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Cryopreservation changes the DNA methylation of embryonic
axes of Quercus robur and Fagus sylvatica seeds during in vitro
culture
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Abstract

Key message Dehydration and cryo-stress (2196 �C)

caused a greater increase in the DNA methylation of

embryonic axes (EAs) of beech seeds (tolerant to both

stresses) than in EAs of oak (sensitive to both stresses).

Simultaneously, in vitro survival of cryopreserved

beech EAs was also significantly higher than in those of

oak.

Abstract DNA methylation plays a key role in the regu-

lation of growth and differentiation in plants. The present

study focused on global DNA methylation of embryonic

axes (EAs) isolated from the seeds of pedunculate oak

(Quercus robur L.) and European beech (Fagus sylvatica

L.) after cryopreservation. Oak seeds can be labeled

recalcitrant, i.e., sensitive to dehydration, while beech

seeds fall under the suborthodox category, i.e., tolerant to

dehydration. DNA methylation was determined using a

specific antibody directed at the methylated cytosine in

CpG dinucleotides. The analysis was carried out on DNA

isolated from EA tissues and subjected to (1) dehydration

(control), (2) a combination of dehydration and plant vit-

rification solution (PVS3) and (3) dehydration with vitri-

fication PVS3, and rapid cooling in liquid nitrogen (LN2,

-196 �C) at a cooling rate of 32 �C s-1. Such treatments

induced global DNA methylation primarily in tolerant EAs

from F. sylvatica seeds. The level of global DNA methy-

lation in this material was 30 % higher than in the control,

i.e., dehydrated (not frozen) beech EAs. The same treat-

ment in oak EAs did not evoke such changes. After

120 days of tissue growth, we observed substantially more

DNA demethylation in the beech tissues after cryopreser-

vation in LN2 than in the controls or in tissues subjected to

vitrification but not cryopreservation. Information on the

global level of DNA methylation can be useful in moni-

toring procedures aimed at increasing the rate of recovery

of EAs following cryopreservation.

Keywords Cryopreservation � DNA methylation �
Embryonic axes � European beech � Pedunculate oak � In

vitro

Introduction

The European beech (Fagus sylvatica L.) and pedunculate

oak (Quercus robur L.) are both important trees for forestry

in Europe and are of potential importance in other tem-

perate regions. Both species belong to the family Fa-

gaceae. Oaks and beech are capable of fruiting only after

reaching 30–50 years of age. The fruiting is irregular and

usually occurs at 4- to 9-year intervals (Suszka et al. 1996).

There is, therefore, a need for long-term storage of seeds

that are fully viable.

The cryopreservation of embryonic axes is an adequate

strategy for long-term storage of Q. robur (Martinez et al.

2003) and many other species (Lambardi et al. 2004;

Engelmann 2011; Pukacki and Juszczyk 2015). Q. robur

and F. sylvatica seeds are different in respect to their

sensitivity to dehydration and freezing stress (Poulsen and

Eriksen 1992). Q. robur acorns are characterized by a

Communicated by U. Luettge.

& Paweł M. Pukacki

ppukacki@man.poznan.pl

1 Faculty of Agronomy and Biotechnology, Poznań University
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greater sensitivity to drying, freezing and storage condi-

tions compared to beechnuts. The seeds of F. sylvatica, the

storage behavior of which can be categorized as sub-

orthodox (intermediate), tolerate dehydration to water

content (WC) of 0.1 g H2O g dm-1, in contrast to the

recalcitrant seeds of Q. robur, which show dehydration

intolerance to 0.41 g H2O g dm-1 (Pukacka et al. 2003).

The genetic and molecular bases of post-cryo tolerance

are poorly understood (Charne et al. 1988; Panis and Lam-

bardi 2006; Folgado et al. 2014). Moreover, little is known

about the role of the epigenetic processes involved in the

molecular regulation of cold tolerance in embryonic axes.

However, analysis of DNA methylation post-cryo cul-

ture can be an indicator of plant adaptation to low tem-

perature stress, as well as regeneration of plant material

(Johnston et al. 2009). Evidence suggests that after

undergoing stresses, plants may change their response to a

future stress (Zeng et al. 2014). This is the theory of ‘stress

memory’ (Avramova 2015), according to which informa-

tion in the primary DNA sequence can be changed as a

result of DNA methylation. Moreover, DNA methylation is

a hereditary epigenetic phenomenon that plays an impor-

tant role in the regulation of gene expression, particularly

during the growth and development of plants (Bestor and

Veredine 2004).

DNA methylation is catalyzed by DNA methyltrans-

ferase, which transfers the methyl group from S-adeno-

sylmethionine to cytosine or less often to adenine in the

DNA chain to form 5-methylcytosine or 6-methyladenine,

respectively. DNA methylation does not modify the DNA

sequence (Boyko and Kovalchuk 2011). Epigenetic

mechanisms in gene regulation affect plant growth and

vary depending on the environment or osmotic stress dur-

ing a tissue culture (Guevara et al. 2011; Zeng et al. 2014).

Many recent studies have analyzed changes in DNA

methylation during in vitro culture of cryopreserved

explants (Fernandes et al. 2008; Peredo et al. 2008). The

aim of effective cryopreservation is the long-term preser-

vation of plant material, and it is important to know whe-

ther this induces permanent genetic changes. Changes in

the level of DNA methylation were observed in papaya

(Kaity et al. 2008), chrysanthemum (Martı́n and González-

Benito 2006; Martin et al. 2011) currants (Johnston et al.

2009), strawberries (Hao et al. 2002a), citrus (Hao et al.

2002b) and potatoes (Kaczmarczyk et al. 2012). Changes

in global DNA methylation may also be induced by cryo-

vitrification agents and the conditions of in vitro culturing

(Harding 2004). One important question is when and how

DNA methylation affects the adaptation of plants to the

stress associated with cryostorage and sub-optimal culture

conditions in vitro. Epigenetic changes can be affected by

all procedures applied in cryopreservation. For example, in

cases of cryopreservation applied after vitrification with

Me2SO (DMSO) cryoprotectant, reductions in DNA frag-

mentation were observed (Zilli et al. 2003). Modifications

to the chromatin structure and the resulting changes in gene

expression are reflected in the structure and function of

plants grown in vivo or in vitro. Because DNA methylation

is transient, it is crucial to adjust the duration of the anal-

ysis to the investigated material (Mikula et al. 2011).

Additionally, differences in the intensity of DNA methy-

lation in regenerates stored in LN2 for 3 days versus

24 months have been observed. DNA methylation is an

important epigenetic regulation of the expression of genes

involved in multiple processes during plant development

(Uthup et al. 2013). Significant differences between young

and mature meristems of pine (Pinus radiata) have been

demonstrated, in which the percentage of DNA methyla-

tion in the meristems gradually diminished as their activity

increased (Fraga et al. 2002).

The present study expands our knowledge of the impact

of changes in DNA methylation status after cryopreserva-

tion followed by the post-thaw recovery of embryonic axes

of desiccation-tolerant F. sylvatica seeds and desiccation-

sensitive Q. robur seeds. We used an immunochemical

method to measure the global methylation level in the

analyzed probes. This method is safer (non-radioactive),

cheaper and less time-consuming than others, but remains

very sensitive. Droplet-vitrification is a cryopreservation

method that combines vitrification and rapid freezing

(Kartha et al. 1982). This knowledge should contribute to

the understanding of the epigenetic and molecular processes

that occur as a result of cryopreservation and post-thaw

culturing in vitro in economically important woody plants.

Materials and methods

Plant material

Mature seeds of F. sylvatica (suborthodox) and Q. robur

(recalcitrant) were collected under the canopy of individual

trees from populations growing in two forested areas in

Hajda (53�230 N, 16�450 E) and Płytnica (53�180 N,

16�470 E) in north-western Poland. They were transported

by car to a laboratory in foil bags in a cooling box in which

seeds of Q. robur were dried to a water content (WC) of

0.82 g H2O g dm-1; F. sylvatica seeds were dried to WC

0.33 g H2O g dm-1. The seeds were then stored at -3 �C
in polythene bags until use.

Stratification of beech seeds

Prior to the experiments, the beech seeds required cold

stratification to exit from dormancy. The seeds of Q. robur

were not dormant. The set of fully imbibed F. sylvatica
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seeds was stratified in 7.0 9 18.0 cm plastic boxes con-

taining a 2-cm layer of moist rolled paper at 3 �C for

8–11 weeks in phytotron (Suszka et al. 1996). A seed was

scored as germinated when the radicle protruded 2 mm.

Germination counts were made every week, and the ger-

minated seeds were removed (ISTA 1999). When the first

seeds had germinated, the stratification process was fin-

ished. These stratified beech seeds were used for all

experiments.

Dehydration of EAs and water content

determination

Cleaned and surface-sterilized seeds of F. sylvatica and Q.

robur EAs were separated from their cotyledons and placed

on a piece of filter paper that was moistened with sterile

distilled water in a closed Petri dish prior to the dehydra-

tion process. Then, the EAs were dehydrated in an appa-

ratus used by Wesley-Smith et al. (2001a) with some

modifications. They were placed on nylon gauze inserted

across a PVC pipe (95 mm diameter, 220 mm in length),

which acted as a support. A computer CPU cooling fan

(12 V, 1 W, 90 mm diameter) was mounted in the middle

of this PVC pipe with airflow directed toward the gauze at

17 % relative humidity (RH). Activated silica gel (500 g)

was placed at the bottom of the jar. The dehydration was

applied for different durations (10–240 min). A digital

thermo/hygrometer was used to monitor the temperature

and RH in the apparatus during dehydration (Pukacki and

Juszczyk 2015).

The water content of the EAs was determined gravi-

metrically (105 �C for 48 h). Three samples of 20 axes in

three replicates were used for each determination. The

water content was expressed as g H2O (g dry mass)-1.

Differential thermal analysis (DTA) of cellular water

DTA was used to determine the ice nucleation of super-

cooled tissue water. Single embryonic axes were wrapped

in aluminum foil and placed in the DTA instrument

(Pukacki and McKersie 1990; Pukacki et al. 1991). The

four samples were analyzed simultaneously. This technique

was used to determine the difference in temperature

between the tissues and a reference dry sample. The sam-

ples were cooled from 20 to -40 �C and rewarmed to

20 �C at 0.11 �C min-1 (Pukacki and Juszczyk 2015). In

these experiments, copper-constantan thermocouples

(0.1 mm in diameter) were held to the surface of the axes

by wrapping them together with laboratory film (Parafilm,

American Can Corp., Greenwich, CT, USA). The course of

the analysis was controlled and recorded with the aid of an

IBM computer equipped with an analog/digital board

(Type WB-AAI-B8) and software developed by Omega

Engineering, Stamford, USA. Onset temperatures for ice

nucleation in single embryonic axes were calculated from

the point of discontinuity in the baseline. Exothermic data

were collected from eight replicates per treatment. After

thermal analysis, individual samples were dried at 103 �C
for 24 h, and their dry mass was determined.

Droplet-vitrification and cryopreservation of EAs

The embryonic axes (after dehydration as described above)

were submitted to vitrification in cold PVS3 solution

containing 50 % (w/v) sucrose and 50 % (w/v) glycerol

(Nishizawa et al. 1993) or with PVS2 containing 30 %

glycerol, 15 % ethylene glycol and 15 % DMSO in 0.4 M

sucrose in liquid medium (Sakai et al. 1990) w/v for

60 min at room temperature. Adding chilled solutions on

ice may reduce the toxic effects of vitrification. Ten sam-

ples of 5 EAs of each species were dehydrated to various

water contents. After pre-dehydration, the samples were

separately placed onto a sterile strip of aluminum foil

(60 mm long 9 5 mm wide 9 0.05 mm deep) with 25 ll

droplets of cold PVS3 or PVS2 solution and then plunged

immediately into liquid nitrogen, in which they were

cooled at 32 �C s-1 (from 0 to -150 �C) for 2 h (Fig. 1).

After LN2 exposure, the Al strips were rapidly thawed and

transferred to a thermostat containing a liquid culture of

half-strength Woody Plant Medium (WPM) (Lloyd and Mc

Cown 1980) at 20 ± 1 �C for 30 min. The embryonic axes

were warmed at a rate of 28 �C s-1 to 0 �C, washed in

Fig. 1 Pedunculate oak or beech embryonic axes placed in drops of PVS3 on aluminum foil strips prior to being plunged in liquid nitrogen

(-196 �C). White sticks indicate of embryonic axes in vitrification solution
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water three times, and then stored in 0.1 M sucrose at 0 �C
for 20 h. The EAs were then surface-sterilized (Wesley-

Smith et al. 2001b) using a 3-step protocol: (1) 0.1 %

mercuric chloride for 10 min, (2) 10 % ‘‘Domestos’’

(sodium hypochlorite NaClO \5 %) for 10 min, and (3)

75 % ethyl alcohol for 1.0 min and rinsed in sterile water.

They were then transferred for recovery.

In vitro culture of EAs

The embryonic axes were cultured on Woody Plant Med-

ium (WPM) solidified with 0.7 % (w/v) agar. The pH of

the medium was adjusted to 5.5 before sterilization. The

Petri dishes containing the recovering axes were stored for

6 days in the dark and then maintained under a 16:8 h

light/dark photoperiod with illumination from cool white

fluorescent light (40 lmol m-2 s-1), in a growth chamber

under standard conditions (23 ± 1 �C), (Mytron WB 750

KHFL Germany). The surviving axes were scored as

‘normal’ if the radicle developed and shoots expanded and

turned green (Wesley-Smith et al. 2014). After 3 weeks,

surviving EAs were transferred onto the same WPM

medium in culture tubes (150 9 25 mm). The survival of

seedlings from the EAs were recorded after 6 weeks of

culture as a percentage of the total number of EAs. The

seedlings were scored as survived when growth was

observed in both the roots and the shoots (Pukacki and

Juszczyk 2015).

DNA methylation analysis

Embryonic axes subjected to different treatments (de-

scribed above) were cultured in vitro on WPM medium.

The determination of global DNA methylation was per-

formed on DNA isolated from 25 mg of cultured tissues

collected after 20, 30 and 120 days of culture, respectively.

DNA was isolated using a DNeasy Plant Mini Kit (Pro-

mega), (Gryzinska et al. 2013). This procedure is based on

the interaction of nucleic acids with a silica-based mem-

brane after cell lysis and RNA digestion, using RNase

without phenol extraction or ethanol precipitation. This

procedure enables the acquisition of good quality DNA

without RNA contamination. Analysis of the global level

of DNA methylation in F. sylvatica and Q. robur tissues

was performed using an Imprint Methylated DNA Quan-

tification kit (Sigma-Aldrich). Methylated DNA was

detected using antibodies specific to methylated cytosine in

the CpG dinucleotide. We used 200 ng of DNA (each well

can bind a maximum of 200 ng total DNA). DNA binding

was performed during the incubation of DNA at 37 �C for

1 h; a blocking solution was then added and the samples

were incubated again at 37 �C for 30 min. Methylated

DNA was then captured using a specific antibody and

detected by binding to a detection antibody (Oakeley et al.

1997). After the addition of a developing solution to the

wells, a colorimetric reaction occurred (the solution turned

blue). These complexes were then colorimetrically quan-

tified by measuring absorbance at a wavelength of 450 nm.

Both the blank control and methylated control (positive

control) were analyzed together with the DNA samples.

Using this method, we can determine the relative level of

global DNA methylation. A standard curve was prepared

using control methylated DNA (provided with the kit). The

amount of methylated DNA present in the sample was

proportional to the absorbance measured (Vassar et al.

2009). The advantage of this method is its reproducibility,

sensitivity and short duration compared to other methods.

Using this method one can calculate the methylation level

in the probe relative to the methylated control DNA. The

analyses were performed in 3 replicates. The replicates

were averaged, and the mean value was used for further

analyses. The following formula was used to calculate the

amount of methylated DNA in the total DNA [%]:

sample OD�M3ODð Þ=S½ �= M4OD� M3ODð Þ � 2ð Þ=P½ �
� 100;

where OD is the optical density; M3 is a blank probe; S is

the amount of input sample DNA in ng; M4 is the positive

control, a methylated polynucleotide containing 50 % of

5-methylcytosine; and P is the amount of input-positive

control in ng.

The amount of methylated DNA was expressed as a

percentage of global DNA.

Statistical analysis

The data are presented as the mean ± SD. The data for all

seedlings throughout the treatment process were subjected

to an analysis of variance (ANOVA) using Statgraphics

Plus software. Significant differences between the treat-

ments were compared using the Newman-Keuls range test,

and significance was determined when P\ 0.05. For all

regression analyses, the percentages were transformed

(arcsin) such that the data conformed to parametric test

assumptions.

Results

Differential thermal analysis (DTA) of tissue water

Desiccated EAs from seeds of both species were subjected

to DTA determination to determine how the ice nucleation

temperature is affected by water content (Fig. 2). On the

cooling scans, the exothermic peak corresponded to the

crystallization of supercooled water (Fig. 2a). The
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temperature of ice nucleation in EAs decreased with

decreasing WC in this material. The temperature of the

freezing transition decreased from approximately -7 �C in

the axes of both species to approximately -27 �C for

recalcitrant Q. robur after dehydration to WC 0.55 g H2O

g dm-1 and to -21 �C for suborthodox F. sylvatica after

dehydration to WC 0.35 g H2O g dm-1 of embryonic axes

(Fig. 2b). DTA showed that ice nucleation was not

observed below a certain threshold of WC. In axes of F.

sylvatica, the WC threshold was 0.33 g H2O g dm-1; for

the Q. robur axes, this threshold was 0.54 g H2O g dm-1.

The ice nucleation temperatures of water at these thresh-

olds were -21.0 and -26.0 �C, respectively. A significant

(P\ 0.001) positive correlation was found between WC

and the exothermic onset of ice nucleation for both EAs [F.

sylvatica (r2 = 0.681) and Q. robur (r2 = 0.861)]

(Fig. 2b). Based on the aforementioned results, the selected

levels of EAs dehydration for cryopreservation were 0.25

and 0.43 g H2O g dm-1 for F. sylvatica and Q. robur,

respectively. These conditions induced limited injury of

EAs due to ice nucleation during the freezing process and

good regeneration for plants grown in vitro.

Survival following dehydration, vitrification

and cryopreservation of EAs

The embryo axes of both tree species (F. sylvatica and Q.

robur) were dehydrated to WC 0.25 or 43 g H2O g dm-1,

respectively, subjected to vitrification for 60 min in PVS2

or PVS3, and then submerged in LN2 to retain 70 and 40 %

post-cryo survival, respectively (Fig. 3). Exposure to

dehydration and vitrification in PVS2 for 60 min followed

by cryopreservation in LN2 resulted in a decrease in post-

thaw axes regrowth in F. sylvatica to 43 % and Q. robur to

30 % compared with vitrification in PVS3 (Fig. 3). In the

controls, the survival of dehydrated EAs slowly decreased

as the water content of these untreated axes was reduced,

which led to a significant reduction in seedling recovery

(Fig. 4). The fully hydrated control EAs of both species

that had not been exposed to LN2 and had not undergone

vitrification in the presence of PVS3 germinated at 80 and

100 %, respectively (Fig. 4). The rate of survival and

development of EAs in suborthodox F. sylvatica remained

high (70 %) when the WC was reduced to 0.25 g H2O

g dm-1 (r2 = 0.859) (Table 1; Fig. 4). Dehydration to WC

0.66 g H2O g dm-1 caused a 77 % reduction in the sur-

vival rate (Table 1; Fig. 4). For Q. robur, dehydration to a

low WC level of 0.25 g H2O g dm-1 evoked a significant

reduction in the survival rate of embryonic axes to 9 %

(r2 = 0.941). However, dehydration to WC 0.43 g H2O

g dm-1 and preculture in PVS3 solution was insufficient to

Fig. 2 Representative DTA scans a during the cooling of beech

single embryonic axes after dehydration to different moisture levels.

This indicated that the onset of ice nucleation occurred at -7.6 �C at

WC 2.12 g H2O g dm-1 and at 21.1 �C at WC 0.43 g H2O g dm-1.

b Relationship between water content and ice nucleation temperatures

during cooling in single embryonic axes of F. sylvatica and Q. robur

(P\ 0.001)

Fig. 3 Effect of different pretreatment times with PVS2 or PVS3

vitrification solutions on survival of F. sylvatica and Q. robur

embryonic axes following exposure to LN2. Embryonic axes of F.

sylvatica and Q robur before treatments were dehydrated to WC 0.25

H2O g dm-1and WC 0.43 H2O g dm-1, respectively. Error bars

represent ± SD of means of 5 replications. Asterisks indicate values

that are significantly different from the control according to the

Newman-Keuls range test; (P\ 0.05)
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guarantee the viability of Q. robur EAs. The positive effect

of the combination of these two treatments (dehydration

and the application of PVS3-based vitrification) is

unquestionable (Fig. 5). Recovery, corresponding to the

production of normal seedlings from treated EAs, was

observed after 30 days (Fig. 5). Dehydration and vitrifi-

cation in PVS3 solution followed by cryopreservation in

LN2 resulted in a loss of viability in F. sylvatica and in Q.

robur, when the WCs were 1.0 and 0.66 g H2O g dm-1,

respectively. This occurred due to intracellular ice in the

embryonic axes. The highest (over 40 %) survival for

suborthodox F. sylvatica EAs appeared when they had

been dehydrated to WC 0.25 g H2O g dm-1 and subjected

to cryopreservation in LN2. However, for Q. robur, the

highest survival score (35 %) was recorded with a

combination of dehydrating the axes to WC 0.43 g H2O

g dm-1 plus PVS3 and LN2 treatments (Fig. 4). A linear

regression revealed highly significant (P\ 0.01) positive

correlations between WC and the survival rate of EAs

subjected to vitrification and cryopreservation (r2 = 0.882

for F. sylvatica and r2 = 0.732 for Q. robur) (Table 1).

DNA methylation during in vitro culture

In fully hydrated (control) axes of F. sylvatica growing at

standard conditions, the global DNA methylation levels

estimated at 20, 30, and 120 days were 36.8, 16.7 and

21.4 %, respectively (Fig. 6). The highest methylation was

obtained after 30 days of F. sylvatica embryonic axes

growth following either vitrification or vitrification fol-

lowing cryopreservation. In EAs precultured in vitrification

PVS3 solution or following cryopreservation, the global

methylation level on the 30th day increased to 44.6 % from

approximately 3.0 % observed on the 20th day of culti-

vation. However, on the 120th day of growth, the global

methylation decreased to 13.7 %, which was the lowest

value in the F. sylvatica samples.

In the case of Q. robur, the DNA methylation after the

above-mentioned treatments and during in vitro culture led

to substantially fewer changes. No significant differences

were recorded during seedling development between the

treated samples and the controls. The degrees of global

DNA methylation in the control samples of Q. robur during

the growth periods of 20, 30 and 120 days were 22.4, 16.9

and 12.8 %, respectively (Fig. 6). A significantly higher

global DNA methylation level (23.1 %) was observed in

PVS3-treated EAs after 30 days of growing in vitro

(Fig. 6). This suggests that vitrification enhanced DNA

methylation during the first 4 weeks of growth. After

17 weeks, there was demethylation in all axes of both

species regardless of the treatment. The lowest methylation

levels (13.7 and 8.1 %) were reached in F. sylvatica and Q.

robur EAs, respectively, after 120 days of growth in the

cryopreserved axes (Fig. 6).

Fig. 4 Relationship between water content and survival of F.

sylvatica and Q. robur embryonic axes during the steps of

cryopreservation: dehydration to WC 0.25 H2O g dm-1and WC

0.43 H2O g dm-1, respectively, dehydration (control, non cryo-stored

samples), dehydration-vitrification in PVS3 and after both cycles;

dehydration-vitrification and exposure to LN2. Assessments were

performed for up to 6 months after culture of embryonic axes on

WPM medium. The results are expressed as the mean ± SD of ten

embryonic axes with three replicates. Asterisks indicate values that

are significantly different from the control according to the Newman-

Keuls range test; (P\ 0.05)

Table 1 Correlation coefficients (r2) and P values for linear regression between cryopreservation steps and shoot production as a percentage of

embryonic axes survival for F. sylvatica and Q. robur

Cryopreservation steps F. sylvatica Q. robur

r2 P value r2 P value

Dehydration (Deh) 0.859 <0.02 0.941 <0.02

Deh ? PVS3 0.964 <0.002 0.106 \0.86

Deh ? PVS3 and freezing in -196 �C 0.882 <0.01 0.732 <0.04

Percentages were subjected to square-root transformation prior to analysis in order to normalize the data

Analysis was carried out on morphologically normal shoots (6 weeks) after exposure to different cryopreservation steps: dehydration (Deh) and

dehydration and vitrification (Deh ? PVS3), and after both cycles and exposure in liquid nitrogen (-196 �C)

Bold values are statistically significant (P\0.05)
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Discussion

Thermal analysis of cellular water

The successful cryopreservation of EAs can be ensured by

controlling or avoiding intracellular ice nucleation. Ice

nucleation in living cells evokes serious consequences.

When liquid water is removed from the cells to the extra-

cellular space, solutions within the cell become more

concentrated and heterogeneous ice nucleation is reduced.

During this process, an important role is played by the level

of tissue hydration and the presence or absence of ice

nucleators (Jarząbek et al. 2009; Wisniewski et al. 2009;

Ishikawa 2014). DTA was used to determine the ice

nucleation of supercooled tissue water. Selected freezing

thermograms of dehydration-treated axes dried to various

moisture contents are presented in the Fig. 2a. The DTA

scan shows that water is supercooled during the cooling of

EAs. This is followed by an exothermic peak reflecting ice

crystallization (Fig. 2). In the extreme dehydration of tis-

sues, most or all freezable water is removed from the cells

and vitrification of the internal solution occurs during rapid

cooling. This avoids lethal intracellular ice crystallization

(Engelmann 2008). The DTA results showed that ice

nucleation was not observed below a certain WC threshold

(Fig. 2b).

Recovery of embryonic axes

Seeds of species belonging to the suborthodox category can

be safely dehydrated to lower moisture levels than species

that are recalcitrant; thus, the cryopreservation of sub-

orthodox EAs has a greater chance of success despite

release from dormancy (Pukacka and Ratajczak 2014). To

date, successful freezing in LN2 has been reported for EAs

in recalcitrant seeds of Acer pseudoplatanus (Pukacki and

Fig. 5 In vitro regeneration of seedlings from embryonic axes after

dehydration, pretreatment with PVS3 and cryogenic exposure in LN2,

of F. sylvatica (a–c), and Q. robur (e–g), after 20, 30, 120 days of

culture on WPM medium. Plants of F. sylvatica (d) and Q. robur

(h) originated from cryopreserved embryonic axes, regenerated plants

growing in the growth chamber

Fig. 6 Effects of cryopreservation steps on F. sylvatica and Q. robur

embryonic axes after dehydration only (control); dehydration and

pretreatment with PVS3; and both cycles and exposure in LN2, on global

DNA methylation during seedling development from embryonic axes on

WPM medium. The hypocotyls of seedlings were collected after 20, 30

and 120 days of culture on regeneration medium of embryonic axes.

Data are mean ± SD (n = 5). Asterisks indicate values that are

significantly different from the control (non cryo-stored samples) at

the time, according to the Newman-Keuls range test; (P\ 0.05)
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Juszczyk 2015), A. saccharinum (Beardmore and Whittle

2005), Quercus suber and Q. ilex (González-Benito et al.

2002). Seeds from the suborthodox category are interme-

diate between the orthodox and recalcitrant categories and

show a high sensitivity to low temperatures between 0 and

-20 �C (Hong and Ellis 1990). Suborthodox seeds fall

from the trees highly hydrated because they are not subject

to natural dehydration (Berjak and Pammenter 2008).

These seeds are tolerant to dehydration to WC 0.11 g H2O

g dm-1 (similar to orthodox seeds), and cryopreservation

of their EAs is substantially more effective (Poulsen 1992).

During extreme dehydration of explants, most or all

freezable water is removed from cells, and vitrification of

the internal solutes takes place during rapid exposure to

LN2 (Engelmann 2008). Notably, the seeds of the studied

species differ in their ability to germinate after being har-

vested from trees. The F. sylvatica seeds are characterized

by deep dormancy, whereas those of Q. robur are dormant

for only a short period after seed maturation. The dor-

mancy of F. sylvatica seeds can be broken by cold strati-

fication at 3 �C (Suszka et al. 1996). In this study, Q. robur

and F. sylvatica EAs were dehydrated to WC 0.43 and

0.25 g H2O g dm-1, respectively, and then subjected to

vitrification in PVS3 solution, thereby enabling safe

freezing in liquid nitrogen and post-thaw in vitro regener-

ation. We found that 40 and 35 % of EAs of F. sylvatica

and Q. robur, respectively, survived freezing in LN2.

Successful cryopreservation was obtained for Quercus

nigra and Q. falcata, the EAs of which were dehydrated to

WC 0.25 or 0.43 g H2O g dm-1 (Pence 1990). A negative

impact on the survival of the EAs was noted when they

were treated with PVS2 vitrification solution (Fig. 3).

Some studies have implied a relationship between

increased survival and higher DMSO content (Reed and

Uchendu 2008). The present study showed that the dehy-

dration of EAs of F. sylvatica to WC 0.66 g H2O g dm-1

resulted in 90 % survival, and that further dehydration to

0.25 g H2O g dm-1 reduced survival to 70 %, indicating

that F. sylvatica EAs were tolerant to dehydration to a low

WC (Fig. 4). Another study found that the dehydration of

whole seeds to WC 0.25 g H2O g dm-1 in Q. robur

reduced survival to 25 %; however, 93 % of the excised

EAs survived (Finch-Savage 1992). In our study, the sur-

vival of EAs of both species was high following vitrifica-

tion in PVS3 and dehydration to WC 0.43 and 0.66 g H2O

g dm-1. Exposure to PVS3 osmotically dehydrates cells at

a non-freezing temperature, and a vitrification solution

subjects cells to osmotic stress, thereby making it very

likely that some constituents will enter the cells. This

increases cytoplasm viscosity and decreases the glass

transition temperature. However, the penetrative nature of

some cryoprotectants may also result in toxicity (Fig. 3). A

significant decrease in survival occurred after EAs were

exposed to LN2. The freezing of EAs of both species in

LN2 at a high WC (1.0 g H2O g dm-1) led to cellular

damage via intracellular ice formation. This was a conse-

quence of damage to cytoplasmic membranes, which

results in increased ion flux (Pukacki and Juszczyk 2015).

Reactive oxygen species (ROS), such as superoxide anion

(O2
�-), hydrogen peroxide (H2O2) and hydroxyl radical

(�OH), represent direct factors contributing to membrane

injury and reduced EAs viability during the stages of cry-

opreservation (dehydration-vitrification and then plunging

in LN2) (Juszczyk and Pukacki 2013; Pukacki et al. 2011).

Similar evidence has been shown in studies of freezing

stress in wheat meristems (Kendall and McKersie 1989)

and Arabidopsis seedlings (Chen et al. 2015). ROS can

alter the physico-chemical properties of membranes,

causing them to lose a liquid-crystalline structure

(McKersie and Leshem 1994). The excessive production of

ROS can affect DNA sequences, gene expression and

protein profiles, which in turn may lead to mutational

changes and cell death (Olinski et al. 2003; Harding 2004;

Demidchik 2015; Ito and Kuraoka 2015). Therefore, an

efficient system utilizing antioxidants (low-molecular-

weight antioxidants and enzymes) during the post-cryo

recovery period in the dark (6 days) could prevent or

reduce the associated detrimental effects on frozen samples

(Pukacki and Juszczyk 2015), and thus facilitate survival

and development (Uchendu et al. 2010; Chen et al. 2015).

DNA methylation during in vitro culture

Symmetric methylation occurs most frequently (within

CpG dinucleotide sites), whereas asymmetric methylation

occurs less frequently (at CpNpNp sites). Studies of vari-

ous organisms have shown that DNA methylation is cor-

related with the methylation of lysine 9 of histone H3

(H3K9) (Wierzbicki and Jerzmanowski 2005). DNA

methylation is involved in many important biological of

processes, such as the regulation of gene expression, gene

silencing and genomic stigma (Guevara et al. 2011), and

plays an important role in plant phenology (Wisniewski

et al. 2015). There are many methods for determining DNA

methylation in biological material. In this paper, we

determined global DNA methylation using antibodies

directed against methylated cytosine in the CpG dinu-

cleotide. The highest level of global DNA methylation in

samples subjected to cryopreservation compared to a con-

trol was observed after 30 days of culture. This high level

of methylation was not maintained for an extended dura-

tion and was significantly lower after 120 days of seedling

culture (nearly equal to the control values) (Fig. 6). The

more resistant species of F. sylvatica had a stronger

response than the dehydration-sensitive Q. robur; however,

in F. sylvatica, methylation occurred during the same
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stages of the protocol. Such changes were not observed in

the recovered plants after the culture cycle. The long-term

implications of these temporal changes on the genetic

stability of cryopreserved shoots are currently unknown.

These findings suggest that molecular changes may be

essential in modulating the tolerance of F. sylvatica tissues

to cold stress. Similarly, the levels of DNA methylation

were decreased in the meristems of currants (Ribes) with

susceptible genotypes; in tolerant genotypes, the number of

methylated DNA sequences increased compared to controls

(Johnston et al. 2009). However, research by Peredo et al.

(2009) did not show epigenetic changes in two hop

accessions (Humulus lupulus) after 2 years of in vitro

micropropagation and after 12 cycles compared to field

plants. In the present study, the levels of DNA methylation

were high in both F. sylvatica (36.9 %) and Q. robur

(22.4 %) in control tissues cultured for 20 days. The dif-

ference in global DNA methylation between F. sylvatica

and Q. robur was significant. This result can be interpreted

as a genetic property, and these differences may be due to

the physiologically higher growth rate of EAs of F. syl-

vatica seedlings compared to Q. robur seedlings. However,

after 30 days of post-thaw EAs culture, global DNA

methylation remained highest in F. sylvatica tissues treated

with PVS3 solution only; this was also observed in those

cryopreserved in LN2 (44.6 and 47.8 %, respectively). In

Q. robur, the corresponding values were 23.2 and 16.6 %.

A further post-cryo culture of seedlings (to 120 days)

caused a significant decrease in DNA methylation in both

species compared to the control (to 13.7 % for F. sylvatica

and 8 % for Q. robur) (Fig. 6). This is consistent with

differences in global DNA methylation between meris-

tematic areas of juvenile and mature Pinus radiata (Fraga

et al. 2002). In contrast, no changes in DNA methylation

levels were observed in regenerated shoots of Ribes during

140 days of in vitro culture (Johnston et al. 2009). These

data indicate that global DNA methylation in the seedlings

that developed from EAs after cryopreservation was not

static and that it had unique dynamics during each devel-

opmental stage.

To achieve more effective cryopreservation via vitrifi-

cation in this work, we used PVS3 vitrification solution

instead of the more dangerous PVS2 solution. However, a

positive effect for PVS2 solution on tissue vitrification has

also been reported (Chartest et al. 1996; Maślanka et al.

2013). In our experiments, vitrification with PVS2 solution,

which contains toxic DMSO, significantly reduced the

survival of EAs (depending on the duration of treatment)

compared to vitrification in PVS3 (Fig. 3). Kaity et al.

(2008) studied the genetic stability of papaya shoots during

cryopreservation after vitrification with PVS2. Those

authors showed that the observed changes could be related

to the toxicity of DMSO as a component of PVS2. DNA

methylation plays a key role in the control of plant

development (Perez et al. 2015); thus, in our study, the

expression of genes responsible for the rooting of seedlings

may have started after 30 days of post-thaw culture. The

stronger development of the roots of F. sylvatica was likely

a result of major changes in DNA methylation in hypo-

cotyls. The genetic stability of cryopreserved plant explants

is usually high. Differences between the control tissues and

frozen tissues were not explained by the influence of the

cryopreservation process, but were thought to result from

tissue regeneration following cryopreservation (Harding

2004).

In our study, demethylation was detected in seedlings of

both species after 120 days. Demethylation has not been

thoroughly studied. This process (in the case of cryopre-

served EAs) was nearly fourfold more intensive in F. syl-

vatica than in Q. robur and amounted to 34 and 8 %,

respectively. Similarly, remarkable demethylation has been

found in cryopreserved explants of cultivars of Humulus

lupulus (Peredo et al. 2008). Substantial demethylation of

DNA during cryopreservation has also been demonstrated

in Fragaria gracilis (Hao et al. 2002a) and Malus pumila

(Hao et al. 2002b). To a lesser extent, but with a similar

trend, global DNA demethylation occurred in EAs sub-

jected only to vitrification in PVS3. These results are

consistent with the hypothesis of Viejo et al. (2012) stating

that demethylation is necessary for changes in gene

expression to initiate each stage of ontogenetic develop-

ment in plants.

Conclusions

The EAs of F. sylvatica are characterized by a significantly

better growth post-cryo survival rate and higher tolerance to

dehydration and low temperatures than the EAs of Q. robur.

The best conditions for post-cryo survival of EAs of both

species was dehydration to WC 0.25 and 0.43 g H2O

g dm-1 for F. sylvatica and Q. robur, respectively, and

vitrification with PVS3 for 60 min prior to cryopreserva-

tion. This may be linked with the greater tolerance to des-

iccation of F. sylvatica embryonic axes. However, the long-

term implications of these temporal changes on the genetic

stability of cryopreserved embryonic axes have not yet been

determined, so further analyses are needed to confirm

whether the stress caused by cryopreservation influences the

behavior of plants in field conditions, as well.
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