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Abstract
The aim of the present study was to determine the optimum parameters for high regrowth

following cryostorage (− 196 °C) of seven endemic and endangered Dianthus species. A
cryopreservation approach based on a droplet-vitrification protocol was successfully

applied using explants (shoot apices and axillary buds) from a collection of in vitro grown

Dianthus species. The plants were micropropagated for two years prior using them as

explant donors. Osmoprotection in different sucrose concentrations and various dehydra-

tion durations in the plant vitrification solution (PVS2) were tested to assess survival and

regrowth following cryostorage. The regrowth rates after cryostorage ranged between 63%

(D. glacialis ssp. gelidus) and 73% (D. nardiformis) and were achieved after osmopro-

tection in 0.5 M sucrose and 30 min dehydration in PVS2 for D. glacialis ssp. gelidus and
osmoprotection in 0.25 M sucrose and 30 min dehydration in PVS2 for D. nardiformis. The
morphogenetic response to liquid nitrogen storage was direct multiple shoot formation for

both non-cryopreserved and cryopreserved explants for all species. This biotechnological

approach can be efficiently applied for the ex situ conservation of endemic and endangered

Dianthus species to ensure the long-term conservation of biodiversity.
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Introduction

Climate changes, habitat destruction and loss, are significant threats to global biodiversity

and ecosystem integrity (Urban 2015) which have already affected plant diversity

worldwide (Nunez et al. 2019). Moreover, endemic plant species are usually more vul-

nerable to anthropogenic threats (Coelho et al. 2020). In Europe, as region with long land

use history, the European Union was determined to set new policy goals to preserve

biodiversity (De Meester et al. 2011). Arguments for the importance of biodiversity

conservation including a multi-national exploration of stakeholder’s views, have been

comprehensively revised and analyzed (Berry et al. 2018), demonstrating the importance

of a constructive dialogue for a better understanding of the value of biodiversity to decision

makers (Tinch et al. 2018). International organizations, such as the International Union for

Conservation of Nature (IUCN) and others are making constant efforts to safeguard as

many species as possible (IUCN 2014). Plant conservation strategies are crucial also due to

excessive human impact on natural landscapes which in some cases led to loss endemic

species or habitats (Hunter 2007). Since these species are restricted to particular areas the

susceptibility to getting extinct is higher (Işik 2011). It is assumed that, approximately one

fifth of the world’s plants are at risk of extinction (Wade et al. 2016) thus, preventing their

extinction should be a priority of the scientific community.

Currently, there are two common complementary strategies for the conservation of plant

genetic resources, in situ conservation where plant species are maintained in their natural

habitat, and ex situ conservation where plant species are conserved outside their natural

habitats, in botanical gardens and gene banks, ranging from seed genebanks to in vitro

conservation facilities, including cryopreservation genebanks and DNA libraries (Engel-

mann 2012; GSPC 2012; Peres 2016; O’Donnell and Sharrock 2018). In the selection of

the most appropriate conservation approach for a specific plant gene pool, various criteria

should be considered, including both the storage characteristics of the species and the

reliability of the chosen methods (Cruz-Cruz et al. 2013). The Millennium Seed Bank

conserves seed collections originating from 189 countries and 35 biodiversity hotspots of

which 74% of taxa represents endemic, endangered or species with economic, ecological

or scientific value (Liu et al. 2018). In vitro propagation techniques have been successfully

applied for the short to medium-term conservation of certain plant species that might be at

risk or are grown in threatened habitats (Cristea 2010; Laslo et al. 2011; Hammond et al.

2019; Kulus 2019). Likewise, cryopreservation (− 196 °C) is a feasible alternative for both
orthodox seeded species, to complement other conservation strategies and for plant species

that do not produce viable seeds or the seeds are ‘recalcitrant’ being desiccation sensitive

(Izgü and Mendi 2017). Currently, cryopreservation is the only available technique for the

safe long-term storage of clonally propagated plant species (Kulus and Zalewska 2014;

Umesha 2019).

The South-Eastern Carpathians have a high distribution of endemic taxa including

numerous Dianthus species (Mráz and Ronikier 2016). Dianthus genus (Family

Caryophyllaceae) has importance due to the large number of endemic and/or threatened

species some of them with economic value due to its potential ornamental use (Jarda et al.

2011). The Romanian flora comprises approximately 21% endemic taxa of this genus

(Ciocârlan 2009) of which 30% are on the Red List (Dihoru and Negrean 2009). Studies

related to micropropagation and medium-term preservation of some endangered Dianthus
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species have been reported (Cristea 2010; Cristea et al. 2006, 2010, 2013, 2014; Holobiuc

et al. 2009a, b; Jarda et al. 2011; Marković et al. 2013). Cryopreservation studies have been

reported mainly for different ornamental Dianthus species and cultivars and only for one

endemic taxa (Dianthus giganteus ssp. banaticus) using different techniques including:

two-step cooling (Fukai et al. 1991), encapsulation-dehydration and encapsulation-vitrifi-

cation (Tannoury et al. 1995; Tannoury and Vintejoux 1997; Halmagyi and Lambardi

2006; Halmagyi and Deliu 2007), PVS2-droplet freezing, DMSO-droplet freezing (Hal-

magyi and Lambardi 2006), and aluminium cryo-plate vitrification (Sekizawa et al. 2011)

and vitrification-based methods (Jarda et al. 2011). However, there are numerous cryop-

reservation protocols developed for different endemic species worldwide (Turner et al.

2001; Coste et al. 2012; Kaczmarczyk et al. 2013).

Considering biodiversity decrease the high extinction threats and the potential loss of

these endemic species, conservation measure must be undertaken to support their long-

term storage. Based on this significant prerequisite, the major aim of our study was to

optimize genotype specific cryopreservation protocols with high regrowth frequencies

following cryostorage for seven endemic and endangered Dianthus taxa (D. callizonus; D.
glacialis ssp. gelidus; D. henteri; D. nardiformis; D. spiculifolius; D. tenuifolius; D. tri-
fasciculatus ssp. parviflorus) from a two years active in vitro collection. Priority for

cryopreservation should be given to plant species with an increased risk of extinction. This

is the first study on cryopreservation of shoot apices and axillary buds of these endemic and

endangered Dianthus species.

Material and methods

Plant material and in vitro propagation of cultures

The endemic and endangered Dianthus species selected to be cryopreserved in this study

were collected from Natura 2000 sites in Romania (Fig. 1, Table 1). Prior to cryopreser-

vation, the plant material was maintained for 2 years as an active in vitro collection.

Micropropagation protocols were previously published. The specific culture media for the

active in vitro culture collections were as follows: D. callizonus on Murashige and Skoog

(1962) (MS) culture medium supplemented with B5 vitamins (Gamborg et al. 1968), 2 mg

L−1 6-Benzylaminopurine (BAP), 2 mg L−1 Kinetin (K), 0.2 mg L−1 1-naphtaleneacetic

acid (NAA), 30 g L−1 sucrose and 8 g L−1 agar (Holobiuc et al. 2004–2005); D. glacialis
ssp. gelidus on MS culture medium including vitamins with 1 mg L−1 BAP, 0.1 mg L−1

(NAA), 20 g L−1 sucrose and 7 g L−1 agar (Cristea et al. 2006); D. henteri on MS culture

medium including vitamins with 1 mg L−1 BAP, 0.1 mg L−1 NAA, 30 g L−1 sucrose and

8 g L−1 agar (Cristea et al. 2010); D. nardiformis on MS culture medium with B5 vitamins,

1 mg L−1 BAP, 1 mg L−1 K, 0.2 mg L−1 2,4-D, 30 g L−1 sucrose and 8 g L−1 agar (Holobiuc

et al. 2009a); D. spiculifolius on MS culture medium including vitamins, 1 mg L−1 N6-(2-

isopentenyl)adenine (2-iP), 0.1 mg L−1 NAA, 20 g L−1 sucrose and 8 g L−1 agar (Butiuc-

Keul et al. 2001); D. tenuifolius on MS culture medium with B5 vitamins, 1 mg L−1 BAP,

1 mg L−1 K, 0.25 mg L−1 NAA, 0.5 mg L−1 gibberellic acid (GA3), 30 g L−1 sucrose and

8 g L−1 agar (Holobiuc et al. 2004–2005); Dianthus trifasciculatus ssp. parviflorus on MS

culture medium with B5 vitamins, 2 mg L−1 Zeatine (Z), 0.2 mg L−1 NAA and 30 g L−1

sucrose and 8 g L−1 agar (Holobiuc et al. 2013). All culture medium components were

provided by Duchefa. The pH-value was adjusted to 5.8 before autoclaving (20 min at

121 °C). The plants were cultured in glass vessels (6 cm diameter and 12 cm height) sealed
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with metal lids having a hole (0.5 cm diameter) in the middle covered with leucopore tape

(Duchefa), on 50 ml culture medium (Fig. 2a). The density was four explants per jar. The

plants were grown at 23±1 °C with a 16 h photoperiod and a light intensity of

40 µmol m−2 s−1 photosynthetic active radiation (PAR) provided by cool white fluorescent

Fig. 1 Sampling sites of Dianthus species. (1) D. callizonus, (2) D. glacialis ssp. gelidus, (3) D. henteri, (4)
D. nardiformis, (5) D. spiculifolius, (6) D. tenuifolius, (7) D. trifasciculatus ssp. parviflorus

Table 1 Endemic and endangered Dianthus species selected for cryopreservation studies

Dianthus species Conservation status

D. callizonus Endemic for Piatra Craiului Mountains (Romanian Carpathians) (Sârbu et al.
2013) considered as vulnerable by Oprea (2005), with low risk by the Red
Book of Vascular Plants from Romania (Dihoru and Negrean 2009) and rare
on the Red List of Threatened Plants (IUCN 1997)

D. glacialis ssp. gelidus Endemic (Romania and Poland) sporadically present in a few alpine sites in the
Eastern and Southern Carpathians (Oprea 2005; Sârbu et al. 2013)

D. henteri Endemic and sporadically present in the Southern Carpathians (Oprea 2005)

D. nardiformis Endemic and vulnerable species Oprea (2005) and by the Red Book of Vascular
Plants from Romania (Dihoru and Negrean 2009) and rare for Romania (IUCN
1997)

D. spiculifolius Endemic for the Carpathian area, found almost exclusively in the Romanian
Carpathians considered as rare (IUCN 1997)

D. tenuifolius Endemic for the Romanian Carpathians (Sârbu et al. 2013) and considered least
concern by Oprea (2005)

D. trifasciculatus ssp.
parviflorus

Endemic (Romania, Bulgaria), growing sporadically in the South of Romanian
Plane with a critical status (Oprea 2005; Dihoru and Negrean 2009; Sârbu
et al. 2013)
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D. callizonus 
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D. giganteus ssp. gelidus
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D. nardiformis
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D. spiculifolius D. spiculifolius 

H
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AD. callizonus D. giganteus 
ssp. gelidus D. henteri D. nardiformis D. spiculifolius D. tenuifolius 

D.
trifasciculatus

Fig. 2 Cryopreservation by droplet-vitrification and morphogenetic response of explants. a In vitro
Dianthus species; b shoot apices (inset) in a droplet (6 µl) of PVS2 vitrification solution; c D. callizonus
(non-cryopreserved); d D. callizonus (cryopreserved); e D. glacialis ssp. gelidus non-cryopreserved shoot
apices (left side) and after cryopreservation (right side); f D. henteri (cryopreserved); g D. nardiformis
(cryopreserved); h D. spiculifolius (non-cryopreserved); i D. spiculifolius (cryopreserved); j D. tenuifolius;
k D. trifasciculatus ssp. parviflorus (non-cryopreserved); l D. trifasciculatus ssp. parviflorus (cryopre-
served). Circles with dashed lines represent dead shoot apices having a light brown to white color; bar 1 cm
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tubes (Philips). The cultures were transferred to fresh medium depending on the protocol

established for each species at 30 to 40 days for two years (Fig. 2a).

Osmoprotection, dehydration and cooling

For cryopreservation studies the Dianthus species micropropagated for two years were

used as explant donors. For all species shoot tips were used for cryostorage, except for D.
callizonus, where axillary buds were used (Fig. 2b, inset). After excision of shoot tips

(apical dome with 2–4 leaf primordia, approximately 2–3 mm in length) and axillary buds

(2–3 mm in length) under a stereo microscope in aseptic conditions the explants were

cultured for osmotic dehydration in sucrose (0.1, 0.25, 0.5, 0.75, 1.0 M) enriched liquid MS

medium (without growth regulators). The explants were placed directly in the mentioned

sucrose solutions, each for 24 h in the same environmental conditions as mentioned for

plant micropropagation. The sucrose concentrations providing the highest regrowth rates

per species were further used for the investigation of other exposure times to the vitrifi-

cation solution (PVS2). For further dehydration, the explants were incubated in the plant

vitrification solution 2 (PVS2) (Sakai et al. 1990) for various durations (0, 10, 20, 30, 40 or

50 min) at 23±1 °C. For cooling the explants individually placed in a drop (6 μl) of PVS2
on previously sterilized (4 h at 180 °C) aluminium foil strips (0.5 cm92.0 cm) were

transferred to 1.8 ml cryovials (two foils per cryovial with five drops per foil) (Fig. 2b) and

immersed in a 25 l Dewar flask filled with liquid nitrogen (− 196 °C) where the samples

remained for 24 h. To get accurate information about the effects of sucrose and the

potential toxicity of PVS2 on tissues, two controls were used: control 0=osmoprotected (in

sucrose 0.1, 0.25, 0.5, 0.75, 1.0 M enriched liquid MS medium for 24 h) explants, and

control 1=osmoprotected (in sucrose 0.1, 0.25, 0.5, 0.75, 1.0 M enriched liquid MS

medium for 24 h) and dehydrated (20 min in PVS2) explants. The 20 min PVS2 treatment

duration was selected based on the good results obtained with other species of the Dianthus
genus.

Survival and regrowth

After 24 h storage in liquid nitrogen, rewarming of samples was performed by transfer of

the aluminium strips to liquid MS culture medium with 30 g L−1 sucrose (without growth

regulators) at 23±1 °C. By gentle shaking of the aluminium strips in the medium the drops

melted instantly. Shortly after rewarming, the explants were transferred to MS medium

with 30 g L−1 sucrose (without growth regulators) with 6 g L−1 agar in Petri dishes (5 cm in

diameter) under standard illumination conditions (described above) to regenerate shoots.

Assessment of recovery and statistical analyses

Each cryopreservation related treatment was performed using three replicates, each of ten

explants. Two main parameters were assessed: (a) the survival rate evaluated four weeks

after cryopreservation by counting the number of shoots that remained green after liquid

nitrogen storage in early stage of shoot formation (approximately\0.5 cm in length), and

(b) regrowth,defined as further development of shoot apices into shoots with leaf
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emergence ([1 cm in length) from the original explants, six weeks after rewarming. Brown

or white shoot apices were considered dead. Survival and regrowth percentages of explants

(shoot apices and axillary buds) were calculated according to the formulas:

Survival ð%Þ ¼
X

surviving explants=
X

number of total explants

� �
� 100

Regrowth ð%Þ ¼
X

regrowing explants=
X

number of total explants

� �
� 100

In addition, the number of directly formed shoots per explant was assessed after

60 days.

The Pearson’s correlation coefficient was determined between sucrose concentration

and shoot regrowth (from control 0 and control 1 explants) using the Excel spreadsheet

software (v16.0 Microsoft). A − 1 value represent a perfect negative correlation, 0 rep-

resent no correlation and+1 represent a perfect positive correlation.

The regression analysis was based on the value of the coefficient of determination (r2)

and was conducted between survival and regrowth frequencies of explants following liquid

nitrogen storage using the Excel spreadsheet software (v16.0 Microsoft). Reliability

decreases with a decrease of the r2 value (r2=1 means completely reliable and r2=0 means

completely unreliable).

The statistical significance of data was determined by one-way analysis of variance

(ANOVA) followed by Tukey’s honestly significant difference (HSD) test (PB≤0.05)
using SPSS program ver. 17.0 (SPSS Inc., Chicago, USA).

Results

Sensitivity of explants to osmoprotection and dehydration treatments

For non-cryopreserved shoot apices, a strong negative correlation (Pearson’s correlation

coefficient − 0.93 to − 0.99) between the sucrose concentration and the regrowth of shoots

from control 0 explants was observed in all Dianthus species, whereas weak to moderate

negative correlation (Pearson’s correlation coefficient ranged between − 0.07 and − 0.50)

between the sucrose concentration and shoot development from control 1 shoot apices was

noted (Fig. 3a–g). The mean regrowth rates for all species for the same sucrose concen-

tration were higher for control 0, although the differences were not always significant

(Fig. 3a–g). For control 1 shoot apices the highest shoot regrowth was obtained after

osmoprotection in 0.25 M sucrose (75% D. henteri, 80% D. nardiformis, 72% D. spi-
culifolius, and 68% D. trifasciculatus ssp. parviflorus) or in 0.5 M sucrose (74% D.
callizonus, 76% D. glacialis ssp. gelidus, 70% D. tenuifolius) (Fig. 3a–g). It was found that
low (0.1 M) and high (1.0 M) sucrose concentrations dropped significantly the shoot

regrowth for control 1 shoots (Fig. 3a–g).

Survival and shoot regrowth following cryostorage

Regression analysis (P \ 0.05) showed a significant strong positive linear correlation

between survival and regrowth frequencies of explants following liquid nitrogen storage

(r2=0.93 D callizonus, r2=0.97 D. glacialis gelidus, r2=0.87 D. henteri, r2=0.94 D.
nardiformis, r2=0.91 D. spiculifolius, r2=0.93 D. tenuifolius, r2=0.97 D. trifasciculatus
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ssp. parviflorus (Fig. 4a, b). Although, the highest survival rate for cryopreserved shoot tips
was 78% (D. spiculifolius) recorded after osmoprotection in 0.25 M sucrose, the regrowth

percentage was 61% for the same sucrose concentration (Fig. 4a, b). The lowest (0.1 M)

and the highest (1.0 M) sucrose concentrations used did not have a beneficial effect in

osmoprotection of explants leading to a mean regrowth rate of 22% for 0.1 M sucrose and

10% for 1.0 M sucrose (Fig. 4a, b). After testing various exposure times it was ascertained

that the survival and regrowth percentages were significantly influenced by the dehydration

durations (Table 2). The post-cryopreservation regrowth frequencies increased with

increasing exposure time and reached the highest values after 30 min exposure to PVS2 for

all species (Table 2). The species with the highest survival rate did not necessarily exhibit

increased regrowth rate. For instance, a 30 min dehydration duration lead to the highest

survival for D. henteri (83%) whereas, the highest regrowth for the same dehydration time

was recorded for D. nardiformis (73%) (Table 2). A 50 min PVS2 exposure time lead to

significantly lower regrowth percentages (up to 21%) for all species, while without PVS2

treatment no survival was observed (Table 2). The morphogenetic response to liquid

nitrogen storage was direct multiple shoot formation without any intermediate callus phase

for both non-cryopreserved and cryopreserved explants for all species (Table 3, Fig. 1).

Fig. 3 Comparison of shoot regrowth from osmoprotected (control 0) and osmoprotected and dehydrated
20 min in PVS2 (control 1) non-cryopreserved explants. Bars represent standard deviation. Different letters
indicate significant differences (P≤0.05)
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The mean number of shoots per explant, following liquid nitrogen storage, ranged between

3 (D. glacialis ssp. gelidus and D. henteri) and 5.6 (D. nardiformis), while for axillary buds
the mean number of shoots was 4.6 (D. callizonus). The number of shoots after cryop-

reservation was not significantly different for all species compared to the number of

regrowing shoots from non-cryopreserved explants (Table 3).

Discussion

In the present study, a cryopreservation protocol by droplet-vitrification for seven endemic

and endangered Dianthus species is reported for the first time. In vitro conservation

methods become increasingly important especially for the conservation of endemic and

endangered species or for species for which traditional seed banking does not apply

(Sarasan et al. 2006; Kaczmarczyk et al. 2011). The short to medium-term in vitro

Fig. 4 Shoot survival (a) and regrowth (b) frequencies following osmoprotection in sucrose (0.1 M, 0.25 M,
0.5 M, 0.75 M, 1.0 M), 20 min dehydration in PVS2, and cryopreservation. Bars represent standard
deviation. Different letters indicate significant differences (P≤0.05)
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Table 2 Effects of PVS2 dehydration duration on post-thaw survival and regrowth following cryostorage

Survival/regrowth (%±SD)*

PVS2 dehydration duration (min)

0 10 20 30 40 50

D. callizonus

Non-cryopreserved
(− LN)

95.0±
0.5a

88.3±0.9ab 80.0±0.8b 76.6±1.0b 51.6±0.9c 28.3±
2.1d

Survival (+LN) 0d 38.3±1.7bc 61.6±1.3a 71.6±2.2a 55.0±1.5ab 21.6±
0.9c

Regrowth (+LN) 0c 21.6±1.8bc 45.0±2.3ab 65.0±2.8a 40.0±2.4b 6.60±
0.8c

D. glacialis ssp. gelidus

Non-cryopreserved
(− LN)

93.3±
0.8a

86.6±1.0ab 80.0±0.6bc 71.6±1.4c 53.3±1.2d 26.6±
0.8 e

Survival (+LN) 0d 46.6±0.8b 68.3±1.8a 70.0±1.7a 48.3±2.2b 21.6±
1.1c

Regrowth (+LN) 0d 31.6±2.2c 56.6±2.1ab 63.3±1.7a 36.6±2.0bc 6.60±
1.2d

D. henteri

Non-cryopreserved
(− LN)

88.3±
0.7a

86.6±0.8ab 85.0±1.0ab 71.6±1.1b 55.0±1.0c 30.0±
2.0d

Survival (+LN) 0d 53.3±1.3b 70.0±1.4ab 83.3±1.3a 51.6±1.4b 26.6±
1.6c

Regrowth (+LN) 0d 38.3±1.4c 55.0±1.6b 71.6±1.6a 35.0±1.3c 8.30±
0.9d

D. nardiformis

Non-cryopreserved
(− LN)

90.0±
0.8a

83.3±1.2ab 78.3±0.7ab 73.3±1.5b 51.6±1.3c 16.6±
1.0d

Survival (+LN) 0c 45.0±1.6b 71.6±1.9a 73.3±1.8a 48.3±3.1b 18.3±
1.7c

Regrowth (+LN) 0e 28.3±1.4 cd 66.6±3.2ab 73.3±2.2a 46.6±1.3bc 8.30±
0.7de

D. spiculifolius

Non-cryopreserved
(− LN)

88.3±
0.9a

81.6±2.1a 78.3±1.6a 70.0±1.6a 41.6±2.3b 16.6±
1.0c

Survival (+LN) 0c 38.3±1.4b 71.6±1.1a 68.3±2.4a 33.3±1.2b 6.60±
0.8c

Regrowth (+LN) 0c 33.3±1.9b 61.6±1.6a 66.6±1.2a 20.0±0.8b 0c

D. tenuifolius

Non-cryopreserved
(− LN)

86.6±
0.8a

86.6±1.0a 80.0±0.8a 73.3±1.5a 48.3±1.1b 21.6±
1.9c

Survival (+LN) 0c 38.3±1.4b 60.0±1.6a 71.6±1.1a 43.3±1.5b 13.3±
1.2c

Regrowth (+LN) 0d 31.6±1.1bc 48.3±1.6b 70.0±1.8a 26.6±2.2c 0d

D. trifasciculatus ssp.
parviflorus

Non-cryopreserved
(− LN)

90±
0.8a

91.6±0.7a 86.6±0.8a 81.6±1.1a 63.3±1.6b 36.6±
1.5c
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conservation methods allows the storage of germplasm in a protected environment.

Whereas in vitro micropropagation for a long time is known as potential inducer of

somaclonal variations (Larkin and Scowcroft 1981), cryopreservation is considered a more

adequate and efficient method for the secure long-term storage of endangered plant species

(Kaczmarczyk et al. 2013; Kulus 2016). Vitrification based cryopreservation protocols

eliminate the potential damage due to intracellular water crystallization by using highly

concentrated vitrification solutions (Sakai et al. 1990). In the last decade, cryostorage by

droplet-vitrification was successfully applied for shoot apices of various endemic or

endangered plant species (Coste et al. 2012; Kaczmarczyk et al. 2013; Coelho et al. 2014;

Whiteley et al. 2016; Cristea et al. 2019). In the present study, vitrification did not affect

Table 2 continued

Survival/regrowth (%±SD)*

PVS2 dehydration duration (min)

0 10 20 30 40 50

Survival (+LN) 0c 36.6±1.3b 68.3±2.0a 71.6±1.7a 48.3±2.5b 28.3±
0.7b

Regrowth (+LN) 0d 35.0±2.1bc 66.6±1.9a 70.0±2.5a 43.3±0.8b 21.6±
1.4c

Osmoprotection was performed in sucrose solutions as follows: D. henteri, D. nardiformis, D. spiculifolius,
D. trifasciculatus ssp. parviflorus in 0.25 M sucrose, and D. callizonus, D. glacialis ssp. gelidus, D.
tenuifolius in 0.5 M sucrose

Non-cryopreserved osmoprotected in the sucrose solutions mentioned above (for 24 h) and dehydrated in
PVS2 different durations, LN liquid nitrogen

*Values represent mean±standard deviation (SD). Values followed by different letters within a row indicate
significant differences (P≤0.05)

Table 3 Effect of cryopreservation on the number of regenerated shoots per explant

Mean number of shoots per explant±SD*

Non-cryopreserved (− LN) Cryopreserved (+LN)

D. callizonus 5.0±1.7abc 4.6±2.5abc

D. glacialis ssp. gelidus 4.0±2.0bc 3.0±1.0c

D. henteri 4.6±2.8abc 3.0±1.5bc

D. nardiformis 6.3±0.5a 5.6±1.1a

D. spiculifolius 3.6±2.0c 3.6±1.1bc

D. tenuifolius 4.6±1.1abc 3.3±1.5bc

D. trifasciculatus ssp. parviflorus 5.6±1.1ab 5.0±1.0ab

LN liquid nitrogen

*Values represent mean±standard deviation (SD). Values followed by different letters within a row indi-
cates significant differences (P≤0.05)
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the morphogenetic response of shoot tips and axillary buds leading to direct shoot

regrowth. The main advantage of this method is the achievement of high cooling and

warming rates due to the small volume (microliters) of cryoprotective medium in which the

explants are treated, and the presence of aluminium foil (Sakai and Engelmann 2007).

Although, there are no previous reports on cryostorage of the studied Dianthus endemic

species, the results can be analyzed and compared to those obtained for other species of the

same genus. For Dianthus species or carnation cultivars various cryopreservation protocols

have been applied, i.e. two-step cooling (Fukai et al. 1991); encapsulation-dehydration and

encapsulation-vitrification (Tannoury et al. 1995; Tannoury and Vintejoux 1997), PVS2-

droplet freezing, DMSO-droplet freezing and encapsulation-dehydration procedures

(Halmagyi and Lambardi 2006). Subsequently, Halmagyi and Deliu (2007) used an

encapsulation-vitrification approach for D. caryophyllus and obtained up to 73% regrowth,

while Sekizawa et al. (2011) using the aluminium cryo-plate vitrification obtained 95%

shoot formation from cryostored shoot tips for the same species. The regrowth percentages

of Dianthus species and cultivars after cryopreservation were reported to vary depending

on many factors (pretreatment, cryoprotection, cooling, tissue type, etc.). For example,

using a two-step cooling procedure for shoot tips, Fukai et al. (1991) obtained 100%

regrowth for eight D. hybridus cultivars and five Dianthus species. On the other hand,

applying an encapsulation-dehydration procedure (4 h dehydration and 20% water content

of alginate beads), Tannoury et al (1995) obtained up to 90% regrowth of D. caryophyllus
shoot apices. Lower regrowth percentages (up to 65%) were obtained for shoot apices of

the same species after PVS2-droplet freezing (Halmagyi and Lambardi 2006). In the

present study, the best regrowth rate following cryopreservation was registered for D.
nardiformis (73%), after osmoprotection in 0.25 M sucrose and 30 min dehydration in

PVS2. A correlation between the extent of PVS2 penetration into the shoot tips and the

exposure time has been demonstrated before (Volk and Walters 2006). Confirming pre-

vious studies, our results underline the importance of osmoprotection in sucrose prior

dehydration treatments with PVS2 (Halmagyi and Deliu 2007). This may be attributed to

an increased cell osmolarity that minimizes the potential damages of the vitrification

solutions (Reed 2008). Osmoprotection in sucrose proved to be essential for a successful

cryopreservation for other plant species as well (Wang et al. 2014; Yin et al. 2014; Kulus

2018, 2020). Sugars form H-bonds with water contributing to the increment of cell vis-

cosity (Benson 2008), while PVS2 reduces or avoids water crystallization, protects the

membranes and prevents further damage during cooling and rewarming (Volk and Walters

2006). Although, it is known that each type of explant or species has specific requirements

regarding the dehydration level compatible with survival after cryopreservation, a certain

control of dehydration is critical for prevention of tissue damage by chemical toxicity

during PVS2 treatment (Sakai et al. 2008). Plant species and genotypes respond differently

to the stress factors associated with cryopreservation (Folgado et al. 2015; Kulus 2015). In

the present study, the highest regrowth following cryostorage was achieved after 30 min

dehydration in PVS2 and ranged between 65% (D. callizonus) and 73% (D. nardiformis).
In the first case, osmoprotection was performed in 0.5 M sucrose, while for D. nardiformis
the sucrose concentration was 0.25 M. Applying a droplet-vitrification protocol to in vitro

grown buds of the critically endangered species Rubus humulifolius, regrowth percentages

up to 52% were achieved (Edesi et al. 2020), while applying an encapsulation-dehydration

method, González-Benito et al. (1997) obtained 70% survival of cryopreserved nodal

explants from the endangered Centaurium rigualii species. In vitro plant regeneration via

direct multiple shoot induction, without a callus phase, eliminates the problem of soma-

clonal variation (Larkin and Scowcroft 1981), and has been also reported for plant species
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following cryopreservation (Kulus et al. 2018). In Dianthus species and carnation cultivars,
multiple shoot formation was reported for shoot tips and nodal buds even on culture

medium with low cytokinins concentrations (Ali et al. 2008; Khatun et al. 2013; Ziv et al.

2005). Multiple shoot formation (6.4/explant) was also reported for cryopreserved Buxus
hyrcana (endangered ornamental shrub) by using a culture medium with 1.0 mg L−1 BAP

(Kaviani and Negahdar 2017) as well as for Chrysanthemum shoot tips (41% multiple

shoot formation) (Kulus et al. 2018). In our study, multiple shoot proliferation was

achieved without any specific treatment of explants, and moreover it was ascertained for

both non-cryopreserved and cryopreserved shoot apices.

Conclusion

Cryopreservation has the potential to become an important tool for the long-term storage of

endangered plant genetic resources. This study showed that a successful cryopreservation

in terms of high regrowth rates directly from the cryostored explants is related to

parameters like sucrose concentrations and exposure time to the vitrification solution. This

study proves that, the vitrification based cryopreservation protocol for shoot tips and

axillary buds offers a valuable option for the long-term storage of the endangered Dianthus
germplasm. Moreover, we consider that our findings may contribute to future habitat

restoration actions of these species in the wild.
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Cruz-Cruz CA, González-Arnao MT, Engelmann F (2013) Biotechnology and conservation of plant bio-
diversity. Resources 2:73–95

De Meester L, van Tienderen P, Werger M, Hector A, Wörheide G, Niemelä J, Aguilar A, Smets E, Godfray
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Edesi J, Tolonen J, Ruotsalainen AL, Aspi J, Häggman H (2020) Cryopreservation enables long-term
conservation of critically endangered species Rubus humilifolius. Biodivers Conserv 29:303–314

Engelmann F (2012) Germplasm collection, storage, and conservation. In: Altman A, Hasegawa PM (eds)
Plant biotechnology and agriculture. Elsevier, Amsterdam, pp 255–267

Folgado R, Panis B, Sergeant K, Renaut J, Swennen R, Hausman JF (2015) Unravelling the effect of sucrose
and cold pretreatment on cryopreservation of potato through sugar analysis and proteomics. Cryobi-
ology 71:432–441

Fukai S, Goi M, Tanaka M (1991) Cryopreservation of shoot tips of Caryophyllaceae ornamentals.
Euphytica 56:149–153

Gamborg OL, Miller RA, Ojima K (1968) Nutrient requirements of suspension cultures of soybean root
cells. Exp Cell Res 50:151–158
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