
Hazubska‑Przybył et al. Plant Methods           (2024) 20:10  
https://doi.org/10.1186/s13007‑023‑01131‑w

RESEARCH Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Plant Methods
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Abstract 

Background Cryopreservation makes it possible to preserve plant biodiversity for thousands of years in ex 
situ storage. The stepwise dehydration method is a simple and versatile cryopreservation technique based 
on the vitrification phenomenon. However, the commonly used dimethyl sulfoxide (DMSO) in this cryopreservation 
technique is considered harmful for plant material, thus alternative methods are needed to be applied.

Results In this study, the possibility of cryopreservation of embryogenic tissues (ETs) of Abies alba x A. numidica 
and Pinus nigra was investigated. Before freezing, ETs were partially dehydrated in the presence of increasing 
concentrations of sucrose (from 0.25 to 1.0 M) for 7 days, followed by desiccation of the tissues over silica gel for 2 
and 2.5 h, respectively. After these pretreatments, the plant material was frozen in liquid nitrogen (LN; –196 °C). 
For both coniferous trees the ET survival rate was high and reached 84.4% for A. alba x A. numidica (28 days) and 86.7% 
for P. nigra (35 days) after recovery of the tissues from liquid nitrogen (LN). The regenerated tissue of A. alba x A. 
numidica was characterized by more intense growth after storage in LN compared to tissue that had not been 
cryopreserved (control). The tissue of this tree also undertook relatively rapid growth after thawing from LN. In turn, 
the ET growth of P. nigra was significantly lower after thawing compared to the other treatment.

Conclusions The present study demonstrated, that the stepwise dehydration method could be successfully 
applied to the cryostorage of ETs of both studied trees. To the best of our knowledge, this is the first report on ET 
cryopreservation based on this method for Abies and Pinus genus representatives, which may be the alternative way 
for efficient, long‑term preservation of germplasm in LN.

Keywords Abies hybrids, Pine, Somatic embryogenesis, Osmotic dehydration, Ex situ conservation

Background
Cryopreservation is a safe and cost-effective method for 
the long-term conservation of various plant materials, 
such as seeds, dormant buds, apices, embryogenic 
tissues (ETs), and somatic and zygotic embryos, of 
numerous plant species including trees [1–5]. It also 
does not induce genetic alterations and preserve the 
regeneration potential of the stored plant material [6]. 
Using this method, it is possible to preserve valuable 
gene resources of forest trees ex situ. It is especially 
important in the case of exceptional species, which 
are challenging or even impossible to conserve 
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using conventional ex situ methods [7]. Thanks to 
cryopreservation, the morphogenetic potential and 
features of given cell lines are preserved, including the 
ability to produce specific secondary metabolites [8]. 
It is also possible to select genotypes resistant to biotic 
factors [9, 10]. Cryopreservation has also been used 
to eliminate viruses [11]. At the turn of the 1980s and 
1990, in the experimental research into liquid nitrogen 
(LN) was introduced, a very diverse material from 
in vitro cultures, e.g. pollen [12], spores [13], shoot tips 
[14, 15], embryogenic cultures [16, 17]. In combination 
with somatic embryogenesis (SE), the method enables 
the production of somatic seedlings for commercial 
purposes and in pilot silvicultural programs, for example, 
in countries such as Canada, New Zealand, France, 
Sweden, and the United States [18–22]. SE is the most 
suitable micropropagation method used for commercial 
reforestation. It allows to obtain better results compared 
to organogenesis and rooted cuttings; therefore, it is 
applied to accelerate the tree breeding cycle and to 
produce clonal trees from improved individuals [23]. In 
conifers, ETs are the most suitable for cryopreservation 
because they are actively growing structures composed 
of cells that can be easily suspended in liquid [23]. 
Therefore, the most valuable genotypes of given species 
of tree can be selected and stored in gene banks in the 
form of ETs for further use in breeding programs. The 
cryostored tissues may be used at any time, and produce 
somatic seedling under in vitro culture conditions.

Embryogenic cultures of conifers are cryostored using 
(mainly) the slow-freezing method [24–28]. However, 
currently, other cryopreservation techniques are avail-
able, for example, encapsulation-dehydration and vit-
rification [29]. In vitrification-based procedures, plant 
material is exposed to concentrated cryoprotective media 
and/or air-dried and then frozen rapidly in LN. As a 
result, the water content of the cells is reduced to a level 
that allows the safe freezing of the material at ultralow 
temperatures, without the risk of ice crystal formation 
in the cells. Thus, the critical stage in these methods is 
the dehydration, not the freezing stage. The plant mate-
rial should be amenable to decreasing the tissue’s water 
content. Moreover, these methods are less complicated 
compared to classical methods. They do not require spe-
cial equipment such as controlled freezer, and can be 
applied more widely, for different cell types. Pre-growth 
dehydration is one of the eight vitrification-based proce-
dures described by Engelmann [29]. It has been success-
fully applied to oil palm polyembryonic cultures, coconut 
zygotic embryos, asparagus stem segments and pedun-
culate oak somatic embryos [30, 31]. ETs of Picea abies 
(L.) H. Karst and P. omorika (Pančić) Purk. have also been 
maintained in LN with good results using this simple 

cryopreservation method [3, 32]. The main advantage of 
this procedure is that it does not require a programma-
ble freezer, expensive equipment, or the use of dimethyl 
sulfoxide (DMSO), which is considered harmful to plant 
material stored in LN. For example, Finkle et  al. [33] 
claimed that DMSO used at a concentration of 2–10% 
may contribute to genetic, epigenetic, and other changes 
in cells of higher plants.

Silver fir (A. alba Mill) and Black pine (P. nigra Arn.) 
are the conifers trees that are native to Central and, in 
case of pine, also southeastern Europe. Due to the effect 
of higher pollution in the environment, the populations 
of silver fir have declined, for example in Slovakia. Dur-
ing the past decades, an extensive hybridization program 
was running with the aim of developing intra- and inter-
specific hybrids of Abies [34–37]. During the program, 
hybrid seeds were obtained, and except for the follow-
ing development of hybrid seedlings in soil, attention has 
been paid to modern in vitro methods of plant propaga-
tion, predominantly somatic embryogenesis. Embryo-
genic tissues have been initiated in immature and mature 
zygotic embryos. The tissues have been successfully 
maintained under in vitro conditions, and after matura-
tion of early somatic embryos, somatic seedlings were 
obtained [38–41].

P. nigra is a South European pine introduced to Slo-
vakia in the past. The occurrence of individual trees or 
isolated stands may be found throughout the entire ter-
ritory of the country. It has been reported the growth 
potential and output of the mentioned stands are com-
parable to those of several native species, such as Fagus 
sylvatica, Carpinus betulus, or Quercus cerris [42]. The P. 
nigra trees are recommended as pioneer trees convenient 
for recultivation of degraded or devastated soils and or 
bioindicators of environmental pollution [43]. Somatic 
embryogenesis and somatic seedlings regeneration in P. 
nigra was initiated repeatedly in several seasons [44–46].

The aim of our investigations was to verify whether the 
pre-growth dehydration method we developed for two 
Picea spp. [3, 32] will also be efficient in other coniferous 
trees such as Abies hybrid and P. nigra Arn. We tested the 
ETs of the Abies alba x numidica hybrid and P. nigra. In 
this study, we described the successful cryopreservation 
of both trees using the above mentioned method.

Methods
Plant material
Female strobili of silver fir (A. alba Mill.) growing 
in a natural forest stand in Slovakia were pollinated 
with pollen of Algerian fir (A. numidica de Lannoy ex 
Carrière) in early May. The cones containing hybrid 
seeds were collected during July and August, and 
the green cones of P. nigra in the first half of June. 
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Geographical coordinates at the nature stand are: 
Latitude 48°18´ 35.61 “N, Longitude 18° 5´9.15 “E, and 
altitude 400 m. After collection, the cones were stored in 
paper bags in the refrigerator at 4  °C for 6–7  days. The 
seeds were excised from cones and surface-sterilized 
with 10%  H2O2 for 10  min and rinsed 3–4 times in 
sterile distilled water. The integument was removed, 
and megagametophytes containing immature zygotic 
embryos were used as explants. For initiation of somatic 
embryogenesis, immature seeds isolated from green 
cones collected 2–3 months after pollination were used. 
The initiation of the AN72 cell line was done according 
to the protocol Salajova et  al. [39]. Shortly, the isolated 
megagametophytes were placed on the surface of solid 
SH medium [47] containing 6-benzyladenine (BA) as the 
sole plant growth regulator. The initiated embryogenic 
tissue was maintained on the same solid medium for 
6 years in darkness at 22  °C, following, the SH medium 
was replaced by medium DCR (containing the same 
plant growth regulator), elaborated specially for in vitro 
cultivation of conifer tissues [48]. The cell line AN72 was 
chosen for experiments due to the high proliferation rate 
on solid medium and maturation capacity. During the 
long-time cultivation, the production of cotyledonary 
somatic embryos was monitored [49]. The cell line 
produced well developed cotyledonary somatic embryos 
during the cultivation period.

In turn, the cell line E314 was initiated from an imma-
ture zygotic embryo enclosed in megagametophyte 
explant. According to microscopic observations, the 
zygotic embryo at the time of green cones collection 
and initiation was in the precotyledonary developmen-
tal stage [50]. The initiation medium DCR [47] was sup-
plemented with  9  µM 2,4-D (2,4-dichlorophenoxyacetic 
acid) and 2.2  µM BA. The initiated tissue (E314) was 
white and mucilaginous consistency. Microscopic obser-
vations of the tissue revealed bipolar structures—somatic 
embryos typical for conifers. The cell line was vigorously 
growing and maintained on a solid DCR medium, the 
same as for initiation. Both induction and proliferation 
were performed in darkness at 22 °C.

Cryopreservation protocol
ETs of A. alba x A. numidica and P. nigra were treated 
for 7  days with increasing concentrations of sucrose 
(0.25  M for 24  h; 0.5  M for 24  h; 0.75  M for 2  days, 
and 1  M for 3  days) in DCR solid medium. After this 
treatment, ETs were air-dried over silica gel (at 25  °C) 
for 2 and 2.5  h, respectively. Clumps of ET (the aver-
age weight of a clump with a diameter of 0.5  cm was 
about 0.200  g) were placed on the sterile nylon mesh 
cloth, sterilized in an autoclave (5 clumps per Petri dish 
with a 90-mm diameter) over silica gel (30 ml of gel per 

90-mm Petri dish). The Petri dishes were closed, para-
film—wrapped, and placed in an incubator. The water 
content of plant material after cryoprotection alone and 
after both cryoprotection and air desiccation was deter-
mined before freezing ETs in LN according to [3]. As a 
control, ETs proliferated under in  vitro culture condi-
tions for 7  days without any treatments. After desic-
cation, ETs of A. alba x A. numidica and P. nigra were 
placed in empty, sterile 1.5-ml cryovials, rapidly frozen, 
and maintained in LN for 2 weeks or 24 h, respectively.

For cryopreservation of ET of A. alba x A. numidica, 
three Petri dishes with five pieces of tissue were used 
in each replicate. The experiment was repeated three 
times. A total of 240 clumps were tested for this Abies 
hybrid. For this hybrid, survival and regrowth were 
determined under control conditions (C) and after ET 
storage in LN (LN). In the case of P. nigra ET, four Petri 
dishes with five pieces were used. The experiment was 
conducted one time. A total of 75 clumps were tested. 
For black pine, the survival and regrowth were also 
measured during the preparation of tissue for freez-
ing in LN, i.e., after ET treatment with sucrose (0.25–
1.0  M; S) and after treatment with sucrose and then 
drying over silica gel (SSG).

Recovery after cryopreservation
To recover the tissues after cryopreservation, the samples 
were quickly thawed in a water bath at 42  °C. Next, the 
samples were rehydrated on the same media, however, 
with decreasing concentrations of sucrose. In the case 
of A. alba x A. numidica, the samples were treated 
with a solid medium supplemented with 1.0–0.25  M 
concentration of sucrose for 1.5 h for each concentration, 
and in the case of P. nigra with 0.75–0.25  M for each 
dose of sucrose for 40 min. Then, ETs were placed on the 
proliferation medium for 4 weeks (A. alba x A. numidica) 
and for 5 weeks (P. nigra). During that time, the recovery 
rate and growth of ET in the one-week intervals were 
evaluated. During the last week, the level of tissue 
survival and mean regeneration time after recovery from 
LN were determined. The tissue survival was analyzed as 
binomial data, counting each growing clump as a success 
and the dead clump as a failure. Subsequently, logistic 
regression was estimated to compare each treatment. 
The weight of the ET samples growing in  vitro after 0, 
7, 14, 21, and 28 days of proliferation were measured to 
observe the latter growth. ET clumps with a diameter of 
approx. 0.5 cm and an average weight of approx. 0.200 g 
(both parameters were measured at the beginning of 
the experiments) after thawing were placed on the 
proliferation medium and weighed at specified time 
intervals using a laboratory scale from Sartorius AG 
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Göttingen Germany type BP 301S. The means of three 
(A. alba x A. numidica) or four replicates (P. nigra) are 
reported values.

Microscopic analysis
The fluorescein diacetate (FDA) test was used to deter-
mine the viability of recovered ET of A. alba x A. numid-
ica and P. nigra. Surviving cells were visible as bright 
yellow–green colour under UV illumination (confocal 
microscope Leica SP  5). During proliferation, the ETs 
were stained with acetocarmine (2%) and observed under 
a light microscope (AxioVisionL rel. 4.8 program, New 
York, NY, USA, using a 5 × lens) to check the presence of 
early-stage somatic embryos in cryopreserved tissues.

Statistical analysis
Data were analysed using R statistical computing 
software [51]. The regrowth of ET after freezing at LN 
was analysed using logistic regression binary distribution 
(growth—success, dead—failure). The data were checked 

for overdispersion using the DHARMa package [52]. ET 
growth was analysed using two-factor ANOVA (levels: 
time and treatment). Assumptions of ANOVA were 
checked using diagnostic plots. Post hoc analysis was 
performed using Tukey’s test with the emmeans package 
[53].

All methods were performed in accordance with the 
relevant guidelines and regulations.

Results
ETs of A. alba x A. numidica and P. nigra were success-
fully cryopreserved by a pre-growth dehydration method. 
In this method, the gradual desiccation of fir hybrid ET 
resulted in a decrease in water content from 96 to 70% 
after increasing the concentration of sucrose treat-
ment, and it reached 31.6% before freezing ET in LN 
(after sucrose treatment and desiccation over silica gel; 
Table 1). In the case of P. nigra, the treatment of the tis-
sue with increasing doses of sucrose-containing media 
resulted in 67.7% water content in ET, and the subse-
quent desiccation of the tissue over silica gel resulted in 
27% water content (Table 1). We found a statistically sig-
nificant relationship between the two desiccation treat-
ments and the control in terms of changes in the tissue 
water content of both tested tree species.

Directly after thawing of A. alba x A. numidica and P. 
nigra ET, the FDA test demonstrated that cells from the 
embryonic regions of early-stage somatic embryos in 
cryopreserved ET survived freezing in LN (Fig.  1a). In 
contrast, the suspensors were not visible because they 
were destroyed during freezing in LN. The later staining 
of ETs with acetocarmine, after proliferation for a few 

Table 1 Water content of A. alba x A. numidica and P. nigra ETs 
after treatment with the cryoprotective media and after 2 or 2.5 h 
of air desiccation over silica gel

Mean ± standard error; p ≤ 0.05; Tukey’s test

Preculture ET moisture content, %

A. alba × A. numidica Control 96.0 ± 0.397 a

Sucrose 70.1 ± 0.273 b

Sucrose + Silica Gel 31.6 ± 0.042 c

Pinus nigra Control 96.1 ± 0.088 a

Sucrose 67.7 ± 0.408 b

Sucrose + Silica Gel 27.0 ± 0.755 c

Fig. 1 Viable cells of embryogenic regions of early‑stage somatic embryos of P. nigra visible after staining the cryostored tissues based 
on the fluorescein diacetate (FDA) test (a). Early‑stage somatic embryos of P. nigra (b) observed after acetocarmine staining (ERembryogenic region; 
Ssuspensor). Bars = 200 µm
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weeks on DCR medium, revealed the presence of fully 
formed early-stage somatic embryos with embryogenic 
regions and suspensors (Fig. 1b), which regenerated after 
cryopreservation by the tested method.

The thawed tissue of A. alba x A. numidica was 
characterized by more intense growth compared to 
tissue that had not been cryopreserved. The tissue of 
this tree undertook relatively rapid growth after thawing 
from LN. The mean regrowth time was 12  days after 
thawing (Fig. 2a and Table 2), while the ET of P. nigra was 
17.9 days (Fig. 2b and Table 2). At that time, we observed 
the first characteristic white ‘flocs’ of tissue on the surface 
of the smooth clumps (Fig. 3) in both tree species. It was 
noticed that ETs from the control treatments regenerated 
during 7 days on average (Fig. 2a and Table 2). In the case 
of P. nigra, after sucrose pretreatment and air desiccation, 
regeneration took 7–9  days (Fig.  2b and Table  2). After 
cryopreservation, the ET regrowth rate was slower, 
however during subsequent weeks gradually increased 
in both tested coniferous trees. Finally, the survival 
reached 84.4% for A. alba x A. numidica and 86.7% for 
P. nigra after 28 and 35 days of recovery of ETs from LN, 
respectively (Table 2).

The increase in A. alba x A. numidica tissue mass 
significantly depended on the treatment and time. 
While the interaction between these factors did not 
have a significant effect, and the weight increased 
at a similar rate in both tested treatments (Fig.  4a). 
However, surprisingly, ET growth was higher in the 
tissue stored in LN than in noncryostored tissue. In 

contrast, we observed an inverse relationship in the case 
of cryopreserved P. nigra ET (Fig.  4b). In this case, the 
ET mass growth was significantly higher for tissue from 
the control treatment (not subjected to osmotic and air 
dehydration) and for tissue pretreated with sucrose for 
7  days than for tissue cryoprotected and stored in LN 
(Fig. 4b). The ability to grow ETs of both tree species after 
storage with the tested method indicates that the pre-
growth dehydration method could also be used in the 
cryopreservation of genetic resources of conifers other 
than spruce species.

Fig. 2 Logistic model of regrowth success of A. alba x A. numidica (a) and P. nigra (b) ETs during particular cryopreservation steps, C—Control—
fresh ET, not cryopreserved; S—ET after treatment with sucrose (0.25–1.0 M) for 7 days; SSG—ET after treatment with sucrose (0.25–1.0 M) for 7 days 
and after air desiccation over silica gel (2 h in A. alba x A. numidica and 2.5 h in P. nigra); LN—ET after stepwise desiccation, freezing and thawing 
from LN

Table 2 A. alba x A. numidica and P. nigra ET survival after 28 and 
35 days of growth on proliferation medium, respectively

C—Control—fresh ET, not cryopreserved; S—ET after treatment with sucrose 
(0.25–1.0 M) for 7 days; SSG—ET after treatment with sucrose (0.25–1.0 M) for 
7 days and after 2 (A. alba x A. numidica) or 2.5 h (P. nigra) air desiccation over 
silica gel; LN—ET after stepwise desiccation, freezing and thawing from LN. 
Mean ± standard error; p ≤ 0.05; Tukey’s test

Species Preculture ET regrowth, % Mean 
regrowth 
Time, days

A. alba x A. numidica C 100.0 ± 0.00 a 7.0 ± 0.00 a

LN 84.4 ± 2.94 a 12.0 ± 0.63 b

P. nigra C 100.0 ± 0.00 a 7.0 ± 0.00 a

S 100.0 ± 0.00 a 7.0 ± 0.00 a

SSG 100.0 ± 0.00 a 8.8 ± 1.75 a

LN 86.7 ± 13.33 a 17.9 ± 4.21 b
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Discussion
The obtained research results demonstrate that the pre-
growth  dehydration method is effective not only for 
spruce species [3, 32] but also for fir hybrid and black 
pine ET cultures. The survival rate for ET of A. alba x A. 
numidica (84.4%) and for P. nigra (86.7%) using this cryo-
preservation method was even higher than that obtained 
for ET of P. abies—54.4% [3]. Slightly better results of 
cryopreservation of ETs of A. alba x A. numidica (also 
cell line AN72) and P. nigra were obtained by Salaj et al. 
[24, 54], who used a slow freezing method. Those authors 
reported a 100% survival rate for all frozen lines of A. 
alba x A. numidica and 87.5% for seven out of eight fro-
zen cell lines of P. nigra.

The slow freezing method is operationally complex 
because it requires the application of sophisticated 
and expensive programmable freezers [2]. In turn, pre-
growth dehydration involves the desiccation of plant 
material before its freezing in LN using glucose or 
sucrose. According to Suzuki and coworkers [55], both 
sugars induce desiccation tolerance by osmotic dehydra-
tion. For example, induction of desiccation tolerance was 

reported for somatic embryos of Medicago sativa [56] or 
ET of Quercus robur [31] after pretreatment with a high 
sucrose concentration. This type of tolerance was also 
induced in ETs of P. abies and P. omorika in our previous 
investigations using a multistep approach [3, 32]. During 
osmotic dehydration, a simultaneous flux of water and 
solutes from and into cells occurs. Using this method, it 
is possible to reduce the water content in the plant mate-
rial from 30 to 70% [57]. According to Yadav and Singh 
[57], osmotic dehydration is one the most suitable meth-
ods to increase the shelf life of fruits and vegetables and 
is often used before air desiccation.

ETs of A. alba x A. numidica and P. nigra, similar to 
both spruce species studied earlier, were characterized 
by high water content (96%), and they required its 
elimination to some extent to avoid its crystallization 
into ice before freezing in LN. Using multistep treatment 
and air-desiccation (2.5 or 2.0  h) gel, we reduced the 
water content of the tissues to 70.1 and 67.7% and then 
to 27 and 31.6% for P. nigra and A. alba x A. numidica, 
respectively. However, the final water content in these 
tissues was slightly higher than that in tissues of both 

Fig. 3 Regrowth of thawed ET clumps of A. alba x A. numidica and P. nigra in 12 and 28 days of in vitro culture, respectively. C—Control = fresh, 
non‑cryopreserved ET (a and c); LN—ET after storage in LN (b and d). Bar = 10 mm
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spruce species [3, 32]. In these cases, the desiccation of 
the tissues for 2  h (after previous osmotic dehydration) 
resulted in a reduction of the water content to 
approximately 20%. The obtained results indicate that the 
ETs of Abies and Pinus differ slightly from those of the 
tested spruces because they are slightly less susceptible to 
water loss. This difference is probably due to differences 
in the occurrence of the same metabolites, e.g., sugars, 
in the cells or due to the differences in the structure of 
the cell walls of ET cells in these trees. Despite this, we 
eventually obtained the successful cryopreservation of 
tissues dehydrated to this rate. In order to simplify the 
cryopreservation procedure applied for Picea spp. [3, 
32], we introduced two modifications to the previously 
used procedure at the stage of hydration of P. nigra 
tissue after its thawing from cryostorage. Namely, the 
thawed ET was transferred directly to the medium 
with 0.75  M sucrose concentration, omitting the 1.0  M 
concentration. In addition, the dehydration time of ET on 
individual concentrations was reduced to 40 min instead 
of 1.5  h, as was routinely done. The methodological 
modifications applied during ET rehydration did not 
reduce either ET survival or its regrowth under in vitro 
culture. We, therefore suppose that for some ET lines 
of coniferous species, it will be possible to speed up the 
cryopreservation process at this procedure stage.

ETs of both tree species started regrowth after thaw-
ing at different times, although in the Control treatment, 
the mean regrowth time was the same (see Table 2). Even 
sucrose treatment and further air desiccation did not 
limit the P. nigra ET time regeneration. ET of A. alba x 
A. numidica, started the regrowth during 12  days, and 
ET of P. nigra during approx. 18  days of culture on the 
proliferation medium after thawing. In both cases, ETs 
were white and mucilaginous with characteristic ‘flocs’ 
on the surface of clumps, and they looked like before cry-
ostorage (see Fig. 3). Recovered ETs were able to prolifer-
ate similarly to ETs of Picea omorika and P. abies in our 
previous studies [3, 32], although at the beginning, their 
growth was slow (see Fig.  2). At the 7  day of the main-
tenance on the proliferation medium, ET regrowth suc-
cess was approx. 0.30 for Abies hybrid and approx. 0.25 
for P. nigra. Much more intensive ET regrowth started 
after 21 and 28 days, respectively. For comparison, Salaj 
and coworkers [24, 54] reported that after the application 
of the slow-freezing method, the regrowth of ETs in both 
A. alba x A. numidica and P. nigra started approximately 
one week after thawing from LN and massive growth 
occurred 14  days after thawing. We suppose that the 
particular cell line E413 used in our present experiments 
requires a longer time for recovery.

Cryopreservation via the slow freezing method is the 
most commonly used method in conifers [6, 27, 58, 59]. 
However, in this method, dimethyl sulfoxide (DMSO) 
is used, which can cause some genetic alterations [33, 
60, 61]. Furthermore, it is also believed that differ-
ent genotypes may be susceptible to genetic variation 
to different degrees [62]. Therefore, the availability of 
other cryopreservation methods that are not based on 
the use of DMSO is, in our opinion, desirable, which is 
also partly justified by the results of the study obtained 
by Nawrot-Chorabik and Sitko for A. nordmanniana 
[63], confirming the possibility of cryopreservation 
of embryogenic cultures without the need to use this 
cryoprotectant. These authors showed that of the two 
cryoprotectants tested, abscisic acid (ABA) was more 
effective compared to DMSO. This is also consistent 
with the result we obtained for P. abies, where the use 
of ABA had a beneficial effect on the cryopreservation 
and regeneration of somatic embryos from cryopre-
served tissue [3]. In the case of A. nordmanniana, tem-
perature balancing during rapid thawing and freezing 
of samples also had a positive effect, which resulted in 
a significant increase in tissue survival rate compared 
to the slow freezing and thawing method. Salaj et  al. 
[24, 54] demonstrated that although the slow freezing 
method was used for P. nigra and A. alba x A. numidica 
ET cryopreservation, an RAPD analysis did not detect 
any genetic changes; thus, these findings confirm the 

Fig. 4 Growth of A. alba x A. numidica  (a) and P. nigra (b) ET lines 
during 28 days and 35 days, after recovery from LN, respectively. 
C—Control = fresh, non‑cryopreserved ET; S—ET treated 
with sucrose and SSG—ET treated with sucrose and silica gel (only 
P. nigra measured); LN—ET after storage in LN. Mean ± SE; ANOVA 
with Tukey’s test; ns p > 0.05; *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001
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genetic fidelity of the studied ETs stored in this way. 
The pre-growth  dehydration method we tested elimi-
nates the need to use DMSO. Our previous research 
demonstrated that the method we tested did not result 
in any genetic modification in cryopreserved P. abies 
ETs or in somatic embryos derived from these tissues 
after analysing 5 microsatellite loci in DNA [3]. Thus, it 
may be used for cryopreservation of conifer ETs as an 
alternative to the slow freezing method if DMSO may 
have a detrimental effect on the cryopreserved mate-
rial. However, at the present research stage, there is a 
need to verify whether DMSO truly causes changes in 
the genetic material of cryopreserved tissue based on 
the latest molecular techniques.

Long-term storage of embryogenic callus of conifer-
ous trees using safe cryopreservation methods offers 
great opportunities both at the economic (testing of 
elite genotypes for the needs of clonal forestry, e.g., in 
terms of wood productivity, resistance to pests, etc.) 
and ecological level (preservation of biological diversity, 
based on unique genotypes). Selection can be carried 
out for the most valuable genotypes, including those 
with interesting breeding characteristics. It may also 
concern unfavourable biotic [9] and abiotic [64, 65] fac-
tors affecting trees. In previous experiments altogether, 
25 cell lines of P. nigra were selected with the aim to test 
their regeneration ability after cryopreservation [66, 
67]. Subsequently, the regenerated tissues were used 
in maturation experiments using abscisic acid (94 µM) 
and maltose 6 to 9% [45]. Out of tested cell lines, 11 of 
them produced mature somatic embryos, capable of 
germination with frequencies 10.8–61,6–70.5%. Simi-
larly, for Abies hybrids, cell lines characterized with 
regeneration capacity to develop mature embryos and 
regenerate plantlets/somatic seedlings were selected 
[54]. The cryopreserved tissues showed high regenera-
tion capacity and produced mature somatic embryos 
capable of further development [54].

In conclusion, the pre-growth dehydration method 
tested in this study appeared to be efficient for the cry-
ostorage of ETs of coniferous species other than spruces. 
Thus, in our opinion, it may be used as an alternative to 
slow freezing, especially for ET genotypes, which would 
be susceptible to genetic changes, using this method.
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