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Abstract
In vitro regeneration of Viola stagnina Kit., endangered in most part of its European distribution range, was successfully 
obtained based on the newly developed protocol. Adventitious shoots via direct and indirect organogenesis were induced 
on leaf blade and petiole fragments on solidified Murashige and Skoog (MS) medium supplemented with 0.5 or 1 mg l−1 
thidiazuron, respectively. Shoots were rooted on half-strength MS medium with 2% sucrose and 0.5 mg l−1 indole-3-acetic 
acid (IAA), and plantlets were successfully acclimatized. Sixty-five of the regenerated plants (72% of isolated shoots cul-
tured on rooting medium) survived at the experimental plot conditions. Among recovered via organogenesis plants, indi-
viduals ‘true-to-type’ derived from initial plant G1 and also plants genetically distant from initial plants were detected by 
ISSR markers. In all groups of clones genetic indices (number of genotypes, polymorphic markers, gene diversity, total 
gene diversity, mean gene diversity) were lower than in natural populations. Regenerated plantlets had the same genome 
size estimated by flow cytometry as initial material and plants from natural populations. They developed chasmogamous 
flowers with highly viable pollen grains (over 90%), cleistogamous flowers, and set seeds from both flower types in the first 
and second seasons cultivated at experimental plots. This is the first report of a successfully developed micropropagation 
protocol of V. stagnina, and the first detailed genetic analysis of recovered plants with the use of ISSR markers and genome 
size measurements allowing to discuss the advantageous role of somaclonal variation in ex situ plant conservation with the 
use of in vitro micropropagation.
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Introduction

Somaclonal variation (alteration of nuclear and organelle 
genomes) is an usual phenomenon accompanying in vitro 
micropropagation. It leads to the formation of individuals 
genetically differing from the initial plant (Bayliss 1973; 
Larkin and Scowcroft 1981; D’Amato and Bayliss 1985; 
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Lee and Phillips 1988; Rodriguez-Enriquez et al. 2011; 
Neelakandan and Wang 2012; Shan et al. 2012; Wang and 
Wang 2012). The genetic diversity of regenerated plants ver-
sus the initial material should be evaluated with the use of 
molecular markers along with their ploidy and generative 
reproduction (pollen viability, seed set) before reintroduction 
(Karp 1994; Phillips et al. 1996; Bairu et al. 2011; Haque 
and Ghosh 2013; Nybom et al. 2014; Slazak et al. 2015a; 
Sebastiani and Ficcadenti 2016; Avila-Treviño et al. 2017; 
Bhattacharyya et al. 2017).

Punctual mutations in DNA are easily detectable by 
molecular markers but represent only one type of genetic 
changes accompanying in vitro propagation; changes of 
whole genome number (polyploidization) can also occur. 
The ploidy of regenerated plants strongly depends on 
explants’ polysomaty, which is an effect of endoredupli-
cation, a process of DNA replication that is not followed 
by mitosis. Endoreduplication intensity in an individual 
plant varies among different tissue types (Kolano et al. 
2009; Maluszynska et al. 2012). It usually coincides with 
an increasing of the size of some cells, which, in turn, cor-
relates with a given tissue function (Barow 2006). A very 
useful method to estimate ploidy/endopolyploidy of plant 
material cultured in vitro is flow cytometry (FCM) (Thiem 
and Sliwinska 2003; Bairu et al. 2011; Ochatt et al. 2011; 
Viehmannova et al. 2014; Slazak et al. 2015a). In compari-
son with classical cytological methods like chromosome 
counting, FCM is faster, more accurate, and allow the estab-
lishment of nuclear DNA content in larger number of cells 
(Dhooghe et al. 2011). FCM analysis is especially important 
when polysomatic species are micropropagated. Polysomatic 
plant tissues are composed of a heterogeneous population 
of cells with different ploidy and morphogenetic potential, 
which could provide great instability of in vitro propagated 
plants (Pontaroli and Camadro 2005; Slazak et al. 2015a). It 
has been reported that the more 2C cells (C = DNA content 
of a holoploid genome with chromosome number n, Greilhu-
ber et al. 2005) in the explant, the higher the frequency of 2C 
regenerated plants (Gilissen et al. 1994; Kubaláková et al. 
1996; Doležel 1997). However, regenerated individuals with 
multiplied genomes (polyploids) can also occur. They cannot 
be used for reintroduction in ex situ conservation programs 
because they could violate genetic integrity of preserved 
species (Mallon et al. 2010).

Viola stagnina Kit. (fen violet) belongs to sect. Viola of 
subsect. Rostratae Küpffer and is considered to be a paleo-
tetraploid (2n = 4x = 20, Kuta 1976; Marcussen and Nordal 
1998); genome size 2C = 1.31 pg (Krasne near Rzeszów, S 
Poland. Kuta unpublished data). It is distributed in Central 
and Eastern Europe. V. stagnina is declining throughout its 
whole range due to the loss of its typical base-rich fen peat 
resulting from a lowering of water table in meadows, mainly 
by drainage but also by competition from taller-growing 

vegetation, and changes in agricultural practices (Danihelka 
et al. 2009). The species is endangered in many countries 
(Curtis and McGough 1988; Korneck et al. 1996; Niklfeld 
and Schratt-Ehrendorfer 1999; Wiggington 1999; Ferák-
ová et al. 2001; Zarzycki and Szeląg 2006; Grulich 2012; 
Kaźmierczakowa et al. 2014) and requires active conserva-
tion management for its preservation in the whole European 
distribution range.

Viola stagnina can spread by adventitious root buds or 
from the persistent seed bank after major, locally restricted 
disturbance events (Eckstein et al. 2006a). The seeds are 
formed from either cleistogamous (CL), obligatory self-
pollinated flowers or from chasmogamous (CH) self- and 
cross-pollinated flowers. CL seeds have poorer germination 
percentage than CH ones. The share of CH seeds is depend-
ent on the year and can be as low as 1% and as high as 61% 
but actually the production of CL seeds may be underesti-
mated in this species due to the very long period of CL flow-
ers forming (Eckstein et al. 2006a). The clonal propagation 
and autogamy of self-pollinated CL flowers are dominant 
reproduction modes in this species (Eckstein et al. 2006b). 
The seeds of V. stagnina germinate poorly in outdoor condi-
tions, only 18% of seeds germinated. According to informa-
tion from seed bank of the Botanical Garden—Centre for 
Biological Diversity Conservation, Polish Academy of Sci-
ences, Warsaw its germination can even not reach 1%. Fresh 
seeds of V. stagnina in laboratory conditions show almost 
no germination, reducing the chance for easy plant multi-
plication. There is a need to develop ex situ preservation of 
this species using in vitro plant multiplication. Taking into 
account that natural populations are genetically differenti-
ated, which results with the type of propagation, it would be 
unfavorable to introduce into the studied populations geneti-
cally uniform individuals (clones) obtained as a result of 
in vitro multiplication. Genetic diversity of micropropagated 
plants caused by somaclonal variation can be considered a 
beneficial process if introduced diversity overlaps genetic 
diversity of the species natural populations.

Only a few publications address in vitro culture of Viol-
aceae. Most of those studies focus on micropropagation or 
callus induction of several rare and medicinal plants of the 
genera Hybanthus Jacq. and Viola L. (Prakash et al. 1999; 
Chalageri and Babu 2012; Naeem et al. 2013; Vishwakarma 
et al. 2013; Soni and Kaur 2014; Mokhtari et al. 2015; Sla-
zak et al. 2015a, b) or micropropagation of heavy metal 
hyperaccumulators (Bidwell et al. 2001; Li et al. 2010). 
In vitro culture has also proved useful for propagation of 
ornamental pansy (Wang and Bao 2007) and in experimental 
embryology (Wijowska et al. 1999).

The goal of the study was to develop the efficient in vitro 
micropropagation protocol for the endangered V. stagnina 
and to evaluate the genetic diversity of regenerants in order 
to ex situ protection of this species.
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We assumed the potential prevalence of somaclonal 
variability generated by in vitro culture conditions in the 
conservation practice. Introduction to the nature of regener-
ated plants covering the genetic variation of V. stagnina has 
an advantage over genetically uniform clones which might 
reduce genetic differentiation of the species.

Materials and methods

Plants from natural sites

Plants of V. stagnina were collected in May 2011 in North-
eastern Poland under a permit from the Regional Directorate 
for Environmental Protection and originated from two locali-
ties: Piaśnickie Łąki (PL) nature reserve near Władysławowo 
(coll.&leg. Drs. Ryszard Marecki and Tomasz S. Olszewski; 
N54°49′26.95″, E18°03′35.23″; specimens are deposited in 
the Herbarium of Gdańsk University—UGDA, Gdańsk, 
Poland) and Garbas (G) near Suwałki (coll.&leg. dr. Artur 
Pliszko; N54°08′52.77″, E22°36′30.12″; specimens are 
deposited in the Herbarium of the Jagiellonian University—
KRA, Cracow, Poland). From each population 4 or 5 plants 
were harvested and cultivated in pots under natural light at 
room temperature (22–25 °C) in the Department of Plant 
Cytology and Embryology (Jagiellonian University, Cracow) 
and used for studies.

Explants for in vitro culture

Young leaves with petioles were collected from plants and 
washed in water with addition of commercial detergent 
(Ludwik, Grupa INCO S.A., Warsaw, Poland) to remove 
any dust or soil from the surface. The sterilization proce-
dure included immersion in 70% ethanol for 1.5 min. and 
15% commercial bleach (Ace; Procter & Gamble DS Pol-
ska, Warsaw, Poland) with sodium hypochlorite (5% w/v) 
for 13–16 min. subsequently. The sterilizing solution was 
removed by washing material thrice with autoclaved dis-
tilled water under a laminar flow hood. Fragments of peti-
ole (~ 10 mm long) and leaf blades (squares and rectangles 
~ 8–10 mm) were used as explants. After excision with a 
sterilized surgical blade in sterile conditions explants were 
placed on medium-filled Petri dishes, diameter 90 mm (five 
explants per dish).

Culture media and conditions

Media were based on MS (Murashige and Skoog 1962) 
medium containing 3% sucrose (w/v), solidified with 0.8% 
agar (w/v), supplemented with plant growth regulators 
(PGRs) in different combinations and concentrations to 
select most effective for induction of organogenesis. 310 

explants (220 leaf blade fragments and 90 petiole) were 
used in this test experiment (Table S1). One PGR, thidi-
azuron (TDZ) at two concentrations (0.5 mg l−1, 1 mg l−1) 
was selected as giving the best efficiency of organogenesis 
and further 712 explants (284 petioles and 428 leaf blade 
fragments) were cultured. The pH of media was adjusted 
at 5.7–5.8.

Cultures were maintained in a growth chamber at 
25 ± 3 °C under a 16 h photoperiod (cool-white fluorescent 
lamps, 60–90 µmol m−2 s−1).

Rooting of shoots was achieved on ½ MS + 0.5 mg l−1 
indole-3-acetic acid (IAA) + 2% (w/v) sucrose; plantlets 
were transplanted to plastic pots with autoclaved commercial 
organic garden soil and kept in a plastic mini-greenhouse for 
2 weeks to harden. The hardened plants were cultivated at an 
experimental plot in Modlnica near Cracow and monitored 
for two seasons. The whole experiment was repeated five 
times in years 2011–2014.

Flow cytometry for estimation explants 
endopolyploidy and plants genome size

Samples of initial explants, leaf blades, and petioles were 
prepared as previously described (Thiem and Sliwinska 
2003), using two-step procedure (Otto 1990). 4′,6-Diami-
dino-2-phenylindole (DAPI; 2 µg/ml) was used for DNA 
staining. Analyses were performed on five biological repli-
cates by a Partec CCA (Partec GmbH, Münster, Germany) 
flow cytometer, equipped with a HBO mercury arc lamp, 
using a logarithmic amplification. For each sample, DAPI 
fluorescence of 3000–7000 nuclei was analyzed. Histograms 
were evaluated using the DPAC v. 2.2 program (Partec 
GmbH, Münster, Germany). The proportion of nuclei with 
different DNA contents, the (4C + 8C)/2C ratio, and the 
mean C-value (mean ploidy; Lemontey et al. 2000) were 
established. Nuclei having at least 8C DNA content were 
considered to be endopolyploid, since it is not possible to 
distinguish by FCM the 4C nuclei in cells that have just 
entered endoreduplication (i.e. being in the G2 phase of the 
first endocycle) from those within cells in the G2 phase of 
the mitotic cycle.

For genome size estimation, leaf samples of initial plants 
from two natural locations and of selected regenerated 
in vitro plantlets were prepared as described above; propid-
ium iodide (PI; 50 µg/ml) instead of DAPI was used for DNA 
staining. Solanum lycopersicum cv. Stupicke (2C = 1.96 pg; 
Doležel et al. 1992) was used as internal standard. For each 
sample, PI fluorescence was measured in at least 5000 
nuclei, using a CyFlow SL Green (Partec GmbH, Mün-
ster, Germany) flow cytometer, equipped with a high-grade 
solid-state laser with green light emission at 532 nm, as well 
as with SSC and FSC scatters. Analyses were performed 
using linear amplification. Histograms were evaluated using 
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FloMax software (Partec GmbH, Münster, Germany). CV 
of the G0/G1 peak of V. stagnina ranged between 3.69 and 
8.87%. Nuclear DNA content was calculated using the lin-
ear relationship between the ratio of the 2C peak positions 
of Viola/internal standard on a histogram of fluorescence 
intensities. Totally, for genome size estimations, 12 plants 
from natural habitats (PL, G) and 31 plants regenerated via 
direct and indirect organogenesis were analyzed.

FCM results were statistically analyzed using a one-way 
ANOVA (preceded by test of homogeneity of variance) and 
a Tukey HSD tests post hoc (P = 0.05) (Statistica 10 soft-
ware, StatSoft, Cracow, Poland). The percentage data were 
subjected to analysis of variance after angular transforma-
tion, but actual percentages are presented in the Table 1.

Histological examination of organogenesis

Petiole and leaf blade fragments after 4 weeks of culture 
on MS + 1 mg l−1 or 0.5 mg l−1 TDZ were fixed in the mix-
ture of glutaraldehyde and paraformaldehyde overnight, 
washed four times in 0.1 M phosphate buffer (pH 7.2) and 
then dehydrated in an ethanol series (10%, 30%, 50%, 70%, 
96%; 15 min each) and kept overnight in absolute ethanol. 
Fixed tissue samples were embedded in Technovit 7100, 
sectioned 5 µm thick, stained with toluidine blue, mounted 
in Entellan (Merck, Darmstadt, Germany) as described in 
Slazak et al. (2015a). LM sections were photographed with 
a Nikon DS-Fi2 digital camera on Nikon Eclipse E400 light 
microscope using NIS-Elements D software (Nikon, Tokyo, 
Japan).

Adventitious shoot initials and callus in scanning 
electron microscopy

The explants (petiole and leaf blade fragments) were pre-
fixed in 5% buffered glutaraldehyde (0.1 M phosphate buffer, 
pH 7.2) for 2 h at room temperature. After dehydration in 
a graded ethanol series, samples were CO2 critical-point 
dried (EMITECH K850 system), sputter-coated with gold 

(SPI SUPPLIES ion sputtering system) and observed with 
a HITACHI S-4700 scanning electron microscope.

Examination of flower elements and pollen grains 
viability (stainability) and size by histochemical test

Chasmogamous flowers of plants from natural population 
(G) and regenerants were fixed in a mixture of ethanol and 
acetic acid (3:1 v/v) and flower elements were observed with 
stereo microscope.

Dry pollen of herbarium specimens of plants from natu-
ral population, and fixed of regenerants was used for analy-
sis. Viability test was performed with Alexander’s dye. In 
this staining viable pollen grains stain purple, non-viable 
are green (Singh 2003). A total of 1036 pollen grains from 
10 flowers of five herbarium specimens (KRA 0421202, 
0421203, 0421207, 0421208, 0421209) originating from G 
population and 3825 pollen grains of 19 regenerated in vitro 
plants were analyzed under light microscope. The diameter 
of 50 pollen grains from each plant from natural population 
(G) and regenerated in vitro plantlets was measured using 
NIS-Elements D program (Nikon). Statistical analysis of 
pollen viability and size data was performed in Statistica 
10 software using Kruskal–Wallis ANOVA with multiple 
comparisons.

Evaluation of genetic diversity of regenerants 
versus initial and plants from natural sites

Twenty-five individuals originating from two localities in 
northern Poland (G and PL) were used to estimate intra- and 
inter-populational genetic variation. 55 regenerants obtained 
via organogenesis were subjected to ISSR analysis.

For isolation of DNA, fully developed leaves were 
used, showing no damage symptoms caused by insects or 
fungi. Leaves were freshly collected and placed in silica 
gel (Sigma-Aldrich, Saint Louis, MO, USA) to dry. DNA 
was extracted with DNeasy Plant Kit (Qiagen, Hilden, Ger-
many) according to instructions provided by manufacturer 

Table 1   Endopolyploidy in explants of V. stagnina used in culture in vitro

Means in columns followed by the same letters do not differ significantly at P < 0.05 in ANOVA for independent samples and a Tukey HSD test 
post hoc. The percentage data were subjected to analysis of variance after angular transformation, but actual percentages are presented

Plant material Percentage of nuclei with DNA content (± SD) Mean C-value (± SD) (4C + 8C)/2C (± SD)

2C 4C 8C

Piaśnickie Łąki (PL)
 Leaf 77.85 (± 6.63)a 22.15 (± 6.63)a 0 (± 0)b 2.44 (± 0.13)c 0.29 (± 0.12)a

 Petiole 64.67 (± 8.24)b 25.62 (± 7.50)a 9.71 (± 3.53)a 3.10 (± 0.26)a 0.57 (± 0.21)a

Garbas (G)
 Leaf 75.05 (± 9.66)ab 23.09 (± 7.73)a 1.86 (± 4.16)b 2.57 (± 0.32)bc 0.35 (± 0.17)a

 Petiole 66.69 (± 9.23)ab 26.24 (± 5.75)a 7.07 (± 5.10)a 2.95 (± 0.37)ab 0.53 (± 0.26)a
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of isolation kit. The quality of genomic DNA was checked 
using electrophoresis on 1% agarose gel and concentration 
of DNA was measured by NanoDrop ND-1000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA). 
PCR reactions of ISSR markers used six primers (Table S2) 
(Stepansky et al. 1999). 25 µl of reaction mixture used for 
amplification comprised: a 2.5 µl tenfold concentrated reac-
tion buffer supplied by the DNA polymerase manufacturer 
(Thermo Scientific, Waltham, MA, USA), 1.4 units of Taq 
polymerase (recombinant), 1.5 mM MgCl2, 0.19 mM of 
each dNTPs (Thermo Scientific), 27 pmol of a primer and 
100 ng of a template DNA. 2720 thermal cycler (Applied 
Biosystems, Waltham, MA, USA) was used to conduct reac-
tions. The annealing temperature for primers ISSR1, ISSR3, 
ISSR5 was 47 °C, and for ISSR2, ISSR4, ISSR6 was 44 °C. 
For optimal reaction conditions, thermal cycler was pro-
grammed as follows: initial denaturation: 94 °C—5 min, 42 
amplification cycles: denaturation 94 °C—59 s, annealing 
47 °C (44 °C)—59 s, elongation 72 °C—59 s, final elonga-
tion 72 °C—7 min. Reaction without a template DNA was 
included in each amplification as a negative control. PCR 
products were separated during electrophoresis in 1.5% aga-
rose gel in 1× TBE buffer, stained with ethidium bromide 
(500 µl l−1) for about 1.5 h at 100 V. Band patterns were 
observed and archived with an Imagemaster VDS with Lis-
cap Capture 1.0 software (Amersham Biosciences, Uppsala, 
Sweden).

Analysis of obtained band patterns involved GelScan 
1.45 software (Kucharczyk TE, Warsaw, Poland). Using 
calibration curve based on the band pattern of markers 
length (GeneRuler 100 bp, Thermo Scientific) the molecular 
weights of the amplification products were determined. ISSR 
reproducibility tests (Bonin et al. 2004) were conducted for 
the DNA extracts.

POPGENE 1.31 (Yeh et  al. 1999) and FAMD 1.25 
(Schlüter and Harris 2006) software were used to calcu-
late genetic parameters of populations and analyzed groups 
of individuals according to Nei (1973). Calculations of 
genetic distance (FST) and its statistical significance were 
performed with 1000 permutations in ARLEQUIN v.3.5 
(Excoffier et al. 2005). Neighbour Net (NN) was computed 
with SplitsTree v.4.6 (Huson and Bryant 2006) using a 
matrix of Nei–Li coefficients (Nei and Li 1979); bootstrap 
was performed with 1000 replicates. Principal coordinate 
analysis (PCoA) was performed in FAMD 1.25 and based 
on Nei–Li genetic distance matrix. To measure the degree 
of somaclonal variation, frequency of maternal plant geno-
type and number of private markers not present in ances-
tral natural population were calculated for each group of 
regenerated plants. Calculations were done in Arlequin v. 
3.5.2 (Excoffier et al. 2005) and FAMD v. 1.31 (Schlüter 
and Harris 2006). In order to show relationships between 
regenerated and genotypes, as well as among genotypes from 

natural populations, a minimum spanning network (MSN) 
was constructed (Bandelt et al. 1999) with forcibly imposed 
ancestry between maternal and regenerated genotypes. MSN 
was calculated and visualized in PopART v. 1.7 (Leigh and 
Bryant 2015).

Results

Endopolyploidy of explants

In the leaf and petiole of V. stagnina nuclei with 2C, 4C, 
and 8C were detected, indicating their polysomaty (Table 1). 
Only in leaves originated from the PL population endopoly-
ploid nuclei (8C) were not present, although relatively high 
proportion of 4C nuclei (22%), similar to that found in the 
remaining plant material, was detected. The leaves of plants 
from both populations (PL, G) possessed higher frequency 
of 2C nuclei (75–78%) than petioles (65–67%). Moreover, 
in leaves none or a few (from G; 1.86%) endopolyploid 
(8C) nuclei occurred, whereas in petioles 7.01–9.71% of 8C 
nuclei were detected. Consequently, the mean C-value in 
the petiole was higher than in the leaf, which was especially 
evident in the material from PL. The (4C + 8C)/2C ratio did 
not differ significantly, regardless of the organ and popula-
tion location (Table 1).

Shoots multiplication

The highest frequency (70.5–84.9%) of shoot development 
was on MS + TDZ (0.5 mg l−1 or 1.0 mg l−1), both on petiole 
and leaf fragments. Combinations of auxins (NAA, 2,4-D) 
and cytokinins (BAP, KIN) in different sets and concentra-
tions resulted in low percentage (0–45%) of explants produc-
ing shoots (Table S1). For further investigation exclusively 
media supplemented with TDZ were used.

Shoots were formed directly on petiole and leaf frag-
ments on both TDZ concentrations and also indirectly via 
callus on 1 mg l−1 TDZ (Table 2; Fig. 1a). The efficiency of 
organogenesis ranged from 13 to 75.9% depending on the 
explant, concentration of TDZ and type of organogenesis 
(direct, indirect). The percentage of responding explants on 
higher (1 mg l−1) TDZ concentration was lower when ana-
lyzing separately the data of both types of organogenesis and 
explants (Table 2).

Shoots (small shoot buds) started to develop after 
3-weeks-culture, on cut edges of petiole and leaf fragments 
(Fig. 1a, b). In subsequent days of culture adventitious 
shoots covered almost whole surface of the explants and 
their real numbers were uncountable (Fig. 1a). Surface of 
adventitious shoots was smooth, with regular epidermis cells 
(Fig. 1c). Induction of organogenesis had been continued till 
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10th week of culture even after excision of mature shoots 
from the explants.

Remarkable callus proliferation was noticed on medium 
with 1 mg l−1 TDZ on the cut edges of explants but not on 
0.5 mg l−1 TDZ (Table 2). Callus was compact, with large 
cells and partly covered with fibrous extra cellular matrix 
(ECM) (Fig. 1d).

Rooting and acclimatization of regenerants

Ninety shoots induced on petiole and leaf fragments on 
MS media supplemented with TDZ (0.5 mg l−1, 1 mg l−1) 
were removed from the explants and transferred to rooting 
medium. Seventy-seven (86%) developed roots (35 from 
petiole and 42 from leaf blade) on 1/2 MS + 0.5 mg l−1 
IAA + 2% sucrose (Fig. 1e). Seventy-two (94% of rooted 
plants) were acclimatized indoor in pots with organic soils. 
Finally, sixty-five (90% of rooted plants) survived for two 
vegetative seasons at the experimental plots.

Regenerants versus plants from natural sites

Flower and pollen characteristic, reproduction

Regenerated plants developed CH (Fig. 1f) and CL flowers, 
fruits (capsules) (Fig. 1g), and set seeds from both flower 
types, in the first and second season after the introduction to 
the experimental plots in the same seasonal cycle as plants 
from natural populations (CH flowers in May, CL June–Sep-
tember/October). There was no difference in morphology of 
CH flowers and flower organs (pistil, anthers, anther nec-
tariferous appendages on two out of five stamens), pollen 
size and viability between plants from natural populations 
(Fig. 1h–j, n) and regenerated in vitro (Fig. 1k–m, o). The 
frequency of viable pollen grains estimated by Alexander 
test of plants from natural population (G) was very high 
(over 96%) and their mean diameter − 26.44 µm (Table 3). 
Pollen viability of 16 out of 19 regenerated plants was also 
very high (mean for both populations 93.18%) with no 

significant differences between pollen viability of plants 
from natural locality (Table 3). Pollen of three regener-
ated plants (15%) showed reduced viability (below 80%) 
and these result were excluded from statistical analysis. 
The mean diameters of pollen grains of 16 regenerants was 
almost equal being 28.37 µm and 28.71 µm, on 1 mg l−1 and 
0.5 mg l−1, respectively and they did not differ from pollen 
diameter of plants from natural site (Table 3).

Genetic diversity of regenerants versus initials and plants 
from natural populations

Genetic variation in natural populations of V. stagnina was 
considered as a reference for somaclonal variation assess-
ment in recovered in vitro plants. It yielded a total of 157 
clearly resolved bands. The number of polymorphic bands 
within natural populations of V. stagnina was high and 
ranged from 50 (31.85%) in PL to 94 (59.87%) in G. The 
average number of polymorphic bands within regenerated 
plants was much lower and ranged from 0 in regenerants 
of G1 and PL3 initial plants to 56 (35.67%) in regenerants 
of PL2 maternal plant. Total number of polymorphic bands 
in natural populations was slightly higher (103; 65.61%) 
than among all regenerated plants (96; 61.15%). The high-
est number of private markers was in G population (23) and 
there was a lack of private markers in PL and regenerants of 
G1 and PL3 maternal plants. Discriminating markers were 
absent in all analyzed groups. The highest number (19) of 
genotypes in groups were noted in G natural population. 
The number of genotypes in each population was almost as 
high (19) as the number of analyzed individuals (20) in G 
or equal (5/5) in PL. The number of genotypes in groups of 
regenerated plants was evidently lower. Regenerants origi-
nated from initial plants G1 and PL3 represented low genetic 
variability with only one genotype. Eleven genotypes in a 
group of regenerants of initial plant PL2 represented 50% 
of total number of analyzed individuals and was the highest 
within the whole regenerants (Table 4).

Table 2   Shoots of V. stagnina induced on leaf and petiole fragments on MS supplemented with TDZ; (%)

Results of five replications
Means followed by the same letter do not differ significantly at P < 0.05 in one-way ANOVA and a Tukey HSD test post hoc

Medium Petiole Leaf

No. of explants used No. of explants producing shoots No. of explants used No. of explants producing 
shoots

Directly Indirectly via callus Directly Indirectly 
via callus

MS + 0.5 mg l−1 TDZ 132 93 (70.5)a 0 220 167 (75.9)ab 0
MS + 1 mg l−1 TDZ 152 77 (50.7) 52 (34.2) 208 126 (60.6) 27 (13)

129 (84.9)b 153 (73.6)ab
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Nei’s gene diversity (Hj) in all plants from PL and 
G grouped jointly was higher (0.20) than in group of all 
regenerants regardless of the initial plants (0.18). Hj val-
ues in groups of regenerants (0–0.10) were lower than val-
ues recorded for V. stagnina plants in natural populations 
(0.12–0.17). In natural populations total gene diversity 
(HT) and mean gene diversity within populations (HS) were 
higher than in regenerants (0.20 vs. 0.16 and 0.15 vs. 0.04, 
respectively), while Nei’s gene diversity between natural 

populations (GST) and the variance among populations (FST) 
was lower than between plants recovered in vitro (0.28 vs. 
0.77 and 0.34 vs. 0.74, respectively). Values of FST were 
highly statistically significant (P < 0.001) (Table 4).

PCoA (Fig. S1) showed three distinct groups which did 
not correspond to division on two natural populations and 
had the highest variance percentage (53.07%) along the 
first component. The first group comprises only G popula-
tion individuals, the second group some individuals of G 

Fig. 1   Micropropagation, rooting, acclimatization of V. stagnina 
(a–g), chasmogamous flower and pollen of plants from natural 
population (h–j) and of regenerant (k–m). Indirect shoot formation 
on petiole (a) after 8 weeks of culture on MS medium with 0.5 and 
1  mg  l−1 TDZ, longitudinal section of adventitious shoot forming 
directly from leaf blade after four weeks of culture (b), young shoots 
(asterisks) developing on MS + 0.5  mg  l−1 TDZ directly from the 
leaf explant after 7 weeks of culture (c), callus (arrowheads) prolif-
erating on MS + 1 mg l−1 TDZ covered by fibrous (arrows) ECM (d), 

regenerated shoot rooted on ½ MS + 0.5 mg l−1 IAA + 2% sucrose (e), 
regenerated plants grown at experimental plot in Modlnica develop-
ing chasmogamous flowers (f) and capsules (arrows in g), chasmoga-
mous flower of plant from natural population (h), pistil (i) and five 
stamens, two with anther nectaries (asterisks), visible anther append-
ages (arrow) (j), chasmogamous flower (k), pistil (l), anthers (m) of 
regenerated plant, Alexander stained pollen grains from plant taken 
from natural population (n) and from regenerant (o). Bar 1  cm (a), 
100 µm (b, d), 300 µm (c), 1 mm (i, j, m), 500 µm (l), 25 µm (n, o)
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population along with regenerants (RPL2) of initial plant 
PL2, the third group, strongly diversified, contains initial 
plants (G1, PL1, PL2, PL3), some regenerants (RPL1, RPL3, 
RG1) and several plants from natural populations (PL4, PL5 
and G2–G20) not used for in vitro culture. Regenerants of 
PL1, PL3 and G1 grouped together with their initial plants, 
whereas all regenerants of PL2 jumped out of their maternal 
plant (Fig. S1).

The NN analysis (Fig. 2) including initial plants and 
regenerants showed two clearly diverged groups with 
strongly supported split (bootstrap: 95.7): one represented by 
all regenerants of PL2 initial plant and the second by initial 
plants PL1, PL3 and G1 and their regenerants.

Of the four regenerated plant groups visible in MSN 
(Fig. 3), only RG1 had the frequency of maternal genotype 
at 1, and an absence of private bands, while the rest of the 
groups exhibited some degree of somaclonal variation. The 
lowest variation was shown by RPL1 (freq = 0.61; Nprt = 8), 
while RPL2 plants exhibited highest somaclonal variation, as 
no maternal genotype was present in any of the regenerated 
plants and the number of private markers was also the highest 
(Nprt = 33). Two regenerants derived from PL3 had identi-
cal genotypes, however they differed from PL3 genotype. The 
overall distance between regenerant genotypes of RPL2 and 
maternal plant was also the highest, with the greatest number 

of mutations (50) between PL2 and R33PL2, which is much 
higher than maximal number of changes between wild geno-
types (32). In RPL1 the distance was considerably smaller, 
ranging from 1 to 15 mutations, while more than 60% of regen-
erants had genotypes identical with PL1 (Fig. 3). In total, 22 
(40%) regenerants were genetically uniform with their initial 
plants and 33 (60%) regenerants were distant from initial 
plants.

DNA content/ploidy of regenerants versus plants 
from natural populations

Thirty-one selected regenerated plants, regardless of culture 
media composition and origin of initial plants, possessed 
genome size 2C = 1.30 pg. There were no significant differ-
ences between 2C DNA values of regenerated plantlets and 
plants from natural sites. All regenerated plantlets represented 
the same ploidy level as plants from two (G, PL) natural popu-
lations (Table 5).

Table 3   Pollen viability (stainability) and size of V. stagnina from natural Garbas population and regenerated plantlets estimated by Alexander 
test; 50 pollen grains of each plant were measured

Means in columns followed by the same letter do not differ significantly at P < 0.05 in Kruskal–Wallis H test; n = sample number
*50 pollen grains of each plant were measured

Plant material No. of analyzed pollen 
grains

Frequency of stainable pollen 
grains, % (± SD)

Mean diameter of 
pollen grains, µm 
(± SD)*

Garbas (G); n = 5 1036 96.4 (± 3.11)a 26.44 (± 0.35)a

Regenerants (R) on 0.5 mg l−1 TDZ; n = 8 1722 92.16 (± 6.01)a 28.71 (± 0.69)a

Regenerants (R) on 1 mg l−1 TDZ; n = 8 1636 94.20 (± 4.76)a 28.37 (± 1.17)a

Table 4   Indices of genetic diversity in V. stagnina natural populations and regenerants

N, no. of specimens used in genetic analyses; Ngen, no. of genotypes; P, no. of polymorphic markers; %poly, proportion of polymorphic markers; 
Nprt, no. of private markers present in a given population but absent in other populations; Nd, no. of discriminating markers present in all indi-
viduals of a given population; Hj, Nei’s (1973) gene diversity; HT, total gene diversity; HS, mean gene diversity within natural populations and 
groups of regenerants; GST, Nei’s (1973) gene diversity between populations and groups of regenerants; FST, the variance among populations and 
groups of regenerants relative to the total variance
RG1, regenerants of plant no. 1 from G; RPL1, RPL2, RPL3, regenerants of plants nos. 1, 2, 3 from PL, respectively

Group N Ngen P %poly Nprt Nd Hj (± SD) HT (± SD) HS (± SD) GST FST

Garbas (G) 20 20 94 103 59.87 65.61 23 0 0.17 (0.18) 0.20 (0.19) 0.20 (0.04) 0.15 (0.02) 0.28 0.34 (P < 0.001)
Piaśnickie Łąki (PL) 5 5 50 31.85 0 0 0.12 (0.18)
RG1 8 1 0 96 0 61.15 0 0 0 (0) 0.18 (0.20) 0.16 (0.03) 0.04 (0.00) 0.77 0.74 (P < 0.001)
RPL1 23 7 32 20.38 4 0 0.04 (0.09)
RPL2 22 13 56 35.67 17 0 0.10 (0.17)
RPL3 2 1 0 0 0 0 0 (0)
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Discussion

Efficient and reproducible protocol for V. stagnina 
micropropagation

Sixty-five regenerants were obtained from petiole and 
leaf blade fragments of initial plants via direct and indi-
rect organogenesis, confirmed by SEM and histological 
observations, on MS medium supplemented with TDZ, 
and successfully acclimatized at the experimental plot. The 
morphogenic nature of the callus was confirmed by the 
presence of extracellular matrix (ECM) covering the sur-
face of the tissue similarly as in endosperm-derived callus 

(Popielarska-Konieczna et al. 2008, 2013) and Arabidopsis 
thaliana callus (Żabicki et al. 2013).

In the majority of papers on Violaceae micropropa-
gation, indirect organogenesis was achieved using more 
complex medium supplemented with different PGRs 
(TDZ, 2,4-D, BAP, NAA, IBA, GA3) in various concen-
trations and combinations (Bidwell et al. 2001; Wang 
and Bao 2007; Li et al. 2010; Chalageri and Babu 2012; 
Naeem et al. 2013; Soni and Kaur 2014; Mokhtari et al. 
2015). Similarly, in all previous studies on Violaceae the 
endoploidy of the explants cells’ was not estimated by 
FCM, with the exception of V. uliginosa (Slazak et al. 
2015a). The knowledge about the frequency of 2C cells 

Fig. 2   NeighborNet of the ISSR analysis based on matrix of Nei–Li genetic distances performed on V. stagnina plants from natural populations 
and in vitro propagated clones. Bootstrap was performed on 1000 replicates
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in the initial explants permits the ploidy of regener-
ated plants to be predicted, especially if plants that are 
obtained via direct organogenesis. It has been reported 
previously that 2C cells express higher totipotency than 
those with higher DNA content (Gilissen et  al. 1994; 
Kubaláková et  al. 1996). Nevertheless, polysomatic 
explants used for in vitro culture can also yield regener-
ants of increased ploidy. In the present study, despite that 
polysomatic petioles and polysomatic leaf blades being 
taken as explants none polyploid plantlets were obtained, 
confirming the higher totipotency of the 2C cells.

In vitro culture conditions generate somaclonal 
variation in V. stagnina regenerants?

There is a risk of genetic integrity loss due to stressful 
in vitro conditions inducing genetic and epigenetic altera-
tions in regenerants. For the last several years, molecular 
markers were extensively used to verify the genetic fidel-
ity of micropropagated plants and to identify genotypes 
resulting from somaclonal variation. In available for Vio-
laceae micropropagation protocols, the genetic diversity of 
regenerated plants was not estimated by molecular markers 
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(Sato et al. 1995; Prakash et al. 1999; Bidwell et al. 2001; 
Wang and Bao 2007; Li et al. 2010; Naeem et al. 2013; 
Mokhtari et al. 2015). In some papers the results of ISSR 
and RAPD was limited to simple comparison of band pat-
terns (Chalageri and Babu 2012; Soni and Kaur 2014) or 
to a few basic statistical analyses (Slazak et al. 2015a).

Our present comprehensive analysis revealed genetic 
variations among regenerated plantlets. Genetic fidelity of 
regenerants with maternal plants was dependent on initial 
plant origin and was the lowest in the case of PL2 plant. 
Distribution of samples representing in vitro recovered 
plants in PCoA and NeigbourNet showed some groups 
of regenerants situated very close to their initial plants 
and some groups distant from them. These results cor-
respond with low numbers of genotypes, private mark-
ers and genetic parameters (Hj and HT) for closely related 
somaclones and higher values for distant derivates. Hj 
and HT values in all micropropagated plants were lower 
than in natural populations. Results, especially MSN 
clearly revealed that somaclonal variation is present at 
some degree in nearly all of the regenerated plant groups 
but with relatively small number of punctual mutations 
in most cases. Regenerants derived from initial plant G1 
maintained complete genetic stability and uniformity and 
showed no evidence of somaclonal variation at all.

Genome multiplication leading to polyploid (autopoly-
ploid) plants recovered in tissue cultures is one of soma-
clonal alteration (Leva et al. 2012). All regenerated plantlets 
of V. stagnina possessed the same genome size (ploidy) as 
initial plants and plants from natural populations (G, PL). 
Lack of polyploid regenerants obtained via indirect shoot 
formation on MS + 1 mg l−1 TDZ stays in contrast to results 
on Viola uliginosa micropropagation under the same in vitro 
conditions and media composition; among regenerated 
plantlets, 35.7% represented 4× (Slazak et al. 2015a).

The range of genetic diversity of V. stagnina natural 
populations resulted from reproduction system

Genetic diversity of V. stagnina from two populations (G 
and PL) revealed genetic variation similar to Central Euro-
pean populations of this species estimated by AFLP method 
(Eckstein et al. 2006b) and other species belonging to the 
same subsection Rostratae of section Viola (V. riviniana 
and V. reichenbachiana) (Kuta et al. 2014; Migdałek 2015). 
Nei’s (1973) gene diversity between populations and the 
variance among populations computed in this study were 
similar to V. stagnina from German and Czech peripheral 
populations (Eckstein et al. 2006b). The genetic diversity 
of Polish natural populations of V. stagnina is characteristic 
for a mixed breeding system, formation of out-crossing CH 
and obligatory self-pollinated CL flowers. High numbers 
of genotypes in each population (G and PL), high numbers 
of private markers (23) in G population and also the pres-
ence of individuals from both populations in two strongly 
diverged groups in the NeigbourNet suggest high genetic 
diversity of V. stagnina. This might be explained by paleo-
tetraploid origin of V. stagnina (Marcussen and Nordal 
1998). Also pollination experiments indicate that there may 
be outbreeding depression among distant populations of V. 
stagnina resulting from low gene flow and high genetic dif-
ferentiation among populations (L. Eckstein et al. unpub-
lished data based on) Eckstein and Otte 2005.

Regenerants represent the same reproductive 
system as plants from natural populations

Flowering period of CH and CL flowers covers the cycle 
of V. stagnina from natural populations. The first flowers 
in a season are CH flowers (May) followed by CL long-
flowering flowers (end of May–September/October). Floral 

Table 5   Genome size of V. 
stagnina plants originating from 
natural sites, regenerated by 
organogenesis

Average values followed by the same letter do not differ significantly at P > 0.05 in Kruskal–Wallis H test
*Regenerants originated from PL initial plants
**Regenerants originated from G initial plants

Plant material No. of plants 2C DNA (pg)

Min Max Mean (± SD)

Plants from natural populations
 Piaśnickie Łąki (PL) 7 1.31 1.33 1.32 (± 0.01)a

 Garbas (G) 5 1.30 1.33 1.31 (± 0.01)a

 Average genome size 1.32 (± 0.01)a

Plants obtained by organogenesis
 Regenerants from MS + 1 mg l−1 TDZ 15* 1.29 1.35 1.30 (± 0.02)a

8** 1.28 1.32 1.30 (± 0.01)a

 Regenerants from MS + 0.5 mg l−1 TDZ 6* 1.28 1.31 1.29 (± 0.01)a

2** 1.28 1.30 1.29 (± 0.01)a

 Average genome size 1.30 (± 0.02)a
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morphology and generative organ structure of regenerated 
plants did not differ across plants from natural sites. The 
success of generative reproduction depends, among other 
things, on pollen viability and seed set. Low pollen viability 
and pollen grains differing in size (very small and giant) 
indicate disturbed microsporogenesis, typical in interspecific 
hybrids (Kuta 1990), aneuploids, autopolyploids, and also 
impact of environmental pollution (Dafni and Firmage 2000; 
Słomka et al. 2010, 2012; Migdałek et al. 2014). The pollen 
of 16 regenerated V. stagnina plants was highly viable and 
uniform in size, comparable to the pollen of plants from a 
natural site. Regenerated plants set seeds both from CH and 
CL flowers at experimental plot conditions.

Advantages of somaclonal variation 
excluding genome multiplication in conservation 
practice

The question arises: in conservation practice does the ploidy 
and genetic identity of micropropagated plants need to match 
those of the initial material?

Producing genetically identical somaclones (true-to-type 
plant material) by in vitro micropropagation, an ex situ con-
servation technique, might have a negative impact on popu-
lation genetic structure. Uniform genotypes are sensitive to 
pathogens attacks and reduce the genetic diversity of the 
population which could be enhanced by inbreeding by self-
compatible species or developing CL obligatory self-polli-
nated flowers as many violets. Introduction to the natural 
habitats of diverse genetic micropropagated plantlets of V. 
stagnina, covering genetic diversity and morphological vari-
ability of plants from natural sites, will maintain the genetic 
variation of this species populations. Sexually reproducing 
regenerating plants that produce seeds both from CH and 
CL flowers and have the same mean genome size/ploidy 
as plants from nature (4x/1.3 pg vs. 4x/1.3 pg) are a good 
source of material for re-introduction.

Somaclonal variation is an alternative tool to new tech-
nologies, such as genetic manipulation, to obtain relatively 
rapidly genetic variability and was successfully used in 
crops, medicinal and ornamental plants improvement 
(Abdellatif et al. 2012; Slazak et al. 2015a, b; Krishna et al. 
2016).

Conclusions

Somaclonal variation influencing genetic diversity of regen-
erated plants without genome multiplication plays advanta-
geous role in conservation practice of endangered species.

1.	 Highly effective and reproducible protocol developed for 
V. stagnina micropropagation enables the production of 

regenerants to be introduced into natural sites as an ex 
situ conservation technique of endangered V. stagnina.

2.	 Somaclonal variation although presented at some degree 
in nearly all of the regenerated plant groups introduced 
genetic differentiation which covered genetic variability 
of V. stagnina natural populations but did not influenced 
genome multiplication. All regenerants possessed the 
same genome size as initial plants and those originated 
from natural populations.

3.	 Floral morphology and the reproductive system of 
regenerated in vitro plantlets are true-to-type plant mate-
rial.

4.	 In conservational practice, before reintroduction of any 
plants originated from in vitro cultures, genetic variation 
of propagated in vitro plants along with their genome 
size/ploidy evaluation, and reproductive system assess-
ment (vs. plants originated from natural populations) 
should be performed routinely.
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