakai et al. (1990, 1991, 2008) have
noted that effective vitrification requires control of the
procedure used for dehydration with special attention to
cryoprotectant permeation and prevention of injury due to
chemical toxicity or excessive osmotic stress during
dehydration. In addition, Engelmann (1997) and Tiau et al.
(2009) have stressed the critical factor of the length of
contact between vitrification solution and explants, which has
been shown to affect the survival percentage of the
cryopreserved plant material. Sakai (2000) in his review
reported that the range of duration of the treatment that
ensures high survival after freezing for several plant species
(e.g., navel orange; Sakai et al., 1991) was generally very
narrow when vitrification was performed at room
temperature but that treatment of the samples with
vitrification solutions at 0°C was found to widen that range
(Shibli et al., 2006). The use of stepwise application of PVVS2
solution to reduce both toxicity and desiccation effects of
direct exposure to the solution has been shown to be
successful in Citrus madurensis embryonic axes (Cho et al.,
2001), Saintpaulia ionantha shoot tips (Moges et al., 2004)
and Phoenix dactylifera embryonic callus (Subaih et al.,
2007). This study investigated the potential for successful
cryopreservation of F. polyandra embryonic axes using a
vitrification technique, focusing on the effects of different
PVS2 exposure durations at 25°C and 0°C and to observing
the effects of a varying number of step-wise applications of
PVS2 at both temperatures on survival of F. polyandra
embryonic axes after cryopreservation.
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Results

Effects of various periods of exposure to PVS2 on the
survival percentage of cryopreserved F. polyandra
embryonic axes

The survival percentages of F. polyandra embryonic axes
after the vitrification treatment at 25°C and 0°C with
different exposure times to PVS2 are shown in Fig 1 and 2,
respectively. The results showed that the percentages of
survival of the non-cryopreserved (i.e. not treated with liquid
nitrogen, or -LN) embryonic axes of F. polyandra at 25°C
decreased significantly with the gradual increase in the period
of exposure to PVS2. The vitrified embryonic axes exposed
for 5 minutes showed complete survival, but the survival
decreased to 63% after 30 minutes exposure. For the
embryonic axes vitrified with PVS2 and subjected to liquid
nitrogen (+LN), a significant difference was found in the
values for all durations of PVS2 application. Vitrification up
to 15 minutes enabled a moderate survival percentage of
50%. However, when the period of exposure was further
increased, the survival percentage decreased until no
embryonic axes survived the 30 minutes exposure period.
The colour of the vitrified embryonic axes was white when
they were placed on the medium, but the viable embryos
turned yellow to green within about one week (Fig 3).
Germinated embryos showed no callus formation. The
survival of non-cryopreserved (-LN) embryonic axes of F.
polyandra exposed to PVS2 at 0°C decreased with a gradual
increase in the duration of exposure, as depicted in Fig 2.
After 75 minutes of exposure 63.3% of the non-
cryopreserved (-LN) embryonic axes survived. No significant
difference was found between the embryonic axes exposed to
PVS2 for 30 and 45 minutes but without exposure to LN.
Exposure of embryonic axes to LN decreased the survival
percentage. The highest survival percentage of 53.3% was
obtained for embryonic axes exposed to PVS2 for 60 minutes
with LN. A further increase in the period of exposure to
PVS2 was found to decrease the survival of the
cryopreserved embryonic axes significantly.

Effects of step-wise exposure to PVS2 on the survival of
cryopreserved F. polyandra embryonic axes

There were no significant differences in the survival of the
non-cryopreserved embryonic axes among the different
regimes of PVS2 exposure (Fig 4). A high survival
percentage of 83.3 - 90.0% was obtained for the non-
cryopreserved embryonic axes at 25°C. A maximum survival
rate of only 56.7% of the cryopreserved embryonic axes was
obtained when the embryonic axes were exposed to PVS2 in
four increments. However, no significant difference was
found between the two-step, three-step and four-step
methods. Similar results were obtained for the 0°C treatments
(Fig 5), where the best regime for PVS2 exposure was the
four-step method with survival of 56.7%.

Discussion

The effect of different durations, concentrations and
exposure temperatures of vitrification solution on F.
polyandra embryonic axes survival after LN exposure

One of the keys to successful cryopreservation by
vitrification is a careful control of dehydration and prevention
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Fig 1. Survival (%) of cryopreserved (+LN) Fortunella
polyandra embryonic axes with different durations of
exposure (min) to PVS2 at 25°C. Means with the same letters
for +LN and —LN are not significantly different at p<0.05
based on Duncan Multiple Range Test (DMRT).
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Fig 2. Survival (%) of cryopreserved (+LN) Fortunella
polyandra embryonic axes with different durations of
exposure (min) to PVS2 at 0°C. Means with the same letters
for +LN and —LN are not significantly different at p<0.05
based on Duncan Multiple Range Test (DMRT).

Fig 3. Viable embryonic axis of Fortunella polyandra
germinating after cryopreservation [3-4 weeks].



of injury by chemical toxicity or excess osmotic stress during
treatment with PVS2. Optimisation of the time of exposure

and the temperature during exposure to PVS2 are equally
important for a high level of regrowth after vitrification. To
determine the optimal period of exposure to PVS2,
embryonic axes of F. polyandra were treated with PVS2 at
25°C or 0°C for different periods of time before they were
plunged into the LN. With cryopreserved embryonic axes of
F. polyandra, the highest survival percentages (50 and
53.3%) were obtained for PVS2 treatments for 15 minutes at
25°C and and 60 minutes at 0°C, respectively. Further
increase in exposure time caused a significant decrease in
survival rate. Cho et al. (2001) have found that the maximal
survival of embryonic axes of Citrus madurensis was
obtained when PVS2 exposure was 60-80 minutes at 0°C and
20-25 minutes at 25°C. Similarly, the optimal time for
exposure of excised Wasabi meristems to PVS2 has been
found to be 10 minutes at 25°C or 30-60 minutes at 0°C
(Matsumoto et al., 1998). We propose that the duration of
contact between the explants and the vitrification solution is a
critical factor. PVS2 contains both penetrating and non
pentrating  cryoprotectants.  Penetrating  (colligative)
cryoprotectants such as glycerol and DMSO increase the
initial osmolarity of cells before initiation of the freezing
process, considerably reducing the level of water that needs
to be frozen out to achieve osmotic equilibrium, and therefore
the extent of the dehydration that occurs in the cell is better
tolerated (Meryman and Williams, 1985). However, a high
concentration of cryoprotectants can cause cryoprotectant
toxicity, while the non-penetrating components can cause
osmotic injury. The prolonged period of exposure may have
caused both toxicity and osmotic injury to the cells of the
embryonic axes from which the cells can no longer recover.
This proposal is supported by previous reports (Lambardi et
al., 2000; Cho et al., 2001; Shatnawi et al., 2011) that have
suggested that prolonged exposure to a concentrated
vitrification solution could injure the plant material, via either
chemical toxicity or strong osmotic stress. In embryonic axes
treated at 25°C and 0°C, the treated controls (without cooling
in LN) maintained high survival rates (> 80%) for exposures
of up to 15 and 60 minutes, respectively. At these exposure
periods the best survival rates after cryopreservation were
observed, but these survival rates were much lower than
those of the controls (Fig 1). These results suggest that P\VS2
is not highly toxic to the embryonic axes. Nevertheless,
during the remaining freezing and recovery steps, additional
injury must have occurred to cause an additional reduction in
survival beyond the survival rate achieved with dehydration
by PVS2. Vitrification of the embryonic axes at 0°C was
found to slightly improve the survival of axes after
cryopreservation as compared to vitrification at room
temperature. Dehydration at 0°C instead of at room
temperature allows for the reduction of toxicity of the
vitrification solution and thus broadens the window of
exposure while ensuring the survival of samples (Shibli et al.,
2006). In many vitrified cells and meristems, PVS2 treatment
at 0°C was required to reduce injurious effects. Such a
treatment produced high recovery, even in tropical plants
(Kuranuki and Sakai, 1995; Cho et al., 2001). However, in
the present study, the difference in survival rates was not
very obvious. The maximum survival rate of 56.7% was
achieved when the four-step vitrification protocol was used at
both 25 and 0°C (Fig 3). Moges et al. (2004) observed high
survival rate of shoot tips of the African violet after treatment
with a four-step protocol. The current study found a positive
effect on the survival rate when the concentration of the
vitrification solution was progressively increased using the
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Fig 4. Survival (%) of cryopreserved (+LN) Fortunella
polyandra embryonic axes with step-wise PVS2 exposure at
25°C. Note: Exposure steps indicate different combinations
of PVS2 exposure time and solution concentration: One-step
=50% PVS2 for 15 min; Two-step = 50% PVS2 for 7.5 min,
then 100% PVS2 for 7.5 min; Three-step = 25% PVS2 for 5
min, 50% PVS2 for 5 min, then 100% PVS2 for 5 min; and
Four-step = 25% PVC2 for 4 min, 50% PVC2 for 4 min, 75%
PVS2 for 4 min then 100% PVS2 for 4 min. Means with the
same letters for +LN and —LN are not significantly different
at p<0.05 based on Duncan Multiple Range Test (DMRT).
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Fig 5. Survival (%) of cryopreserved (+LN) Fortunella
polyandra embryonic axes with step-wise PVS2 exposure at
0°C. Exposure steps indicate different combinations of PVS2
exposure time and solution concentration: One-step = 50%
PVS2 for 15 min; Two-step = 50% PVS2 for 7.5 min, then
100% PVS2 for 7.5 min; Three-step = 25% PVS2 for 5 min,
50% PVS2 for 5 min, then 100% PVS2 for 5 min; and Four-
step = 25% PVC2 for 4 min, 50% PVC2 for 4 min, 75%
PVS2 for 4 min then 100% PVS2 for 4 min. Means with the
same letters for +LN and —LN are not significantly different
at p<0.05 based on Duncan Multiple Range Test (DMRT).

two- to four-step vitrification protocol established by
Matsumoto and Sakai (2003) with grape apices. Cho et al.
(2001) obtained the maximum survival rate of 85% using the
three-step protocol at 0 °C and a 70% survival when using
the two-step procedure at 0°C for the embryonic axes of
Citrus madurensis. It seems that the step-wise vitrification
protocol minimised the chemical toxicity of PVS2 or the
osmotic stress induced by PVS2. Gonzalez-Arnao et al.
(1998) and Shatnawi et al. (1999) reported that survival and
regrowth were reduced when directly dehydrated with 100%
PVS2 before freezing. This reduction in survival rate might
have been caused by the osmotic stress induced by PVS2



(Grospietsch et al., 1999) and by the phytotoxicity effects of
PVS2 (Benson et al., 1996). According to Abdelnour-
Esquivel and Engelmann (2002), the detrimental effect of
incubation of apices in the full-strength vitrification solution
could be avoided by a sequential increase in the
concentration of PVS2 vitrification solution; this was
confirmed to be the only way to achieve survival of chayote
apices after freezing. Thus both the period of exposure to
PVS2 and sequential applications of PVS2 are important
when establishing cryopreservation protocols. Perhaps due to
reduced injury caused by osmotic dehydration in the axes, the
present technique improved cryopreservation survival over
that reported by Al Zoubi and Normah (2012), where the
evaporative desiccation method had been used.

Materials and methods
Plant material

F. polyandra mature fruits were obtained from the
experimental plot of Universiti Kebangsaan Malaysia
(UKM), Bangi, Selangor, Malaysia.

Seed sterilisation and excision of embryonic axes

Seeds of F. polyandra were rinsed with 80% ethyl alcohol for
2 min, followed by sterilisation using 20% commercial
bleach (Clorox) with two drops of Tween 20 for 20 minutes.
The seeds were then rinsed (three times) with sterile distilled
water. The testa was removed from the seeds, and the
embryonic axes were aseptically excised under a
stereomicroscope with the aid of fine-ended forceps and a
needle. The axes (2 mm) were separated from the cotyledons
with a scalpel blade (leaving a small block of the cotyledon
attached to the axes). The excised embryonic axes were then
placed on a filter paper moistened with sterile distilled water
and kept in a closed Petri dish prior to the vitrification
process.

Effects of different periods of exposure to PVS2 on the
normal seedling recovery of cryopreserved F. polyandra
embryonic axes

A vitrification technique based on that of Sakai et al. (1990)
was used. Excised embryonic axes of F. polyandra were
cultured on pregrowth medium (basic MS medium with
0.72M sucrose) for three days, followed by preculturing on
MS medium with 0.3 M sucrose for one day (based on the
method described in Chandrabalan et al., 2011). These
embryonic axes were then put into sterile cryovials to which
1 ml of MS liquid medium containing 2M glycerol with 0.4M
sucrose (loading solution) was added and held for 20
minutes. The loading solution was then removed and 1 ml
PVS2 (30% glycerol, 15% ethylene glycol, 15% DMSO with
0.4 sucrose) was added to the cryovials for 0, 5, 10, 15, 20,
25 or 30 minutes at 25°C or for 0, 15, 30, 45, 60 or 75
minutes at 0°C. The PVS2 was changed every 5 minutes for
the treatment at 25°C and every 15 minutes for that at 0°C.
Fresh PVS2 was added before plunging the cryovials into
liquid nitrogen (LN) for at least 1 hour. Another set of
embryonic axes with the same treatment but not exposed to
liquid nitrogen was used as a control (-LN). To thaw the
cryovials were quickly removed from the liquid nitrogen and
put into sterile distilled water at 40°C for 1 minute. PVS2
was aseptically pipetted out, and 1 ml unloading solution
(MS + 1.2M sucrose) was added to the sample and held for
20 minutes (Nishizawa et al., 1993). The unloading solution
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was then pipetted out, and the axes were cultured on MS with
0.3 M sucrose medium lined with sterile filter paper for 16
hours. Then, the embryonic axes were cultured on the
recovery medium [(Murashige and Skoog (1962) (MS)
medium with 1mg.L™ 6-benzyladenine (BA)] . All cultures
were incubated at 24+2°C under fluorescent lamps with light
intensity of 22.26 pEcm™ second™ (3000 lux) under a 16-
hour photoperiod. Data were collected weekly for two
months to determine the survival percentages.

Effects of step-wise exposure to PVS2 on the survival of
cryopreserved F. polyandra embryonic axes

The protocol was carried as above, but after the loading step,
the following procedures for PVS2 exposure at 25°C were
performed:

One-step: 50% PVS2 for 15 minutes;

Two-step: 50% PVS2 for 7.5 minutes, then 100% PVS2 for
7.5 minutes;

Three-step: 25% PVS2 for 5 minutes, 50% PVS2 for 5
minutes, then 100% PVS2 for 5 minutes;

Four-step: 25% PVC2 for 4 minutes, 50% PVC2 for 4
minutes, 75% PVS2 for 4 minutes, then 100% PVS2 for 4
minutes.

For exposure of axes to PVS2 at 0°C, the following protocol
was followed:

One-step: 50% PVS2 for 60 minutes;

Two-step: 50% PVS2 for 30 minutes, then 100% PVS2 for
30 minutes;

Three-step: 25% PVS2 for 20 minutes, 50% PVS2 for 20
minutes then 100% PVS2 for 20 minutes

Four-step: 25% PVC2 for 15 minutes, 50% PVC2 for 15
minutes, 75% PVS2 for 15 minutes then 100% PVS2 for 15
minutes.

The cryovials with the embryonic axes and the vitrification
solution were directly plunged into the LN and stored for at
least 1 hour. Thawing, unloading, and culturing were done as
described above.

Survival assessment and statistical analysis

The percentage of normal seedlings (i.e., seedlings with roots
and shoots with one to two leaves) was calculated to assess
the survival of the axes. For each treatment, 10 embryonic
axes were used and replicated three times, and each
experiment was repeated at least three times. Due to limited
materials for explants, the experiments for 25°C and 0°C
were carried out separately. Data were subjected to a
statistical analysis of variance (one way-ANOVA) using the
Statistical Anaysis Software (SAS, USA). The Duncan
Multiple Range Test (DMRT) was used for the comparison
of each treatment tested.

Conclusion

In conclusion, embryonic axes of F. polyandra were
moderately  successful ~ (50.0-56.7%) in  surviving
cryopreservation when the vitrification technique was
employed. Differences in duration of exposure to PVS2 were
significant, but the lower temperature during exposure did
not increase the survival of the axes. However, step-wise
application of PVS2 significantly improved their survival
(56.7%). It is suggested that improvement of the survival of
embryonic axes of F. polyandra after cryopreservation may
be possible with further modification of the vitrification
technique.
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