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Abstract 

Germplasm preservation plays an important role in current breeding programs. A simple vitrification 

procedure that allows for the reproducible cryopreservation of two alder embryogenic lines is presented 

for the first time. Somatic embryos clumps (1-2 mm) were precultured in hormone-free medium 

(Murashige and Skoog half-strength macronutrients, MS1/2) supplemented with 0.3 M sucrose for 3 days, 

and then treated with a mixture of 2 M glycerol plus 0.4 M sucrose for 20 min at 25ºC. Osmoprotected 

somatic embryos were dehydrated using plant vitrification solution 2 (PVS2). The effect of different 

PVS2 incubation times was evaluated, and 60 min at 0ºC was considered to be the optimum period. After 

changing the solution with fresh PVS2, the somatic embryos were directly immersed in liquid nitrogen. 

Following rapid thawing in a water bath at 40ºC for 2 min, the somatic embryos were transferred onto 

MS1/2 supplemented with 0.1 mgl
-1 

benzyladenine, 30 gl
-1 

sucrose and 6 gl
-1

 Vitro agar. The cultures 

were kept in the dark for 1 week prior to exposure to light (16 h/8 h light/dark cycle). The recovery rate of 

vitrified somatic embryos reached over 90% in both embryogenic lines. Cryopreservation did not affect 

the plant regeneration potential of A. glutinosa through somatic embryogenesis. The genetic stability of 

the regenerated material was assessed by flow cytometry. Analysis of DNA ploidy stability of the control, 

PVS2 treated, cryopreserved somatic embryos and plantlets showed no significant differences. 

Keywords Alder, Cryopreservation, Flow cytometry, Genetic stability, Somatic embryogenesis, 

Vitrification 
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Introduction 

Alnus glutinosa (L.) Gaertn. is a species widely found in the woods that line river banks throughout 

Europe. Since the 1990s this species has been seriously threatened due to attacks by the fungus 

Phytophthora alni that have decimated alder groves all over Europe (Brasier et al. 2004), with none of the 

programs introduced at the international level, to date, having any success in halting or controlling the 

disease (Gibbs et al. 2003; Webber et al. 2004). Many studies have been performed on the in vitro culture 

of this species, although the majority of these used young plant material; few studies have used material 

of adult origin (see San José et al. 2013); we only know of the work carried out in our laboratory on the 

differentiation of somatic embryos from immature zygotic embryos (Corredoira et al. 2013). Somatic 

embryogenesis is currently one of the main biotechnological methods used for the mass propagation and 

cryopreservation of genetic resources, which enables the implementation of multivarietal forestry 

(Hernández et al. 2011; Park and Bonga 2011). Therefore, it has great potential in genetic improvement 

programs (Lelu-Walter et al. 2013). A key advantage of somatic embryogenesis over other vegetative 

propagation methods is that the embryogenic clonal lines can be cryopreserved in liquid nitrogen, while 

the corresponding trees are tested in the field (Krajnákova et al. 2013). For effective tree improvement, 

the combination of somatic embryogenesis and cryopreservation is beneficial in achieving high-value 

clonal forestry (Park et al. 2006; Merkle and Cunningham 2011). 

Cryopreservation in liquid nitrogen (LN, -196ºC) is currently considered the most valuable method for the 

long-term preservation of biological material. The main advantages of cryopreservation are its simplicity 

and applicability to a wide range of genotypes (Kaviani 2011; Pence 2014). Theoretically, plant materials 

can thus be stored at this low temperature without any changes being observed for an indefinite period of 

time. This method has been used for the storage of many different types of plant material, such as seeds, 

embryogenic axes isolated from seeds and vegetatively propagated plant material, including apical or 

axillary buds, somatic embryos, and embryogenic tissues (Sakai and Engelmann 2007; Reed 2008).  

Cryopreservation of embryogenic cultures can prevent the detrimental effects of long-term subcultures, 

such as contamination, somaclonal variation, or loss of embryogenic competence. In addition, the 

integrated use of somatic embryogenesis and cryopreservation will enable the storage and efficient 

recovery of clones obtained from young reactive tissues, elite genotypes, cell lines with special attributes, 

and genetically transformed material until field test results are available (Engelmann 1992). The present 

scenarios for global forest management and conservation, including the future role of plantation forestry, 

the need to conserve breeding material during clonal field testing, and the consequences of climate 

change, not only underline the importance of cryopreservation as a method for safe storage against 

external threats, but also emphasize the significance of the genetic fidelity of cryopreserved material 

(Krajnákova et al. 2011). 
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Cryopreservation protocols of embryogenic cultures have been developed for several woody plants 

(Corredoira et al. 2007; Sakai and Engelmann 2007; Vieitez et al. 2011; Guzmán-García et al. 2013), and 

in recent years use has been made of the vitrification method, which involves the dehydration of samples 

with highly concentrated vitrification solutions followed by rapid cooling (Sakai 2000). Vitrification is 

increasingly becoming the method of choice for the long-term preservation of plant tissues. The 

successful cryopreservation of in vitro-grown shoot tips of alder has been reported using this procedure 

(San José et al. 2014). However, cryopreservation results in the exposure of tissues to physical, chemical, 

and physiological stresses that cause cryoinjury (Harding 2004). Although the effects of cryoinjury on the 

genome are often unknown, the use of such approaches should take the genetic stability of regenerants 

recovered from cryopreserved plant material into careful consideration, as this has been associated with 

changes in DNA methylation (Mikula et al. 2011; Ai et al. 2012). Genetic variations (chromosomic and 

genetic mutations) can be detected by several molecular techniques such as RFLPs (restriction fragment 

length polymorphisms), AFLPs (amplified fragment length polymorphisms), microsatellites/SSRs and 

RAPDs (randomly amplified polymorphic DNAs), while major genetic variations in genomic origin, 

which mainly affect the number of chromosomes and ploidy, can be easily screened by the use of flow 

cytometry (FCM) (Corredoira et al. 2014). Among the techniques available to assess genetic true-to-

typeness, FCM is becoming widely used due to its reproducibility, ease, and sensitivity. Using stained 

nuclei that are flow isolated at high speed, FCM detects not only the absolute amount of DNA, but also 

changes in eu/aneuploidy and/or potential changes in cell cycle dynamics. All these characteristics are 

crucial in screening the true-to-typeness of micropropagated plants. 

The objective of the present study was to establish a reproducible protocol for the cryopreservation of 

alder somatic embryos, the regeneration of plantlets from cryopreserved material, also ensuring that this 

protocol does not lead to genetic instability.  

 

Material and methods 

Plant material 

The Alnus glutinosa (L.) Gaertn. embryogenic line of Sarela 2-2 was used in this study. This line was 

initiated from immature zygotic embryos as described by Corredoira et al. (2013). The embryogenic 

cultures were routinely maintained by secondary embryogenesis with sequential subculture at three-week 

intervals on proliferation medium consisting of Murashige and Skoog (MS; 1962) half-strength 

macronutrients, vitamins, 3 mM glutamine, 0.1 mgl
-1

 benzyladenine (BA), 30 gl
-1

 sucrose and 6 gl
-1

 Vitro 

agar. The pH of the media was adjusted to 5.6-5.7 before autoclaving at 120ºC for 20 min. The cultures 

were incubated at 25/20ºC (day/night) under a 16/8 h photoperiod and a photon flux density of 50-60 

µmolm
-2

s
-1

, considered the standard conditions. 

Cryopreservation experiments 
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For cryopreservation experiments, samples consisting of 2-3 mg (1-2 mm) clumps of globular/heart-

shaped somatic embryos were dissected from stock embryogenic cultures three weeks after their last 

subculture. 

 

Effect of vitrification solution 

The toxicity of the PVS2 solution was evaluated in a preliminary experiment. Somatic embryo clumps 

were precultured for three days on proliferation medium (without glutamine and plant growth regulators) 

containing 0.3 M sucrose, and were then transferred into 2 ml cryovials (eight explants per vial) and 

treated with 1.6 ml loading solution (LS) (2 M glycerol and 0.4 M sucrose; Matsumoto et al. 1994) for 20 

min at 25ºC. LS was removed and the embryogenic clumps were incubated in 1.6 ml plant vitrification 

solution (PVS2: 30% glycerol, 15% ethylene glycol, 15% dimethyl sulfoxide and 0.4 M sucrose; Sakai et 

al. 1990) at 0ºC for 0, 15, 30, 45, 60, 75 and 90 min. One treatment with PVS2 at 25ºC was also assessed 

at 60, 75 and 90 min. The somatic embryos were divided into two groups. In one group, the PVS2 

solution was replaced with 0.6 ml of fresh solution and the cryovials were then plunged directly into 

liquid nitrogen (LN) for at least 2 h. The cryovials were then removed from LN and rapidly rewarmed in 

a water bath at 40ºC for 2 min. The other group was not cryopreserved. In both groups, the PVS2 was 

removed and the cryopreserved and non-cryopreserved somatic embryos were washed twice with 

unloading solution (1.2 M sucrose) for 10 min. Samples were then transferred to Petri dishes with 

sterilized filter paper discs on 25 ml of proliferation medium gelled with 0.5% agar. Twenty-four hours 

later, they were placed, without any filter paper, onto fresh medium gelled with 0.6% agar. Somatic 

embryos were incubated for 1 week in the dark at 25ºC and then transferred to the standard conditions. 

They were transferred to fresh medium every three weeks for nine weeks.  

Effect of loading solution  

Precultured somatic embryos were divided into two groups. In one group, samples were treated with 1.6 

ml loading solution (LS) for 20 min at 25ºC. The other group was not treated with LS. Both groups, 

osmoprotected and non-osmoprotected, were exposed to PVS2 solution at 0ºC for 60 min and then 

plunged directly into LN. Controls were exposed to LS solution, but they were not cryopreserved into LN. 

The cultures of both groups were rinsed and recovered as described above. 

Effect of preculture 

Somatic embryos were precultured on hormone-free MS1/2 supplemented with 0.3 M sucrose for three 

days at 4ºC in 340L Sanyo Medicool cabinets under dim lighting (8-10 µmol m
-2 

s
-1

) provided by exterior 

cool-white fluorescent lamps, or 25ºC under standard conditions. Control somatic embryos were not 

precultured. Loading, PVS2 solution exposure for 60 min at 0ºC, LN exposure, rinsing and recovery 

followed the procedures described above for both precultured and control somatic embryos. 

Effect of the genotype 
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The optimized protocol, defined from the experiments described above (preculture on 0.3 M sucrose for 

three days at 25ºC, LS treatment, and PVS2 exposure for 60 min at 0ºC), was tested in another 

embryogenic somatic line (Sarela 1-1), which was obtained and maintained in vitro according to the 

conditions indicated for the line Sarela 2-2. 

 

In all experiments, after nine weeks of culture, the effectiveness of different treatments tested was 

assessed in terms of the percentage of the explants that resumed embryogenesis. At least two eight-

explant replicates per treatment were used in each experiment, and each experiment was performed three 

times. 

Plant regeneration 

Germination experiments were carried out with cryopreserved material of the Sarela 1-1 and Sarela 2-2 

lines. Nine weeks after thawing, recovered embryos were transferred to maturation medium consisting of 

basal medium with half-strength macronutrients and no glutamine, but supplemented with 3% maltose. 

After five weeks in maturation medium, cotyledonary somatic embryos were transferred to germination 

medium consisting of Woody Plant Medium (WPM; Lloyd and McCown 1980) supplemented with 2% 

glucose, 0.6% agar, 0.1 mgl
-1

 BA and 0.1 mgl
-1 

zeatin trans isomer, where they remained for eight weeks 

(Corredoira et al. 2013). 

 

Ploidy stability analysis by flow cytometry 

Nuclear suspensions from somatic embryos and in vitro leaves were prepared according to Galbraith et al. 

(1983). In brief, nuclei were released from cells by chopping with a razor blade in 1 ml
-1

 of Woody Plant 

Buffer (WPB) (0.2 M Tris HCl, 4 mM MgCl2.6H2O, 2 mM EDTA Na2.2H2O,86 mM NaCl, 10 mM 

sodium metabisulfite, 1% PVP-10, 1% (v/v) Triton X-100, pH 7.5) (Loureiro et al. 2007a). For ploidy 

analysis, Alnus samples were chopped together with the same amount of the internal reference standard 

Zea mays (cv CE-777 = 5.43 pg DNA; kindly provided by J. Dolezel, Laboratory of Molecular 

Cytogenetics and Cytometry, Institute of Experimental Botany, Olomouc, Czech Republic). The nuclear 

suspension was filtered with a 50 µm nylon mesh and then nuclei were stained with 50 µg/ml
-1

 propidium 

iodide (PI, Fluka). To avoid RNA staining, 50 µg/ml
-1

 of RNAse (Sigma, St. Louis, USA) was also added 

to the suspension of nuclei. After 5 min of incubation, nuclei were analyzed on a Beckman Coulter EPICS 

XL (Beckman Coulter, Hialeah, Florida, USA) flow cytometer. The instrument was equipped with an air-

cooled argon-ion laser tuned at 15 mW and operating at 488 nm. Integral fluorescence together with 

fluorescence pulse height and width emitted from nuclei was collected through a 645 dichroic long-pass 

filter and a 620 band-pass filter and converted on 1024 ADC channels. Prior to analysis, the instrument 

was checked for linearity with fluorescent beads (Coulter Electronics), and the amplification settings were 

kept constant throughout the experiment. Data was acquired using SYSTEM II software (version 3.0, 

Beckman Coulter). The results were obtained in the form of three graphics: linear fluorescence light 

intensity (FL), forward angle light scatter (FS) versus side angle light scatter (SS) and FL pulse integral 

versus FL pulse height. The latter was used to eliminate partial nuclei and other debris, nuclei with 
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associated cytoplasm and doublets (these events have a higher pulse area but the same pulse height as 

single nuclei).  

 

In each replicate, at least 5000 nuclei were analyzed. The nuclear DNA content of each sample was 

calculated according to the formula: 

                                  (pg)=  X  

 

Statistical analysis 

Factors influencing embryo recovery (time of exposure to PVS2, loading solution and preculture 

treatments) were analyzed by one-way analysis of variance (ANOVA I). Tests for normality and 

homogeneity of variance were performed prior to ANOVA, and the least significant difference (LSD) or 

Dunnett tests (P0.05) were used to compare means in the case of homogeneous or non-homogeneous 

variances, respectively. Percentage data were subjected to arcsine transformation prior to analysis. Non-

transformed data are presented in the figures. All data were analyzed using SPSS statistical version 19.0 

for Windows (Chicago, USA).  

 

Results 

In all experiments, following rewarming, cryopreserved PVS2-treated embryo clumps of alder first turned 

brown, but two to three weeks, later their surviving cells started to proliferate into whitish globular-stage 

embryos (Fig. 1a). The morphology of the re-growing tissues was similar in appearance compared to non-

cryopreserved controls. The recovery percentage data for cryopreserved embryos refer to the proliferation 

of new embryos from these surviving cells by repetitive embryogenesis. 

Effect of vitrification solution 

The vitrification solution itself was tolerated well, with recovery rates greater than 90% among embryo 

clumps treated with PVS2 solution for up 90 min (Fig. 2), although significant differences were observed 

(P≤0.01). Immersion in LN significantly (P≤0.001) reduced the embryo recovery rates, especially with a 

PVS2 exposure for 15 min that went from 100% recovery, when the samples were not cyropreserved, to 

41.7% after immersion in LN. These results clearly suggest that 15 min was insufficient to prepare the 

samples for cryopreservation. The percentage recoveries after immersion in LN increased as the treatment 

time with PVS2 solution increased, reaching maximum values in the treatment with 60 min at 0ºC. No 

embryogenic cultures survived after freezing in LN without PVS2 dehydration treatment (0 min). In a 

subsequent experiment, embryo clumps were treated with PVS2 solution for 60, 75 and 90 min at 25ºC 

(data not shown). When the temperature of PVS2 was 25ºC, the embryo recovery frequencies decreased 

significantly for the times studied, the recovery not exceeding 55% in any of the cases after 

2C nuclear DNA content of 
reference standard 

2C nuclear DNA  
content of sample   
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cryopreservation. Considering these results, 60 min at 0ºC was selected as the optimum incubation period 

for cryopreserving alder embryogenic cultures.  

Effect of the loading solution  

Precultured controls treated with LS, but not cryopreserved, showed 100% recovery, which indicates that 

the LS solution had no toxic effects on the alder somatic embryos. The embryo recovery percentages were 

significantly (P≤0.001) higher (91.7%) when the alder somatic embryos were previously treated with LS 

for 20 min before treatment with PVS2 and immersed in liquid nitrogen (Fig. 3). In light of these results, 

treatment of the samples with loading solution for 20 min at 25ºC was established as a step prior to 

treatment with PVS2 solution for cryopreservation. 

Effect of preculture 

Preculture treatment significantly (P≤0.001) affected the embryo recovery rates of alder somatic embryos 

(Fig. 4) with the lowest percentages (2.1%) in cultures without preculture treatment. The preculture of 

somatic embryos on medium supplemented with 0.3 M sucrose for three days was significantly more 

effective for survival and embryo recovery, although the best results (896.%) were observed in somatic 

clumps precultured under standard conditions (25ºC). Following these results, a three-day preculture 

treatment period with 0.3 M sucrose in the medium at 25ºC was used in all remaining experiments. 

Effect of genotype 

On applying the improved conditions established for the cryopreservation of the somatic embryos 

(preculture with 0.3 M sucrose for three days at 25ºC, LS solution 20 min and PVS2 treatment for 60 min 

at 0ºC), the two embryogenic lines (Sarela 1-1 and 2-2) did not differ significantly. In both cases, 

recovery rates were greater than 90%. 

Plant recovery 

In order to check the maintenance of germination ability, somatic embryos recovered from 

cryopreservation were proliferated and matured before plantlets could be obtained by germination. After 

two months on germination medium, plantlets were obtained from both lines (Fig. 1b), and no 

morphological abnormalities were observed between the plants that developed from cryopreserved 

somatic embryos and the plantlets that developed from non-cryopreserved somatic embryos of alder. 

Ploidy stability analysis by flow cytometry 

The FCM results had low background values and coefficients of variation (CV) below 5.0% (Fig 5; Table 

1). Control samples of the somatic embryos had CV=4.35% for Sarela 1-1 and 3.95% for Sarela 2-2, 

whereas somatic embryos treated with PVS2 and PVS2+LN had lower CV values in clone Sarela 1-1, 

although these values were higher in clone Sarela 2-2. For the clone Sarela 1-1, the nDNA content ranged 

from 2C= 2.27 pg DNA for control to 2C= 2.25 for the somatic embryos treated with PVS2 and 

PVS2+LN, whereas in clone Sarela 2-2 the nDNA ranged from 2C=2.33 pg DNA in the control to 2C= 

2.34 for the treatment with PVS2. 
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In the leaves taken from plantlets germinated from the somatic embryos; control samples had CV= 3.32% 

for Sarela 1-1 and 4.85% for Sarela 2-2. These values decreased in both clones with PVS2 treatment, but 

increased with PVS2+LN treatment. The nDNA content ranged from 2C= 2.33 pg DNA for the control to 

2C= 2.32 pg DNA in the treatment with PVS2+LN in clone Sarela 1-1, and ranged from 2C=2.16 pg 

DNA for the control to 2C= 2.26 pg DNA in the treatment with PVS2+LN in the clone Sarela 2-2. The 

minor differences in nDNA content between tissues were not statistically significant (p≥0.05). 

 

Discussion 

Germplasm preservation plays an important role in the maintenance of biodiversity and avoidance of 

genetic erosion. In vitro conservation and cryopreservation have been recognized as complementary 

methods for long-term plant germplasm conservation, especially for vegetatively propagated and 

recalcitrant seed species (Engelmann 2000). This study reports, for the first time, the successful 

application of the vitrification method for the cryopreservation of alder embryogenic cultures. This 

method could greatly facilitate the use of somatic embryogenesis in breeding programs within this 

species. 

Vitrification methods have been developed in recent years to improve the regrowth of cryopreserved plant 

material (Touchell et al. 2002). Vitrification requires a highly concentrated solution, which sufficiently 

dehydrates tissues without causing injury, enabling the formation of a stable glass along with the 

surrounding PVS2 when samples are plunged into LN (Sen-Rong and Ming-Hua 2012). To establish this 

objective, a stepwise equilibration procedure at about 25ºC or 0ºC was used. Thus, optimum dehydration 

with a highly concentrated vitrification solution (PVS2) is a key step for producing high regrowth after 

cryopreservation (Sakai et al. 1990). Properly dehydrated cultures reduce the injurious effects due to 

overexposure to PVS2 during dehydration, and increase the ability to be vitrified upon rapid cooling in 

LN. This decreases the risk of intracellular ice crystal formation. The optimum exposure time to 

vitrification solution is species-specific (Niino et al. 1992). 

Finding the adequate exposure time to PVS2 solution is a critical step in all vitrification procedures 

(Sakai and Engelmann 2007), as it is the key to finding a balance between appropriate dehydration and 

chemical toxicity (Panis et al. 2005). A high tolerance to PVS2 in terms of recovery was observed in alder 

embryogenic cultures as incubation periods between 30 and 90 min gave percentages greater than 70%. 

Similar results were obtained in taro (Sant et al. 2008) and avocado (Guzman-García et al. 2013). Alder 

somatic embryo recovery increased with PVS2 treatment up to 60 min, and then declined with more 

protracted PVS2 exposure. Optimal recovery was obtained when the embryos were precultured on 

medium supplemented with 0.3 M sucrose for three days and dehydrated with PVS2 for 60 min at 0ºC. 

Similar optimal regimes were reported by Martínez et al. (2003) in pedunculate oak, Valladares et al. 

(2004) in cork oak, Corredoira et al. (2004) in chestnut, and Adu-Gyamfi and Wetten in cocoa (2012). 

Species and tissues do, however, exhibit distinct levels of tolerance to DMSO-based cryoprotectant 

mixtures. Sant et al. (2008), for example, demonstrated that taro shoot tips treated with loading solution 
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gave the best survival when vitrified with PVS2 for 20 min, while at 60 min none of the shoot tips 

survived LN treatment.  

The most effective temperature for the exposure of the alder somatic embryos to PVS2 solution was 0ºC. 

Use of a low temperature, i.e. 0ºC, during dehydration by a vitrification solution has been reported to 

have a positive effect as it minimizes the risk of toxicity, especially with species that are relatively 

sensitive to the dehydration procedure (Takagi 2000). The use of chilled vitrification solution is described 

in a considerable number of protocols for cryopreservation of shoot apices (Ryynämen and Aronen 2005; 

Schoenweiss et al. 2005), with better results in the cryopreservation of shoot tips of alder also being 

achieved at this temperature (San José et al. 2014), as well as in embryogenic cultures of broadleaf trees 

(Lambardi and De Carlo 2003; Valladares et al. 2004; Lambardi et al. 2005). However, other authors, for 

example, Sánchez et al. (2008), reported that somatic embryos of Quercus robur incubated at 24ºC 

achieved better results, suggesting that PVS2 penetration at 0ºC did not provide sufficient protection to 

withstand cryostorage with the tested periods (30-120 min). According to these results, 60 min at 0ºC 

may be proposed as the optimum PVS2 incubation time for alder embryogenic cultures, as it is the 

balanced time point common for the cell lines tested. 

The loading treatment appears to be an important step in the vitrification procedures for many plant 

materials (Sakai and Engelmann 2007).The loading solution contributes to minimizing injurious 

membrane changes resulting from severe dehydration (Takagi et al. 1997). The use of LS before 

vitrification in alder significantly increases the percentage recovery. This result confirms previous studies, 

which considered 20 min treatment at room temperature adequate for most plant tissues (Takagi 2000). 

Although the precise preculture times reported in the literature vary among species, it is generally agreed 

that preculture is necessary to significantly improve the survival rate of cryopreserved materials (Sen-

Rong and Ming-Hua 2012). Preculture on a medium containing sugars or sugar alcohols appears to be an 

essential step in the vitrification procedure for successful cryostorage. Nevertheless, the protective role of 

sugars in plants is not completely understood (Zhu et al. 2006). In fact, preculture with elevated 

concentrations of sucrose can affect different processes. The direct mode of action of the sucrose 

treatments leads to a slow reduction of the moisture content due to osmosis and an uptake of sugars, both 

leading to a more concentrated protoplasmic solution (Panis et al. 2005). As a result, the freezing point, 

and the amount of freezable water present in tissues, decreases. Sugars also play an important role in the 

preservation of the membrane integrity and protein structure during dehydration and cooling. A wide 

range of studies indicates that cell membranes are the primary site of freezing injury in plants (Ramon et 

al. 2002). Crowe et al. (1986) found that during freeze-drying, disaccharides such as sucrose are, in 

general, superior to other sugars for stabilizing membranes. The protective effect of soluble sugars on 

membrane stability during freeze-drying relies on the ability to form hydrogen bonds with the polar head-

groups of membrane phospholipids and thus to replace water molecules bound to phospholipids in the 

hydrated state (Crowe et al. 1984). An increase in endogenous sugar levels in the cytosol and the 

accumulation of specific hydrophilic proteins such as dehydrins are other effects of sucrose protection 

that are known to stabilize cell membranes (Jitsuyama et al. 2002). Sugar accumulation in plant tissues is 

a known natural strategy for plants to tolerate freezing stress. In addition to the physical changes 
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described above, sugar treatment also results in different physiological and metabolic changes, leading to 

cryoprotection. These include alterations in proteins, membrane fatty acids, sterols, and amino acids 

(Sánchez-Romero et al. 2009). 

As in other species, the preculture phase in alder is essential for the success of cryopreservation (Sánchez 

et al. 2008; Sánchez-Romero et al. 2009; Adu-Gyambi and Wetten 2012). The highest percentage 

recoveries (89.6%) were obtained by preculture of the somatic embryos in a medium with 0.3 M sucrose 

for three days under standard conditions. Preculture at 4ºC decreased the recovery rates to 66%, and in 

tests carried out without preculture, the recovery percentages fell drastically to 2.1%. 

One concern related to cryopreservation methods is the genetic stability of post-cooled and regenerated 

plants. In the present work, flow cytometry was used to assess the ploidy of cryopreserved somatic 

embryos and plantlets of alder. Flow cytometry confirmed the genetic stability of the cryopreserved 

material. Although all CV values were within the acceptance criteria for FCM samples (i.e. below 5%), as 

stated by Galbraith et al. (2002), small changes in DNA content may have occurred. Flow cytometry has 

also been used to provide a check on ploidy of genetic stability of somatic embryos cultures of several 

hardwood species (Endemann et al. 2001; Pinto et al. 2004; Loureiro et al. 2005, 2007b; Marum et al. 

2009). In cryopreservation protocols, Fernandes et al. (2008), using cork oak cryopreserved somatic 

embryos, confirmed by flow cytometry analyses that cryopreservation procedures ensured genetic 

fidelity, for both parameters evaluated (ploidy and DNA content), and changes in the DNA content of 

non-cryopreserved and cryopreserved samples were minimal (< 0.01 pg/2C). Similarly, in embryogenic 

cultures of gentian species, flow cytometry showed that cryopreservation did not change the genome size 

of the proembryogenic masses or regenerants (Mikula et al. 2008). 

To our knowledge, this is the first report on the application of a vitrification method in alder embryogenic 

lines, and the results show that this technique could be considered a potentially valuable cryogenic 

method for the cryopreservation of embryogenic cultures of this species. In addition, plant regeneration 

following cryopreservation of alder somatic embryos was efficient and reliable.  

In conclusion, the vitrification protocol that we have developed using embryogenic cultures is promising 

as a routine method for the cryopreservation of the Alnus glutinosa germplasm. This finding opens the 

possibility of long-term storage in liquid nitrogen of alder embryogenic cultures, as well as of valuable 

transgenic cell lines. 
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Legend of figures 

Fig. 1 Cryopreservation of somatic embryos of  Alnus glutinosa a Formation of new somatic embryos 

from cryopreserved embryo clumps, following exposure to PVS2 solution for 60 min. Scale bar=1mm; b 

Plantlet derived from a cryopreserved somatic embryo (Clone Sarela 2-2). Scale bar= Petri dish is 90 mm 

in diameter. 

Fig. 2 Embryo recovery frequencies of alder somatic embryos clumps after preculture on sucrose-

containing medium and exposure to PVS2 solution at 0ºC and for various periods, with (+LN) or without 

(-LN) subsequent immersion in liquid nitrogen. Assessments were made nine weeks after treatment. 

Vertical lines indicate standard errors of the mean. Within each treatment (+LN or -LN), bars with the 

same letter are not significantly different at the P=0.05 level according to the Dunnett test (n=24). 

Fig. 3 Effect of loading solution on the embryo recovery frequencies of alder somatic embryo clumps 

after preculture on sucrose-containing medium, with or without loading solution and subsequent exposure 

to PVS2 solution at 0ºC for 60 min and immersion in liquid nitrogen. Assessments were made nine weeks 

after treatment. Vertical lines indicate standard errors of the mean. Bars with the same letter are not 

significantly different at the P=0.05 level according to the Dunnett test (n=24). 

Fig. 4 Effect of preculture treatment on embryo recovery frequencies of alder somatic embryo clumps. 

After preculture, clumps were treated with PVS2 solution at 0ºC for 60 min and were immersed in liquid 

nitrogen. Assessments were made nine weeks after treatment. Vertical lines indicate standard errors of the 

mean. Bars with the same letter are not significantly different at the P=0.05 level according to the LSD 

test (n=24). 

Fig. 5 Histograms of  relative fluorescence intensity obtained after simultaneous analysis of nuclei 

isolated from  Zea mays cv CE-777 (2C = 5.43 pg DNA, internal reference standard) and A. glutinosa 

Sarela 2-2 embryos (a-c); Sarela 2-2 regenerated leaves (d-f); Sarela 1-1 embryos (g-i); Sarela 1-1 

regenerated leaves (j-l): a, d, g, j controls; b, e, h, k after vitrification with PVS2); c, f, i, l after 

cryopreservation.  In each histogram, peak 1 corresponds to nuclei at G0/G1 phase of sample and peak 2 

refers to nuclei at G0/G1 phase of the internal standard. The mean channel number (mean FL, channel 

number in arbitrary units), DNA index (DI = mean channel number of sample/mean channel number of 

reference standard) and coefficient of variation value (CV%) of each peak are given. 

 

 

 

 

 

 

 

 

 

 



16 
 

 

 

 

 

 

 

 

 





 

a 

a 

ab 

ab 
b 

b 
b b 

b b b ab ab a 



 

 

a 

b 
c 



 

 

a 

b 

c 




