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Abstract 

The aim of the present study was to investigate the importance of the 
preculture conditions on the survival of apple (Malus domestica Borkh., cv. Romus4 
and rootstock M106) shoot tips cryopreserved using a combined droplet vitrification 
procedure. Preculture was critical for the survival of apple shoot tips after 
cryopreservation. Among the different tested sugars and sugar alcohols (glucose, 
sucrose, mannitol and sorbitol) sucrose treatment for 24 h was the most efficient one. 
After thawing and transfer of shoot tips on recovery medium the highest regrowth 
rates (68% for cv. Romus4 and 62% for the rootstock M106) were achieved after 
using the PVS2 vitrification solution. Plants regenerated from cryopreserved shoot 
tips did not displayed any sign of morphological alteration or abnormalities in growth 
in comparison with control plants.  
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Introduction 

 
The recent breeding efforts have raised the need for the conservation of valuable 

germplasm. Cryopreservation is an alternative for the long-term storage of plant germplasm, 
consisting in the conservation of plant material at ultra-low temperatures (-196°C) and is the 
preferred option for the long-term preservation of clonally propagated germplasm [1]. The 
vitrification technique avoids ice crystallization and is based on the transition of water directly 
from the liquid phase into an amorphous state [2, 3]. Vitrification involves treatment of plant 
material with cryoprotective substances, dehydration with highly concentrated vitrification 
solutions and rapid cooling [4, 2]. The vitrification method has proved to be more effective in 
producing a higher percentage of survival than other cryogenic procedures and has become 
the preferred method for cryopreservation of plant species and cultivars [5, 6, 7]. This method 
was successfully used for cryopreservation of Carica papaya [8], Prunus [9], Musa [10], rosa 
[11] or sweet potato [12].  

The aim for the conservation of plant genetic resources is not only the long-term 
storage but also to maintain the genetic stability during and following conservation. A 
molecular analysis could contribute to a solid interpretation of the results and to distinguish 
between genetic and epigenetic effects taking into consideration that low temperatures could 
affect also the methylation of DNA. It was reported an alteration in DNA methylation for 
strawberries after cryopreservation [13]. Even effects on morphological characteristics of 
strawberry plants due to cold storage in vitro were found [14]. It was reported that genetic 
stability of plants regenerated from apple shoot tips cryopreserved by vitrification was 
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maintained; no different microsatellite alleles and ISSR fragments were detected between 
control plants and plants regenerated from cryopreserved shoot tips [15].  
For many vegetatively propagated species, cryopreservation methods are sufficiently 
advanced to permit their large-scale utilization. The survival rates obtained are generally high 
and regeneration is rapid and direct and callus formation is observed only in cases where the 
method is not optimized [16]. 
In the present study we determined the optimal preculture conditions for successful 
cryopreservation of apple shoot tips using a combined droplet vitrification procedure followed 
by rapid cooling.  
 
Material and methods 
 Plant material and explants 

In vitro grown apple (Malus domestica Borkh., cv. Romus4 and rootstock M106) 
plants were selected for cryopreservation in this study. Stock cultures of the mentioned 
cultivar and rootstock were cultured on Murashige and Skoog (MS) [17] basal medium 
supplemented with Lee and Fossard [18] vitamins, 1.2 mg l-1 N6-benzyladenine (BA), 0.05 
mg l-1 indole-3-acetic acid (IAA), 30 g l-1 sucrose and 7 g l-1 agar (Sigma). The pH was 
adjusted to 5.7 before autoclaving. The plants were grown at 24°C during a 16 h light 
photoperiod with a light intensity of 40 mmol m-2 s-1 photosynthetic active radiation (PAR) 
provided by cool white fluorescent tubes. For micropropagation nodal segments consisting of 
a piece of stem about 15 mm in length with 2-3 leaves were transferred to fresh medium and 
incubated as mentioned above. Subcultures of the plants were performed every 4 weeks.  
Shoot tips (apical dome with 2–4 leaf primordia) 2–3 mm in length, were excised from 2 
months old in vitro grown apple plants under a stereo microscope in sterile conditions (Fig. 
1a). 
 
 Preculture and cryopreservation 

Following excision, shoot tips were transferred to MS liquid basal medium enriched 
with sucrose, mannitol, sorbitol or glucose. Sterile filter paper were placed in Petri dishes (5 
mm diameter) and were soaked with 2.5 ml of MS medium supplemented with sugars and 
sugar alcohols mentioned above in concentration of 0.5 M for 24 or 48 h. When sucrose was 
used in the preculture medium the following concentrations were tested 0.1 M, 0.25 M, 0.5 
M, 0.75 M and 1,0 M. The incubation took place at 24°C under the same conditions as 
mentioned above for plant multiplication. Following preculture shoot tips were treated with 
the plant vitrification solutions: PVS (22% glycerol,  15% etylene glycol, 15% 
propylenglycol, 7% dimetyl sulfoxide) [19], PVS2 (30% glycerol, 15% ethylene glycol, 15% 
dimethyl sulfoxide) [2] and PVS3 (30% glycerol, 50% sucrose) [20] for different durations 
(up to 30 min).  
For freezing the shoot tips were transferred in droplets (6 µl) of the tested vitrification 
solutions on sterilized aluminium foils (0.5 x 2 cm in length) and were then directly immersed 
in liquid nitrogen (Fig. 1b).   
 
 Growth recovery after cryopreservation 

After 48 h of storage in liquid nitrogen, rewarming of samples was performed in liquid 
MS basal medium (with 30 g l-1 sucrose) (pH 5.7) by rapid transfer of the aluminium strips in 
this medium at room temperature. Thereafter shoot tips were transferred in Petri dishes (5 cm 
diameter) on a modified semisolid (with 5 g l-1 agar) regeneration medium in the same 
growing conditions as mentioned for plant multiplication to regenerate whole plants. Control 
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shoot tips were exposed to preculture in sucrose and vitrification treatment without freezing in 
liquid nitrogen and were then plated on the semisolid medium for regrowth. 
 

 

 

 

 

 
 

Fig. 1. Cryopreservation of apple shoot tips. a) in vitro apple plants; b) shoot tips (3-4 mm) in PVS2 droplets (6 
μl) on aluminium foils. Bars = 1 cm. 
 
 Statistical analysis of results 

Shoot regeneration was assessed 40 days after thawing and plating on regeneration 
medium. For evaluation of the regrowth level after cryopreservation only direct shoot 
regeneration was considered. A number between 10 and 12 shoot tips were used for each of 
the three replications per treatment. The results were expressed as the mean ± standard 
deviation (S.D.). Data were analyzed by two-way analysis of variance (ANOVA) using the 
Tukey test for data comparison. 
 
Results and discussion 
 
 Effects of preculture duration and sugar concentration on shoot regrowth  
 The effects of preculture in various sugars and sugar alcohols including sucrose, 
glucose, mannitol and sorbitol on the recovery of apple plants from non-cryopreserved shoot 
tips is shown in Fig. 2. Highest recovery was achieved when sucrose was used in the 
preculture medium for 24 h.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. The effect of various sugars and sugar alcohols on shoot development from non-cryopreserved apple 
shoot tips. a) Romus4, b) M106. Vertical bars represent S.D. Different letters indicates significant differences (P 
< 0.05). 
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A prolonged preculture duration (48 h) had an unfavourable effect on shoot regrowth. 
Low regeneration rates for both of the tested cultivars were obtained when glucose was used 
in the preculture. After the finding that preculture in sucrose lead to higher regeneration rates 
of non-cryopreserved shoot tips the effects of different sucrose concentrations on shoot 
regrowth following cryopreservation were then tested (Table 1). It is evident that preculture in 
medium containing sucrose was an important prerequisite for the survival of apple shoot tips 
following cryopreservation (Table 1). None of the tested cultivars showed shoot tip survival 
after cryopreservation without preculture in sucrose, evidencing that the PVS2 treatment 
alone was not able to protect shoot tips from the lethal effects of ultra-rapid freezing in liquid 
nitrogen (Table 1).  
 
Table 1. Effect of sucrose concentration in preculture medium on shoot regrowth following 
cryopreservation.  
 

Shoot regrowth (% ± S.D.)* 

Sucrose (M) 
Preculture 
duration 

(h) 0 0.1 0.25 0.5 0.75 1.0 
cv. Romus4       

24 0 17.7±1.5bc 48.8±2.8ab 66.6±1.0a 57.7±0.5a 24.4±1.5b 

48 0 11.1±1.5c 53.3±3.0a 48.8±3.7a 37.7±2.3b 15.5±1.5c 

M106       
24 0 13.3±2.0c 42.2±2.8b 62.2±2.5a 31.1±1.5bc 13.3±2.6c 

48 0 6.6±1.0c 37.7±2.0a 33.3±2.6a 24.4±2.5ab 8.8±1.1c 

Shoot tips (2–3 mm in length) were precultured in sucrose and exposed to the vitrification 
solution PVS2 at room temperature for 30 min.  
*Data represent means ± S.D. Values followed by the same letter within a row are not significantly different (P < 
0.05). 
 

A 24 h preculture of shoot tips in media containing a sucrose concentration of 0.5 M 
showed to produce the highest percentages of shoot formation (66% for cv. Romus4 and 62% 
for M106), while the increase of sucrose concentration to 1.0 M and a 48 h treatment duration 
decreased markedly the percentages of shoot formation to 15% for cv. Romus4 and 8% for 
the rootstock M106. This can be explained by the fact that high sucrose concentrations 
resulted in excessive cell dehydration with consequences on the viability of explants after 
cryopreservation.  

Preculture of explants in media containing sucrose is a valuable method for improving 
cryoprotection of shoot tips to rapid freezing in liquid nitrogen [21]. It is known that sucrose 
stabilises membranes and proteins during dehydration [22]. The use of 0.5 M sucrose in the 
preculture medium was effective also for regrowth of garlic [23], roses [11] and carnation 
[24] shoot tips after cryopreservation. The beneficial effect of sucrose in cryopreservation can 
be due to an osmotic dehydration effect leading to reduced water content in the plant tissue 
[25].  
 
 Effects of vitrification solutions on post-thaw regrowth 

The effects of the vitrification solutions and treatment duration on survival and 
regrowth was also considered for both unfrozen (controls) and frozen shoot tips (Table 2). As 
it is shown in Table 2, none of the three solutions (PVS, PVS2 and PVS3) used to ensure 
vitrification of cell content proved to be cytotoxic, so that in the case of control shoot tips a 
regeneration rate higher than 70% was obtained regardless of the treatment duration 10, 20 or 
30 min. 

Shoot tips of the tested cultivar and rootstock were tolerant to the vitrification solution 
induced dehydration. However, recovery of shoot tips after cryopreservation was affected by 
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the composition of the vitrification solution as well as of the exposure duration. The highest 
shoot development after liquid nitrogen exposure occurred from shoot tips treated with PVS2 
for 30 min (Table 2, Fig. 3a, b). The low recovery rates for cryopreserved shoot tips after 
treatment with PVS and PVS3 could be due to insufficient dehydration of the explants prior 
freezing, with consequences for the vitrification process. As a result ice crystals may have 
formed during freezing or warming leading to the destruction of cellular structures and death 
of the explant.  
 

Table 2. Effects of exposure time to the vitrification solutions on shoot regrowth from control and cryopreserved 
shoot tips.  

Shoot regeneration 
(%±S.D.) 

  Treatment duration  
(min) 

PVS PVS2 PVS3 
10 88.8±1.5a 84.4±1.1a 91.1±1.5a 

20 82.2±1.5a 75.5±1.5a 86.6±1.7a 
Control 

30 77.7±1.5a 73.3±2.0a 82.2±1.5a 

10 13.3±1.7d 28.8±2.5d 22.2±1.5d 

20 22.2±4.1d 44.4±1.1c 26.6±2.0cd 

cv. Romus4 Cryopreserved 

30 42.2±1.5c 68.8±2.0b 35.5±0.5c 

10 84.4±1.5a 82.2±2.5a 77.7±0.5ab 

20 80.0±1.0a 75.5±2.0a 71.1±0.5b 
Control 

30 75.5±1.1ab 71.1±1.5ab 73.3±1.7b 

10 8.80±1.1e 26.6±3.6d 17.7±3.0d 

20 20.0±2.0d 31.1±3.2cd 15.5±2.3d 

M106 Cryopreserved 

30 37.7±0.5c 62.2±2.5b 31.1±2.3c 

Shoot tips (2–3 mm in length) were precultured in sucrose, dehydrated with the vitrification solutions at 24ºC 
followed by direct immersion in liquid nitrogen. Different letters within a column  indicates significant 
differences (P < 0.05). 
 

Pretreatments were crucial for the survival and regeneration of plant tissues after 
cryopreservation. Since at present, cryoprotectants alone can not provide enough protection to 
untreated cells or tissues for high rates of survival, pretreatment techniques are needed to 
condition the cells to withstand the stresses imposed by freezing at ultra-low temperatures. 
Cryopreservation of apple shoot tips was first applied to in situ dormant buds [26]. The first 
attempts for cryopreservation of shoot tips from in vitro donor plants were made by C.C. KUO, 
R.D. LINEBERGER [27]. In the last decades successfully cryopreservation protocols for apple 
shoot tips were reported, by encapsulation-dehydration [28], vitrification [29, 15, 30] or by 
two-step freezing [31]. It was reported that buds stored over 10 years in liquid nitrogen 
vapour maintained a high viability after storage [32]. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Cryopreservation of apple shoot tips. a) regrowth after cryopreservation (40 days after plating) of the 
rootstock M106; b) plant regeneration from cryopreserved apices (10 weeks after plating) (cv. Romus4).         
Bars = 1 cm. 
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Conclusions 
 

The described combined droplet vitrification procedure can be recommended as a 
useful technique for germplasm cryopreservation of tested Malus cultivar and rootstock, 
because this method is easy to perform and there is no requirement for sophisticated 
equipment. These combined droplet vitrification method allowed high recovery rates (68% for 
cv. Romus4 and 62% for the rootstock M106) after cryopreservation. Further research is 
needed to determine the applicability of this method to a wider range of Malus cultivars and 
species. The regenerated plants from the studied cultivars developed morphological normal 
plants similar to the control.  
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