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Abstract 

BACKGROUND: There is a general requirement to determine and correlate water 

content to viability for the standardization of conservation protocols to facilitate effective 

cryostorage of plant germplasm. OBJECTIVE: This study examined water content as a 

critical factor to optimize the cryostorage of Allium sativum. MATERIALS AND 

METHODS: Stem discs were excised from post-harvest, stored bulbs prior to 

cryopreservation by encapsulation-dehydration and water content was determined 

gravimetrically. RESULTS: Survival of cryopreserved stem discs was 42.5%, with 22.5% 

exhibiting shoot regrowth following 6 h desiccation. Gravimetric data demonstrated a 

correlation between water content corresponding with survival / regrowth from desiccated, 

cryopreserved stem discs. For encapsulated stem discs a 25% residual moisture and 

corresponding water content of 0.36 g H2O g
-1 

d.wt correlated with maximal survival 

following ~6.5 h of desiccation. CONCLUSION: The data concurs with the literature 

suggesting the formation of a stable vitrified state and a ‘window’ for optimal survival and 

regrowth that is between 6 – 10 h desiccation. Further studies using differential scanning 

calorimetry (DSC) are suggested to substantiate these findings.  
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INTRODUCTION 

The genus Allium consisting of 

vegetables, flowering ornamentals and wild 

species (20, 41) is of considerable 

agricultural and horticultural value (22, 31). 

Allium species are cross-fertile, but only a 

few accessions of A. sativum (garlic) display 

fertility (38) making the bulbs, cloves, basal 

bulblets and bulbils (topsets) important for 

vegetative propagation of garlic which does 

not generally produce seed (44, 46); garlic 

accessions also show a diversity of clonal 

characteristics (8, 40).  

Allium germplasm is prone to loss, for 

example due to high susceptibility of species 

to a range of pests and pathogens and/or 

adverse weather conditions. In situ and ex 

situ conservation is important for the 

utilization of Allium genetic resources (25). 

In vitro storage can reduce some of these 

problems. However, there is a risk of culture 

instability via somaclonal variation with cost 

and capacity implications (30).  
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Cryostorage of vegetatively propagated 

Allium species at ultra-low temperature in 

liquid nitrogen (LN) can potentially obviate 

these risks and reduce the cost of 

maintaining in vitro cultures (26, 37). 

However, long-term conservation of 

vegetatively propagated Allium germplasm 

depends upon reproducible cryopreservation 

protocols (21, 29), particularly as 

cryopreservation of clonally propagated 

crops such as Allium is a complex, multi-

component process (3). Development of the 

cryogenic component of a cryopreservation 

protocol is not the sole requirement (19) as 

its success also relies upon the provision of 

suitable material (46), optimization of tissue 

culture and an efficient plant regeneration 

system (26).  

The use of vitrification solutions (11, 

35, 32, 45, 46) and droplet-vitrification (23, 

24) protocols have been described, albeit 

there are few reports which evaluate the 

encapsulation-dehydration technique for the 

cryostorage of garlic germplasm (26). 

Previously, we have reported: (a) the 

optimization of post-harvest storage to break 

dormancy in garlic bulbs; and (b) the use of 

stem discs as novel explants for the 

micropropagation of garlic (28) to improve 

the survival and regrowth of shoots 

following cryopreservation by 

encapsulation-dehydration (27). This present 

study examines water content as a critical 

factor in the further optimization of 

encapsulation-dehydration for the 

cryostorage of A. sativum. 

MATERIALS AND METHODS 

Post-harvest storage of garlic material, 

sterilization and excision  

The conditions of post-harvest storage 

for garlic cloves, surface sterilization, stem 

disc excision and encapsulation, sucrose 

pretreatment, desiccation and 

cryopreservation are fully described by 

Lynch et al. (27) and briefly outlined as 

follows: bulbs of A. sativum (kindly 

provided by Dr. Joachim Keller, IPK, 

Gatersleben, Germany) were harvested in 

August and stored at 10
o
C in the dark. A 

post-harvest storage time of >2 months was 

required to break bulb dormancy but >6 

months storage caused a decline in bulb 

quality. Clove sheaths were removed and cut 

to ~0.5 cm to include the basal section. 

Clove explants were dipped in 70% (v/v) 

ethanol for 2 s before being sterilized using 

3% (v/v) sodium hypochlorite for 30 min. 

The tissues were washed with sterile 

distilled water. Stem disc explants (1.5 - 2.0 

mm thick) were excised and each stem disc 

was cut into quarters. 

  

Cryopreservation by encapsulation -

dehydration  

Stem disc quarters were placed in 

sterile universal vials containing 3% (w/v) 

sodium alginate in Murashige and Skoog 

(MS) medium (34) with 30 g l
-1

 sucrose, 

supplemented with 1.5 mg l
-1

 2iP (6-γ-γ-

dimethylallylaminopurine) and adjusted to 

pH 5.8. The alginate-suspended stem discs 

were then dripped into MS culture medium 

containing 0.1 M calcium chloride. The 

encapsulated stem discs were allowed to 

polymerize for 30 min before removing 

surface moisture and placed onto semi-solid 

MS culture medium containing 0.5 M 

sucrose and 8 g l
-1

 agar for 72 h at 25
o
C in 

the dark. Surface moisture was removed 

from the encapsulated stem discs after their 

preculture on semi-solid MS culture medium 

with 0.5 M sucrose followed by transfer 

onto the surface of a double layer of sterile 

filter paper in a powder jar containing 70 g 

sterilized silica gel and sealed. Explants 

were desiccated at 25
o
C for up to 14 h in the 

dark. The desiccated, encapsulated stem 

discs were placed in cryovials (four 

encapsulated stem disc quarters from a 

single clove) and plunged directly into LN 

and stored for at least 7 d. Cryovials 

containing encapsulated stem discs were 

rapidly rewarmed at 40
o
C for 2 min. The 

stem disc beads were rehydrated by placing 

them on semi-solid MS culture medium for 

24 h under standard culture conditions (27). 

Afterwards the encapsulated explants were 

excised from the alginate and transferred to 

fresh semi-solid MS culture medium and 
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maintained as described by Lynch et al. 

(27). Growth was monitored over 6 weeks 

and survival was defined as explants that 

exhibited any sign of greening, swelling, 

and/or regrowth of roots, or the regrowth of 

one or more shoots similar to the criteria 

established by Keller (21). 

 

Residual moisture and water content of 

stem discs  

The fresh weight (f.wt) moisture 

content of non-encapsulated and 

encapsulated garlic stem disc quarters was 

determined by weighing stem discs before 

and after the combined sucrose pretreatment 

and desiccation by silica gel exposure up to 

14 h. At each interval of 0, 2, 4, 6, 8, 10, 12 

and 14 h, groups of 20 non-encapsulated and 

20 encapsulated stem discs (five replicates 

of four stem disc quarters per time interval) 

were re-weighed and placed into glass 9 cm 

Petri dishes prior to oven drying. Dry 

weights (d.wt) were determined following 

drying in an oven at 105°C until a consistent 

d.wt value was achieved, usually after 16 h. 

Residual moisture (% RM) content was 

determined from the f.wt of a sample of 

beads from each stage in the encapsulation 

procedure and from the corresponding dry 

weights of stem discs that were dried at 

105°C overnight (4, 18). The % RM for each 

treatment was calculated from these 

parameters (i.e. f.wt - d.wt / f.wt x 100 = % 

RM). The water content is defined by the 

f.wt / d.wt gravimetric values of non-

encapsulated and encapsulated, desiccated 

stem discs that were used to determine the 

water content (f.wt - d.wt / d.wt) expressed 

as grams water per gram dry weight (g H2O 

g
-1 

d.wt) as described elsewhere (6, 48, 46). 

 

Experimental design and statistical 

analysis  

The experimental design incorporated 

control materials which consisted of non-

desiccated and non-frozen stem disc quarters 

and for comparative evaluations, non-

encapsulated stem disc quarters were equally 

treated along with the encapsulated material 

as described above. Bulbs / cloves were 

randomly selected from the same batch. Ten 

cloves were used at each sampling time, 

where each clove produced four stem disc 

quarters, for a total of 40 explants per 

experimental treatment (n = 4 per replicate 

group with 10 replicated groups per 

treatment). 

Statistical analysis was carried out 

using SPSS Version 10. Non-parametric 

tests (Mann-Whitney U on two independent 

sample test sets and Kruskal-Wallis H on 

several independent samples) assume 

unequal variances. One-way analysis of 

variance (ANOVA) with Dunnett’s T3 post 

hoc pairwise comparison test (unequal 

variances) was used with a 95% Marco Polo 

confidence limit to determine significance 

(40). 

RESULTS 

Desiccation of non-encapsulated and 

encapsulated, non-frozen stem disc  

Fig. 1 illustrates the effects of 

desiccation over silica gel on precultured 

(medium containing 0.5 M sucrose), non-

encapsulated and encapsulated stem disc 

quarters observed before plunging in LN. 

Increasing duration of desiccation resulted in 

a decrease in the mean number of shoots 

derived from non-encapsulated and 

encapsulated stem discs. This trend was 

Figure 1. Frequency of shoot formation 
from non-frozen, non-encapsulated and 
encapsulated stem disc quarters following 
increased desiccation time; (means ± SE, 
n=10 replicates). 
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evident with significant differences in shoot 

numbers in non-encapsulated stem disc 

quarters desiccated for 4 h (P = 0.04), 6 h (P 

= 0.043), 8 h (P = 0.002), 10 h (P < 0.001) 

and 12 h (P < 0.001) compared to non-

desiccated controls (data not shown). A 

significant decrease in mean shoot numbers 

was also observed with desiccated 

encapsulated stem disc quarters after 10 h (P 

= 0.007) to 12 h (P = 0.003) desiccation 

compared with non-desiccated controls. 

Comparatively, the regrowth data for non-

encapsulated stem discs exhibited more 

variability particularly between 4 to 12 h of 

desiccation. As a general observation the 

incidence of hyperhydrated shoots and roots 

increased following longer desiccation 

periods. The frequency of abnormal growth 

was higher on non-encapsulated explants as 

compared to encapsulated stem discs; root 

nodules and callus growth increased 

particularly for non-encapsulated explants 

following longer (10 to 12 h) desiccation 

periods. 

 

Desiccation of non-encapsulated and 

encapsulated, non-frozen and frozen stem 

discs  

The effects of desiccation on survival 

(%) and shoot regrowth (%) of non-frozen 

and frozen, non-encapsulated and 

encapsulated stem disc quarters are shown in 

Figs. 2 and 3, respectively. A comparison 

between controls of the non-frozen, non-

encapsulated and encapsulated stem disc 

quarters showed a progressive decline in 

survival of non-encapsulated stem disc with 

increasing desiccation over the 12 h period 

(Fig. 2). This effect was also observed in the 

encapsulated stem discs up to 6 h; however 

survival data ranging from ~60 - 70% after 6 

to 12 h of desiccation indicates 

encapsulation reduces the effect of 

desiccation on stem discs. Following 

exposure to LN, these trends were similarly 

observed for survival of frozen, non-

encapsulated and encapsulated stem disc 

quarters with increasing duration of 

desiccation (Fig. 2). A comparison between 

frozen, non-encapsulated and encapsulated 

stem disc quarters showed an increase in 

survival of non-encapsulated stem discs after 

2 h, which peaked after 4 h and continued to 

decline after 6 h of desiccation. By contrast, 

frozen, encapsulated stem discs survived 

after 4 h increasing to 8 h and declining 

from 10 to 12 h of desiccation. Maximal 

survival for frozen, non-encapsulated stem 

discs was 27.5% compared to 42.5% for 

encapsulated stem disc quarters. 

Figure 2. The survival of non-frozen and 
frozen stem disc quarters following 
increased desiccation time; values 
represent the mean of 10 replicates per 
treatment ± standard error. 

 

Figure 3. The regrowth of shoots of non-
frozen and frozen garlic stem-disc quarters 
following increased desiccation time; values 
represent the mean of ten replicates per 
treatment ± standard error. 
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Fig. 3 shows an overall reduction in 

regrowth of shoots in the controls for the 

non-frozen, non-encapsulated and 

encapsulated stem disc quarters with 

increasing desiccation over a 12 h period. 

Regrowth of shoots derived from non-

frozen, non-encapsulated stem discs was 

lower relative to the encapsulated stem disc 

counterparts. The regrowth of shoots 

following exposure to LN was further 

reduced in frozen, non-encapsulated stem 

discs after 4 h and 6 h of desiccation. 

Regrowth was maximal from frozen, 

encapsulated stem discs after 6 h and 

declined up to 12 h of desiccation. Overall, 

the survival of frozen, encapsulated explants 

was 43% following 6 h and 45% after 8 h 

desiccation with 23% and 13% regrowth for 

the same corresponding desiccation times 

(Figs. 2 and 3). Generally, statistical analysis 

showed survival and regrowth between 

encapsulated/non-encapsulated, 

desiccated/non-desiccated frozen/non-frozen 

stem discs was significantly different (P 

<0.05); values for encapsulated stem disc 

explants after 6 and 8 h desiccation 

treatments (P = 0.009 and P <0.001 

respectively) were significantly different 

compared to non-encapsulated stem discs. 

 

Desiccation and residual moisture and 

water content of non-encapsulated and 

encapsulated, non-frozen and frozen stem 

discs  

Fig. 4a shows % RM values calculated 

for each desiccation treatment of non-

encapsulated and encapsulated stem discs. 

These two types of samples have distinctly 

different desiccation characteristics. The 

desiccation profile of non-encapsulated stem 

discs showed a lower RM of 65% at time t = 

0; this dropped with increased desiccation to 

<4 h which transected the 25% RM 

threshold line. In comparison to 

encapsulated stem disc, time t = 0 of the 

encapsulated stem disc desiccation started at 

a higher (78% RM) value, then gradually 

decreased with increasing desiccation to <7 

h which transected the 25% RM threshold 

line. The threshold line of 25% RM 

transected the curves at ~3.5 h for non-

encapsulated and ~6.5 h for encapsulated 

stem discs. 

Fig. 4b shows the water content (g H2O 

g
-1 

d.wt) calculated for each desiccation 

treatment of non-encapsulated and 

encapsulated stem discs displaying different 

curve characteristics. The non-encapsulated 

stem discs exhibited a lower water content 

compared to their encapsulated counterparts. 

As desiccation progressed both non-

encapsulated and encapsulated stem disc 

increasingly lost water and their desiccation 

curves transected the threshold line 

approximating at the value 0.36 g H2O g
-1 

d.wt at ~3.5 h and ~6.5 h, respectively. 

There was a gradual decrease in the rate of 

Figure 4. (a) Residual moisture and (b) 
water content (grams water per gram dry 
weight) of encapsulated and non-
encapsulated stem disc following increased 
desiccation time; values represent the mean 
of five replicates per treatment. 
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water loss below this threshold for both 

types of stem disc with increasing 

desiccation until both reached a point close 

to zero at 14 h. 

Fig. 5 shows a composite plot of % RM 

data (Fig. 4a) and g H2O g
-1 

d.wt data (Fig. 

4b) with the corresponding survival (%) data 

(Fig. 2) from desiccated and cryopreserved 

non-encapsulated and encapsulated stem 

disc samples. Survival for desiccated, 

cryopreserved non-encapsulated stem discs 

spanned a 2 to 10 h desiccation interval 

reaching the highest point after 4 h. 

Cryopreserved encapsulated stem discs 

showed extended survival over 2 to 12 h, 

peaking between 6 - 8 h of desiccation. 

There were correlations between the 25% 

RM (Fig. 4a) and 0.36 g.H2O g
-1 

d.wt (Fig. 

4b) with the trend for maximal survival at 

~3.5 h for non-encapsulated and ~6.5 h 

encapsulated stem discs. Data demonstrated 

that as the water content progressively 

decreased - survival increased in both 

cryopreserved non-encapsulated and 

encapsulated stem discs and that once  

passed a maximal point of desiccation this 

caused a gradual decline in stem disc 

viability. 

DISCUSSION 

Long-term in vitro conservation 

requires the implementation of standardized 

protocols for the effective cryopreservation 

of clonal crop genetic resources (3). The 

success of any given cryopreservation 

protocol is dependent on non-cryogenic and 

cryogenic factors (19). The importance of 

understanding the seasonal storage 

behaviour and physiological responses of 

plant material and its impact on 

cryopreservation is illustrated by monitoring 

storage performance and breaking the 

dormancy phase of garlic bulbs to maximize 

recovery of in vitro shoots (26, 27, 28). The 

present study underlies the need to optimize 

the cryogenic components of a protocol, 

which is central to understanding the critical 

factors that affect post-storage outcomes (2).  

    Encapsulation-dehydration is one example 

of complex, multi-component procedure 

(14), which requires an assessment of the 

sensitivity of plant material to a range of 

extreme osmotic and drying experimental 

conditions (33). In a previous study (40), 

osmotic dehydration was optimized by the 

regrowth of garlic in vitro shoots on medium 

containing 0.5 M sucrose (29). Extending 

this investigation determined the sensitivity 

of garlic stem disc to increasing desiccation 

(Fig. 1). The differential regrowth response 

of garlic shoots indicates that alginate 

encapsulation provides a protective “micro-

environment” compared to non-encapsulated 

stem discs during desiccation. This effect 

was more evident by the display of abnormal 

growth attributed to non-encapsulated versus 

encapsulated stem discs (40), although the 

effects of other contributory factors cannot 

be excluded (7, 42). The reproducibility of 

this protective response to desiccation by 

encapsulation was further shown by the 

control non-frozen stem discs (Figs. 2 and 

3). Similar to these findings, Fabre and 

Dereuddre (12) reported that exposure of 

encapsulated-dehydrated potato meristems 

to LN influenced survival and regrowth of 

shoots compared to the control counterparts. 

The trend in responses of encapsulated stem 

Figure 5. Residual moisture and survival 
following desiccation of non-encapsulated 
and encapsulated stem discs after recovery 
from LN. 
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discs was further extended with higher 

maximal survival indicating tolerance to 

desiccation compared to non-encapsulated 

stem discs, which had a greater sensitivity to 

desiccation (Fig. 5).  

Similarly, desiccation profiles for non-

frozen, non-encapsulated and encapsulated 

stem discs (Fig. 1) were determined from 

graphical plots of % RM against the time of 

desiccation (Fig. 4a). The curve 

characteristics showed two distinct 

responses: (i) the desiccation sensitivity of 

non-encapsulated stem discs through rapid 

loss of water ; and (ii) desiccation tolerance 

of encapsulated stem discs by the gradual 

delay in loss of water over the duration of 

desiccation (48). A comparison of these 

observations illustrates the principle of the 

encapsulation-dehydration technique in that 

the respective delayed water loss in 

encapsulated stem discs (contrary to non-

encapsulated) causes a proportionate 

increase in viability until a critical point is 

reached when viability declines. These 

observations demonstrate the variability in 

viability following recovery from LN (Fig. 

5), where water content is critical in order to 

avoid lethal intracellular ice formation and 

optimal desiccation removes sufficient water 

to enable totipotent cells in the stem discs to 

survive (2, 14). A critical level of water loss 

is reached that allows the maximal survival 

of stem discs, after which the further 

removal of water causes cell damage and 

loss of viability by excessive desiccation 

(Fig. 5). This critical point varies according 

to the type of plant material and technical 

specifications of encapsulation-dehydration 

(14, 43); however 25 % RM appears to be a 

consistent approximation to examine the 

critically of water status in many species and 

genotypes (5, 9, 14, 16, 18).  

Setting the threshold line at 25 % RM 

transects the desiccation curves at ~3.5 h for 

non-encapsulated and ~6.5 h for 

encapsulated stem discs, indicating that 

these periods of desiccation correspond to 

optimal water loss to achieve a 

predetermined level of survival following 

recovery from LN (Fig. 5). Water content 

calculations of the corresponding g H2O g
-1 

d.wt values for each desiccation treatment 

provide further insights into the desiccation 

characteristics, in that the given times of 

~3.5 h for non-encapsulated and ~6.5 h for 

encapsulated stem discs both relate to the 

threshold line approximating to the value of 

0.36 g H2O g
-1 

d.wt (Fig. 4b). These 

desiccation times correlate the 25% RM and 

0.36 g H2O g
-1 

d.wt values with the survival 

of cryopreserved stem discs by 

encapsulation-dehydration. Similar 

desiccation and survival characteristics have 

been observed in other species (17, 18, 33). 

Together the 25% RM and 0.36 g H2O g
-1

 

d.wt values transect the survival curves 

approximating to the point of maximal 

survival for both non-encapsulated and 

encapsulated stem discs (Fig. 5). Above the 

critical point indicated by the 25% RM 

threshold line the data curve displays a 

‘window’ for optimal survival (Fig. 2) and 

regrowth (Fig. 3) that lies between 6 - 10 h 

desiccation (Fig. 5). These studies indicate 

that the 25% RM limit is not an absolute 

parameter (15, 16) for example decreasing 

the RM value to 20 % accordingly would 

further reduce the g H2O g
-1 

d.wt value and 

extend the limits of survival across the 

desiccation range. 

The encapsulation-dehydration (12) of 

plant tissues is a vitrification-based 

technique (2, 9), which has been routinely 

applied to a wide range of species/genotypes 

(14, 18, 36). An intensive study by 

differential scanning calorimetry (DSC) is 

usually required to accurately determine the 

osmotically active (frozen) and inactive 

(non-freezable) water content of tissues to 

confirm the vitrified state following 

encapsulation-dehydration (5, 6, 9, 10, 13, 

33, 46, 47). There are several reports, which 

correlate water status of tissues with the 

onset of the vitrified state at crucial stages 

during the desiccation process. DSC analysis 

of Ribes nigrum and R. ciliatum 

encapsulated meristems detected a Tg 

following sucrose dehydration and 7 h 

desiccation over silica gel which reduced the 

bead water content to 0.3 g H2O g
-1 

d.wt 
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(39). DSC analysis of R. sanguineum 

confirmed vitrification by detecting the glass 

transition (Tg) in encapsulated meristems 

following sucrose dehydration and 4 h air 

desiccation which corresponded to an 

osmotically inactive water content of 0.33 g 

H2O g
-1 

d.wt (4); a Tg was also detected in 

encapsulated shoot meristems of Picea 

sitchensis and water content of 0.43 g.H2O 

g
-1 

d.wt (13). Comparative studies of 

alginate beads demonstrated successful 

vitrification produced a stable glass with 

water content of ~26% and 0.4 g H2O         

g
-1 

d.wt mainly composed of osmotically 

inactive water (6). This optimal water 

content 0.4 g H2O g
-1 

d.wt was found to be 

important for the cryopreservation of potato, 

hops and apple to produce high levels of 

regeneration (46) and similarly for 

blackberry and raspberry (18).  

Although thermal analysis was not 

conducted, comparatively the 25% RM and 

0.36 g H2O g
-1 

d.wt data values are in good 

agreement with the reported DSC data 

suggesting the formation of a stable vitrified 

state following sucrose dehydration, 

desiccation and plunging in LN by 

encapsulation-dehydration of garlic stem 

discs. Other studies report the 

cryopreservation of Allium species by PVS-

vitrification based methodologies (11, 23, 

24, 32, 35, 42, 45, 46, 47); however the stem 

disc approach described by Ayabe and Sumi 

(1) offers distinct advantages: (i) the 

potential for higher levels of regeneration 

from multi-basal plate apices compared to 

methods that use single primary meristem 

cultures; and (ii) an alternative to difficult to 

handle bulb material and Allium species that 

have non-bolting (topsets) genotypes (22, 

46). In conclusion, this study confirms the 

need to correlate viability to water content 

for the standardization of cryopreservation 

protocols applied to garlic stem discs and to 

facilitate the effective implementation of 

Allium cryostorage. 
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