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Abstract The morphogenic potential of five Gentiana
species of medicinal and ornamental value, i.e.G. cruciata,
G. kurroo, G. lutea, G. septemfida, and G. tibetica, was
compared using agarose-bead leaf mesophyll protoplast
culture. Modified Murashige and Skoog medium contain-
ing 2.0 mg 17! 1-naphthaleneacetic acid and 0.1 mg 17"
thidiazuron ensured the highest cell division frequency
during both protoplast and protoplast-derived cell culture
or callus formation. Indirect plant regeneration mainly via
the somatic embryogenesis pathway was achieved for G.
kurroo and G. tibetica with the greatest efficiency occur-
ring with MS medium supplemented with 1.0 mg1~*
kinetin, 0.5 mg 1! gibberellic acid, and 80 mg 1~ adenine
sulfate. A considerable percentage of autopolyploid and
aneuploid cells was detected in callus lines obtained from
protoplasts using flow cytometry. The presence of poly-
ploid cells in calli resulted in the regeneration of 85 %
polyploid plants of G. kurroo and 14 % polyploids of G.
tibetica. Chromosome counting and stomatal characteristic
confirmed the ploidy variation among regenerants.
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Introduction

Plants belonging to the genus Gentiana L. are the source of
important pharmacologically active phytochemicals having
anti-inflammatory, antipyretic, antimicrobial, cyto- and
hepatoprotective, analgesic, stomachic and gastroprotec-
tive properties (Singh 2008), and have thus been frequently
used in traditional herbal medicine and in pharmacy. Of the
360 species of gentian, Gentiana lutea L. is widely used
for pharmaceutical purposes in Europe, G. kurroo Royle in
India (Behera and Raina 2012) and Pakistan (Qureshi et al.
2007), and G. tibetica King in China (Zhao et al. 2010).
Conversely, because of their very decorative flowers,
gentians are also used as ornamental plants, either as cut
and potted flowers or in rock and naturalistic gardens
(Takahata et al. 1995). Gentiana cruciata L. and G.
septemfida Pall owing to their their blue and violet flowers,
and ease of cultivation are popular for average garden
conditions (Kohlein 1991).

The majority of Gentiana species are rare or even face
possible extinction because of their exploitation by man.
However, modern biotechnological techniques combined
with in vitro cultures offer attractive alternative approaches
to traditional cultivation techniques resulting both in the
rapid micropropagation of valuable gentian species (Mom-
cilovié et al. 1997; Hosokawa et al. 1998), and providing an
efficient source of secondary metabolites (Tiwari et al. 2007,
Cai et al. 2009; Hayta et al. 2011). Moreover, this technique
enables modification of gentian genome for introduction of
some desirable characteristics (Mishiba et al. 2006;
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Nakatsuka et al. 2010) and the conservation of gentian bio-
diversity (Tanaka et al. 2004; Suzuki et al. 2005; Mikuta
et al. 2008). An important prerequisite for the aforemen-
tioned use of in vitro cultures is the development of an
efficient plant regeneration system from a suitable explant
type that expresses a high degree of morphogenic potential.
Of the various regeneration systems available, the proto-
plast-to-plant system deserves special attention as it forms the
basis of protoclonal variation, somatic hybridization or direct
genetic transformation by DNA uptake. So far, plants of the
genus Gentiana have been regenerated only from green leaf
mesophyll protoplasts of G. scabra (Takahata and Jomori
1989), G. triflora (Jomori et al. 1995) and G. scabra x G.
triflora (Nakano et al. 1995), from callus protoplasts of G.
crassicaulis (Meng et al. 1996) and from cell suspension
protoplasts of G. kurroo (Fiuk and Rybczynski 2007; Wéjcik
and Rybczynski 2015) and G. macrophylla (Hu et al. 2015).
Although leaves are the most widely accessible plant material
for protoplast isolation, cultures derived from leaf mesophyll
protoplasts of gentians are usually associated with low fre-
quency of morphogenetic processes. Some findings of
Nakano et al. (1995) and Takahata et al. (1995) indicated that
thidiazuron (TDZ) was a more effective cytokinin than ben-
zylaminopurine (BAP) in cultures of mesophyll protoplasts of
G. triflora and G. triflora x G. scabra. Recently, we suc-
ceeded in regenerating plants from leaf mesophyll protoplasts
of G. decumbens using TDZ in media used for protoplast
culture and callus proliferation (Tomiczak et al. 2015).
However, only tetraploid plants were regenerated, indicating
that culture conditions applied are able to disrupt cell division
and promote endoreduplication (Tomiczak et al. 2015).
Thus, the aims of this study were (1) to compare the
morphogenic potential of five other Gentiana species (G.
cruciata, G. kurroo, G. lutea, G. septemfida and G. tibet-
ica) in leaf mesophyll protoplast cultures and (2) to assess
the ploidy stability of protocalli and plants obtained from
protoplasts. Here the genome size of G. kurroo is esti-
mated, to the best of our knowledge, for the first time.

Materials and methods
Plant material

Seeds of Gentiana species were obtained from the PAS
Botanical Garden-CBDC in Powsin, in Poland (G. cruciata)
and from the Botanic Garden in Pruhonice, in the Czech
Republic (G. kurroo, G. lutea, G. septemfida, G. tibetica). The
seeds were sterilized with 70 % (v/v) ethanol for 30 s and then
with 20 % (v/v) “Domestos” for 15 min, followed by three
rinses in sterile water. Germination was carried out in a Petri
dish, on half-strength Murashige and Skoog medium (MS;
Murashige and Skoog 1962) supplemented with 0.5 mg 17"
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gibberellic acid (GA3), 10 g 17! sucrose and 7 g 1! agar, pH
5.8. Plantlets derived from seedlings were transferred to glass
jars containing half-strength MS medium with 15 g1~
sucrose and 8 g 17! agar and were cultured in a phytotron at
21 £ 1 °C under 16-h day length. [llumination was provided
by 100 tM m~2 s~ " daylight fluorescent tubes.

Protoplast isolation

For protoplast isolation, young but fully expanded leaves
harvested from in vitro-grown plantlets were used. The leaf
abaxial epidermis was peeled off and 1 g of leaf tissue was
incubated in 10 ml of cell and protoplast wash solution
(CPW; Frearson et al. 1973) supplemented with 0.33 M
mannitol (pH 5.8) for 30 min to induce cell plasmolysis. Cell
wall digestion was carried out for 3—4 h in the dark at 26 °C
in filter-sterilized enzyme solution consisting of 1.0 % (w/v)
Cellulase Onozuka R-10 (Yakult Honsha Co., Ltd, Japan)
and 0.5 % (w/v) Macerozyme R-10 (Yakult Honsha Co.,
LTD, Japan) dissolved in CPW with the addition of 0.5 M
mannitol and 5 mM 2-(N-Morpholino)ethanesulfonic acid
(MES), pH 5.8. In order to improve the release of proto-
plasts, gentle agitation on a rotary shaker (50 rpm) was
employed. The released protoplasts were separated from the
debris by filtering through a 45 pm nylon sieve and cen-
trifuged at 180 rpm for 10 min. In the case of G. cruciata, G.
kurroo, G. lutea, and G. septemfida the protoplast pellet was
rinsed three times with CPW solution supplemented with
0.5 M mannitol and collected each time by centrifugation at
180 rpm for 10 min. To rinse pellet of G. tibetica proto-
plasts, the CPW solution was replaced by wash solution
(WS) containing 1.0 mM CaCl,, 0.5 M mannitol, and 5 mM
MES, pH 5.8. The yield of protoplasts was estimated with the
use of a Biirker counting chamber and expressed as the
number of protoplasts obtained from 1 g of fresh weight of
gentian leaves. Protoplast diameter was measured using
“analySIS® FIVE” software (Olympus). To assess their
viability, protoplasts were stained with 0.01 % (w/v) fluo-
rescein diacetate (FDA) solution (Larkin 1976) and observed
through an epifluorescence microscope (Vanox AHBTS3,
Olympus, 100x magnification). For each species, mean
yield, diameter and viability were calculated on the basis of
results obtained from 6 independent isolations, and 10
microscopic fields of view per isolation.

Protoplast culture

Protoplasts were cultured at a density of 1.0 x 10° cells
per ml in 100-pl agarose beads, composed of protoplast
culture medium (PCM) solidified with 0.8 % (w/v) Sea
Plaque® Agarose (Cambrex Bio Science Rockland Inc.,
USA). The PCM medium contained full MS macro- and
micronutrients except for NH4NO3, MS vitamins, 30 g 1!
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Table 1 Combinations of plant

. Medium code
growth regulators used in

Plant growth regulators

particular media for protoplast
culture (PCM), callus
proliferation (CPM) and plant
regeneration (PRM)

PCM1
PCM2
CPM1
CPM2
CPM3
CPM4
PRM1
PRM2
PRM3

2.0 mg "' NAA, 0.1 mg1~' TDZ

2.0 mg 1" NAA, 1.0 mg I™' BAP

2.0 mg 17! NAA, 02 mg 17! TDZ

2.0 mg 17! NAA, 1.0 mg 17" BAP

1.0 mg 17" dicamba, 0.1 mg 17" NAA, 2.0 mg 1! BAP, 80 mg 17! adenine sulfate
0.5 mg 17! 2,4-D, 1.0 mg 17! kinetin

0.1 mg 17! NAA, 8.0 mg 1~' TDZ

0.1 mg 17! NAA, 6.0 mg 1~! BAP

1.0 mg 17! kinetin, 0.5 mg 17" GA3, 80 mg 17" adenine sulfate

glucose, 3.0 g 1! glutamine, 0.5 M mannitol, and appro-
priate plant growth regulators (PGRs), namely: o-naph-
thaleneacetic acid (NAA) in combination with TDZ or BAP
(Table 1). From 12 to 14 beads were formed per 50-mm Petri
dish and submerged in 5.0 ml of the liquid medium. Cultures
were incubated at either 21 or 26 °C in the dark. Cell wall
regeneration was monitored for the first week of culture by
staining the protoplasts with 0.001 % (w/v) Calcofluor
White (Fluorescent Brightener 28, Sigma-Aldrich) solution.
Seven days after culture initiation, the plating efficiency was
calculated. Protoplast-derived cells, which had divided at
least once, were scored using an inverted light microscope
(IMT-2, Olympus, 100x magnification) from 10 fields of
view per each agarose bead culture. Plating efficiency was
expressed as the number of cells that divided at least once per
total number of plated protoplasts multiplied by 100. To
prevent cultures from browning, liquid PCM medium was
refreshed every week by replacing half the volume (2.5 ml)
of the current medium with the same volume of fresh med-
ium. To stimulate further cell division and colony formation,
the mannitol concentration of the freshly added medium was
gradually reduced after 4 weeks of the protoplast culture;
firstly to 0.33 M (in fifth and sixth week), then to 0.17 M (in
seventh and eighth week) and finally to zero (in the following
weeks).

Callus culture and plant regeneration

Visible protoplast-derived microcalli (about 1-2 mm in
diameter) were transferred with agarose beads to 90-mm
Petri dish containing 0.8 % agar-solidified MS callus pro-
liferation medium (CPM) supplemented with 30 mg 1™
sucrose and various PGRs (Table 1). Cultures were main-
tained in the dark at 26 °C. The effect of 4 different PGR
combinations on the degree of callus proliferation was
estimated after 4 weeks of culture.

Calli lines obtained after 4-8 weeks were placed on
0.8 % agar-solidified MS plant regeneration medium (PRM;
Table 1) and cultured under growth cabinet conditions
(21 °C, 16/8 h photoperiod). The number of regenerating

somatic embryos and/or shoots was estimated after 3 months
of culture. Somatic embryos and/or shoots regenerating from
callus tissue were transferred to glass jars containing agar-
solidified half-strength MS medium supplemented with
15 g 17" sucrose for further growth and rooting.

Flow cytometry

Randomly chosen proliferating calli (7 per species) and
young leaves of all regenerated plants of G. kurroo (20)
and G. tibetica (70) were analyzed using flow cytometry.
About 6-month-old seed-derived plants (over 20 per spe-
cies) that were the source of the protoplasts constituted the
control. Petunia hybrida cv. P x Pc6 (2.85 pg/2C; Marie
and Brown 1993) and Pisum sativum L. ‘Set’ (9.11 pg/2C;
Sliwinska et al. 2005) served as an internal standards for
the estimation of the total nuclear DNA content of G.
kurroo and G. tibetica plants, respectively. Plant material
was chopped with a sharp razor blade in a Petri dish con-
taining 1.0 ml of nuclei-isolation buffer (0.1 M Tris,
2.5 mM MgCl, x 6H,O, 85 mM NaCl, 0.1 % Triton
X-100; pH 7.0) supplemented with 50 pug ml~' of RNase A
and 50 pg ml~" of propidium iodide (PI). The suspension
was subsequently passed through a 50-pm mesh nylon
filter. For each sample, 3000-7000 nuclei were analyzed
immediately following preparation using a Partec CCA
(Munster, Germany) flow cytometer. Linear amplification
was used for most of the samples; only for the analyses of
calli of G. kurroo was logarithmic amplification applied
because of the highly elevated endopolyploidy present in
the cells of this plant material. PI fluorescence histograms
were analyzed using DPAC V.2.2 software (Partec, GmbH,
Miinster, Germany). For callus samples, the mean C-value
(mean ploidy; @) was calculated (Lemontey et al. 2000).
The nuclear DNA content of plants was calculated using
the linear relationship between the ratio of the Go/G; peak
positions Gentiana/internal standard, on the fluorescence
intensity histogram. Furthermore, the 1Cx-value (DNA
content of a monoploid genome with chromosome number
x) was calculated.
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Chromosome counting

Roots of G. kurroo and G. tibetica regenerants and control
plants were used for evaluation of the number of chromo-
somes. Root tips were pretreated with 2 mM 8-hydrox-
yquinoline for 2 h at 21 °C and for the following 2 h at4 °C,
and then were fixed in an absolute ethanol: glacial acetic acid
(3:1, v/v) for at least 24 h. After macerating for 50 minin5 M
HCI at 21 °C, root tips were stained in Schiff’s reagent
(Sigma-Aldrich) for 2 hin the dark and then rinsed three times
with potassium metabisulfite solution (225 mM K,S,0s,
5 mM HCI). Metaphase plates were prepared by gently
squashing of root-tip meristems in a drop of 45 % (v/v) acetic
acid on a microscopic slide. Observations were carried out
using a Vanox AHBT3 microscope (Olympus) at 1000x
magnification. Chromosomes were counted for at least 10
different, well-spread metaphase plates per each plant.

Stomatal guard cell length and frequency

The size and frequency of stomata were estimated for the
abaxial epidermis of the youngest pair of fully expanded
leaves of G. kurroo and G. tibetica plants grown in vitro.
Observations were performed using a Vanox AHBT3 light
microscope. The guard cell length of all stomata visible in 10
randomly selected fields of view per each leaf was measured
using “analySIS® FIVE” software. Also, all stomata from
10 randomly selected microscopic fields of view per leaf
were counted. The stomatal frequency was expressed as the
number of stomata per | mm? area of the leaf blade.

Statistical analysis

Each in vitro culture experiment was repeated three times.
Three Petri dishes per each combination of culture condi-
tions represented each replicate. Statistical analyses were
performed with the help of Statistica ver. 6.0 (StatSoft Pol-
ska Sp. z 0.0., Poland). One- or two-way analysis of variance
was performed. Means were compared using Tukey’s hon-
estly significant difference (HSD) test, at the 0.05 level of
probability. The correlation between mean size of proto-
plasts from different species and their yield was computed
using Pearson product-moment correlation coefficient.

Results

Protoplast isolation and culture of five Gentiana
species

Protoplasts were successfully isolated from leaf mesophyll

tissue of all five Gentiana species. All protoplasts were
spherical in shape and mostly rich in chloroplasts (Fig. 1a).
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Their mean size ranged from 24.23 (G. kurroo) to
36.96 um in diameter (G. cruciata) (Table 2). The size was
negatively correlated with the yield of protoplasts (Pearson
correlation coefficient r = —0.91), which varied from
3.46 x 10’ protoplasts per 1 g of fresh leaf tissue of G.
septemfida to 11.41 x 10° protoplasts from 1 g of G.
kurroo leaf material (Table 2). The protoplast viability
after isolation, as revealed by FDA staining (Fig. 1b) was
similar for all species and reached 80-90 % (Table 2).

Within the first week of culture in agarose beads, pro-
toplasts of all studied species, except for G. lutea com-
pleted the regeneration of the cell wall and started to divide
(Fig. 1c—d). Protoplasts of G. lutea burst following 48 h of
culture on both PCM1 and PCM2 medium.

For the remaining four species studied, culturing of
protoplasts on PCM1 medium containing 0.1 mg 1~' TDZ
resulted in higher plating efficiency than on PCM2 sup-
plemented with 1 mg 1~' BAP (Table 3). Furthermore, the
percentage of cell division noted at 26 °C was, on average,
twice as much as at 21 °C (Table 3). Of all the species
tested, G. septemfida was generally distinguished in that it
demonstrated greatest plating efficiency at day 7 of culture.

Despite the weekly addition of the fresh medium, cultures
of G. cruciata and G. septemfida protoplasts turned brown
and died within 2 weeks of culture. Protoplast-derived cells
of G. kurroo and G. tibetica continued to divide and formed
multicellular aggregates after 5-9 weeks on either PCM1 or
PCM2 (Fig. le—f). After 10-12 weeks of culture, visible
microcalli measuring of 1-2 mm in diameter were obtained.
In addition, spontaneous rhizogenesis was observed at times
in G. tibetica cultures maintained on both media (Fig. 1g-h).

Callus culture and plant regeneration

Callus proliferation was achieved for all agarose beads
transferred onto CPM media (Fig. 1i). The formation of
callus tissue of both species, G. kurroo and G. tibetica, was
faster when protoplasts were previously cultured on med-
ium supplemented with TDZ (i.e. PCM1), than when cul-
tured on the medium containing BAP (i.e. PCM2). The
presence of TDZ in CPM1 medium promoted rapid growth
of protoplast-derived callus as well (Online Resource 1).
Effective callus proliferation of both G. kurroo and G.
tibetica was also achieved on CPM3 medium supple-
mented with dicamba, NAA, BAP, and adenine sulfate.
The process of plant regeneration from protoplast-
derived calli was mostly via somatic embryogenesis
(Fig. 1j). For both species, PRM3 medium was the most
effective in inducing somatic embryogenesis, but only from
calli maintained previously on CPM1 and CPM3 media.
The greatest number of G. kurroo somatic embryos per
agarose bead (1.08) was recorded for those regenerated on
PRM3 medium from callus cultured previously on CPM1
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Fig. 1 Plant regeneration in green leaf mesophyll protoplast cultures
of Gentiana species: a freshly isolated protoplasts of G. tibetica and
b their viability revealed by FDA staining, ¢ regeneration of the cell
wall following 5 days of protoplast culture, and emphasized by
treatment with Calcofluor White. Note the formation of a cell plate
during first cell division, d three daughter cells formed as a result of
the first and second division of protoplast-derived cell after 7 days of
culture, e multicellular aggregate of G. kurroo formed after 5 and

medium, whereas for G. tibetica the best embryogenic
response (0.55 somatic embryos regenerated per agarose
bead) was achieved for callus maintained on CPM3 med-
ium. In a few G. kurroo callus cultures subjected to PRM?2
medium, the regeneration of shoots was also observed
(Fig. 1k, Online Resource 2).

Most of mature somatic embryos of both species easily
developed into plantlets on half-strength MS medium with
2 % (wl/v) sucrose. On the same medium, most of regen-
erated shoots of G. kurroo also rooted. Most of regenerated

f 9 weeks of protoplast culture, respectively, g small minicalli of G.
tibetica formed inside agarose beads with spontaneously regenerated
roots (arrows), h magnification of spontaneously regenerated root,
i callus tissue arising from single agarose bead, j somatic embryo of
G. tibetica regenerated after 6 weeks of callus culture on PRMI1
medium, k shoots of G. kurroo regenerated after 8 weeks of callus
culture on PRM2 medium, 1 regenerated plant of G. tibetica

plants (Fig. 11) grew vigorously on full strength MS
medium.

Cell ploidy of protoplast-derived calli

Well over 90 % of the nuclei of leaves from seedlings of
both Gentiana species investigated contained 2C DNA,
only a few having 4C nuclei (Figs. 2a, 3a). Conversely, all
G. kurroo protoplast-derived calli analyzed cytometrically
exhibited mixoploidy, containing, beside 2C and 4C nuclei,
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Table 2 Comparison of the mean size, yield and viability of freshly isolated protoplasts of five Gentiana species

Species Protoplast diameter (pm) Protoplast yield x 10° per 1 g of fresh weight Protoplast viability (%)
G. cruciata 36.96 + 7.05 a 5.36 + 0.85 be 90.66 + 2.82 a

G. kurroo 24.23 + 4.66 ¢ 1141 £225a 8785+ 373 a

G. lutea 3191 +£8.015 5.06 + 0.26 bc 89.66 + 2.70 a

G. septemfida 3567+ 774 a 346 £ 1.25¢ 8491 £ 844 a

G. tibetica 3198 £ 7.62 b 6.65 + 1.48 b 79.25 £ 1301l a

Values followed by the same letter are not significantly different at P < 0.05 (HSD test)

Table 3 The percentage of

dividing leaf mesophyll Species peMi pem2

protoplasts-derived cells of four 26 °C 21 °C 26 °C 21 °C

Gentiana species after 7 days of

culture on two different media G. cruciata 4.83 £+ 1.45 abe 2.00 £ 0.32 c¢d 3.45 + 0.71 abcd 1.20 £ 0.34 d

and at two different G. kurroo 6.13 + 1.60 a 346 + 0.87 abcd 347 £ 051 abed 231+ 0.67 cd

t at S

ctuperatites G. septemfida 625+ 174 a 2.98 + 0.67 bed 5.01 + 1.92 abe 2.81 + 0.94 bed
G. tibetica 5.46 £ 0.73 ab 2.18 £ 0.68 cd 3.01 + 0.58 bed 172 £ 027 d

Values followed by the same letter are not significantly different at P < 0.05 (HSD test)

some endopolyploid nuclei with DNA content above 4C
(Fig. 2). Nuclei with DNA content 2C, 4C, 6C, 8C, and
16C were detected, and in some calli a few nuclei with 32C
were present. In three of five calli, 4C nuclei predominated,
the remaining two having 8C nuclei. The mean C-value for
calli of this species varied from 4.87 to 11.22. In the case of
protoplast-derived calli of G. tibetica, the degree of
mixoploidy was lower than for G. kurroo, and very few
endopolyploid nuclei were detected (Fig. 3). However,
surprisingly, in some calli, nuclei with DNA content lower
than 2C (about 1.4C) occurred. Consequently, the mean C-
value for G. tibetica callus cells varied from 1.48 to 2.51.

DNA content and chromosome number
of regenerated plants

Flow cytometry and chromosome counting revealed that
control seed-derived plants of G. kurroo possessed 3.32 pg/
2C DNA and 26 chromosomes (Fig. 4a; Table 4). Control
plants of G. tibetica possessed 6.91 pg/2C DNA and 52
chromosomes (Fig. 4d; Table 4).

In 20 protoplast-derived plants of G. kurroo, 10.0 %
possessed a genome and a chromosome number equal in
size to that of the controls (Fig. 4b; Table 4), whereas in
85 %, nuclear DNA content and number of chromosomes
had doubled (Fig. 4c; Table 4). One of G. kurroo regener-
ants was identified as a possible aneuploid having a 2C DNA
content of 8.75 pg, below that expected for the hexaploid
(assuming that 1Cx of this species is equal to about 1.7 pg,
hexaploid DNA content would be about 10 pg). The chro-
mosome number of this plant could not be assessed because
of its inability to root and because it died rapidly in vitro. Of
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the 70 regenerants of G. tibetica also about 85 % had the
same nuclear DNA content and number of chromosomes as
control plants (Fig. 4e; Table 4), whereas the remaining
protoplast-derived plants had their DNA content and twice
as many chromosomes as the control (Fig. 4f; Table 4).

Plant morphology and stomatal guard cell length
and frequency

Two plants regenerated from protoplasts of G. kurroo, which
had the same nuclear DNA content and chromosome num-
ber as control plants, possessed a similar number of stomata
per mm?® of leaf blade area (Table 4). Regenerants with
doubled DNA content and chromosome number, with the
exception of leaf blades (Fig. 5Sb) which were wider than
those of parent plants (Fig. 5a), showed no visible mor-
phological differences under in vitro conditions. However,
they had two-fold fewer stomata on the abaxial leaf surface
than control plants (Table 4). Also, in comparison to the
controls, the stomata were slightly smaller in regenerants
with the same nuclear DNA content, but significantly larger
in plants with doubled DNA content (Table 4). The stomata
were not analyzed for an aneuploid G. kurroo regenerant,
however severe leaf blade malformations such as swelling
and crinkling were observed in this plant (Fig. 5c).

Similar relationships between ploidy level and the
number and length of stomata were detected for G. tibetica
protoplast-derived plants (Table 4). However, the regen-
erants with octoploid DNA content were dwarf and pos-
sessed thicker and wider leaves (Fig. Se) than control
plants and regenerants with tetraploid DNA content
(Fig. 5d). They also developed shorter and thicker roots.
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Fig. 2 Histograms of relative 4 s
nuclear DNA content obtained a b
after flow cytometric analysis of _ _
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Discussion

Assessment of the morphogenic potential in protoplast
culture, followed by the development of the protoplast-
to-plant system, are the first steps in researching
somatic hybridization or direct genetic transformation
in species of interest. In this work, for the first time,

Relative DNA content

leaf mesophyll protoplasts were isolated for five dif-
ferent gentian species of high medicinal and ornamental
importance. Early response of protoplasts to culture
conditions was compared for G. cruciata, G. kurroo, G.
septemfida and G. tibetica. Regeneration potential and
ploidy stability were evaluated for G. kurroo and G.
tibetica.
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Fig. 3 Histograms of relative 4 a b
nuclear DNA content obtained 1
after flow cytometric analysis of u=207C 1 1.4C u=148C
nuclei isolated from G. tibetica 400 800 4
leaves and calli: a leaf of a seed- 2C
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The influence of culture conditions on protoplast-
derived cell viability and divisions

Leaf mesophyll tissue of in vitro grown gentians is a
suitable plant material for routine isolation of viable pro-
toplasts. The physical and chemical conditions used for
protoplast release allowed us to obtain yields of G. kurroo
protoplasts similar to those of G. decumbens (Tomiczak
et al. 2015) and G. crassicaulis (Meng et al. 1996), whereas
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Relative DNA content

the yields of protoplasts for other species was comparable
to those that of G. acaulis (Jomori et al. 1995), G. triflora,
and G. triflora x G. scabra (Nakano et al. 1995). A large
number of factors related to plant material used, including
plant genotype, age, and preculture conditions, influence
the yield of released protoplast (Wright 1985; Grezes et al.
1994; Hu et al. 2015). Our study indicates that yield of
protoplasts can be also affected by protoplast size, thereby
the cell size of source material.
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Fig. 4 Chromosome counting of G. kurroo and G. tibetica plants:
a 26 mitotic metaphase chromosomes in a root-tip cell of a seed-
derived parent plant of G. kurroo and d 52 chromosomes in a root-tip
cell of a seed-derived parent plant of G. tibetica, b protoplast-derived

regenerants of G. kurroo with 26 and ¢ 52 chromosomes, e protoplast-
derived regenerants of G. tibetica with 52 and f about 100
chromosomes

Table 4 Direct and indirect characteristics for ploidy estimation of control plants and regenerants from leaf mesophyll protoplasts of two

Gentiana species studied

Species Plant Number of Nuclear DNA 1Cx (pg) Chromosome  Stomata length ~ Number of stomata  Ploidy
material plants (%) content (pg/2C) number (pm) per mm? of leaf
blade area
G. kurroo  Control 24 (100 %)  3.32 £0.07 b*  1.66 26 33.02+458b 227.1 £66.7 a 2x
Regenerants 2(10.0 %) 334+0.15b 1.67 26 3139 £ 283 ¢ 2184 +413a 2x
17 (85.0 %) 6.58 £0.14a 1.65 52 40.89 £345a 1061 £23 b 4x
1 (5.0 %) 8.75 1.46 n.t. n.t. n.t. ~6x
G. tibetica  Control 35 (100 %) 691 £ 0.20 b 1.73 52 46.22 £ 5.6 b 703 £ 119 a 4x
Regenerants 60 (85.7 %) 6.91 £ 0.36 b 1.73 52 4546 +383b 633+ 158a 4x
10 (143 %) 1350 £095a 1.69 ~100 6686 £535a 344+660b 8x

n.t. not tested

* values for a certain species followed by the same letter are not significantly different at P = 0.05 (Tukey’s test)

Despite their relatively great viability directly after
isolation, protoplasts of G. lutea did not survive the first
48 h in culture. Probably the concentration and/or the type
of osmoticum, or the concentration of macro- and
micronutrients in the protoplast culture medium were
inadequate. Takahata et al. (1995) referred to the use of
half-strength MS gellan gum-solidified medium supple-
mented with 1.5 % sucrose and 0.25 M mannitol for cell
suspension-derived G. lutea protoplasts. However, to our
best knowledge, no further reports on their regeneration
into entire plants have ever been published. Furthermore, in
our experience, leaves of G. lutea provide explants that

respond poorly and have very low morphogenic potential
(Fiuk and Rybczynski 2008b).

Influenced by the discovery of Nakano et al. (1995) and
Takahata et al. (1995) that TDZ is a more effective cyto-
kinin than BAP for culturing mesophyll protoplast of G.
triflora and G. triflora x G. scabra, as well as by our
previous work on G. decumbens (Tomiczak et al. 2015), we
compared the influence of TDZ and BAP on cell division
efficiency in protoplast cultures of G. cruciata, G. kurroo,
G. septemfida, and G. tibetica. TDZ, a substituted pheny-
lurea compound, induces a diverse array of cultural
responses ranging from callus formation to regeneration of
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Fig. 5 Leaf morphology of G.
kurroo and G. tibetica plants:
a seed-derived parent plant of
G. kurroo, b protoplast-derived
regenerant of G. kurroo with
doubled DNA content and
chromosome number,

¢ aneuploid protoplast-derived
regenerant of G. kurroo, d seed-
derived parent plant of G.
tibetica, e protoplast-derived
regenerant of G. tibetica with
doubled DNA content and
chromosome number

shoots and somatic embryos (Murthy et al. 1998). For four
gentian species studied in this work, a greater percentage of
dividing cells was obtained when protoplasts were cultured
on medium containing TDZ than when grown on medium
supplemented with BAP.

Browning of the protoplast cultures of G. cruciata and G.
septemfida, which was observed within 2 weeks from cul-
ture initiation, is thought to be caused by oxidation of
phenolic compounds released from plant cells into the cul-
ture medium (Zhu et al. 1997). This phenomenon was also
described by Takahata and Jomori (1989); Jomori et al.
(1995); Kunitake et al. (1995) and Nakano et al. (1995), and
indicates that it is one of the major problems in protoplast
cultures of Gentianaceae. In the case of G. cruciata and G.
septemfida, weekly medium refreshment was insufficient to
prevent cell browning. Whether the addition of activated
charcoal or polyvinylpyrrolidone (PVP) is beneficial for
these species, as in Eustoma grandiflorum (Kunitake et al.
1995) or Vitis vinifera (Zhu et al. 1997), would be worth
investigating. Another possibly valuable modification would
be conditioned (Chen et al. 2004; Komai et al. 2006) or
nurse type of protoplast culture (Zhou et al. 2005).

The influence of culture conditions on callus
proliferation and plant regeneration

The positive effect of TDZ on proliferation of protoplast-
derived callus of G. kurroo and G. tibetica was manifested
in two ways. Firstly, a greater volume of callus tissue was
obtained from agarose beads cultured previously on TDZ-
supplemented PCM1 medium, than from beads cultured on
PCM2 containing BAP. Very similar effects were observed
during callus formation derived from mesophyll protoplasts
of G. decumbens (Tomiczak et al. 2015). Secondly, it
transpired that CPM1 medium is the most appropriate for
callus proliferation of G. kurroo and is almost as good as
CPM3 for G. tibetica. CPM3 medium containing
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1.0 mg 1”! dicamba, 2.0 mg 1”' BAP, 0.1 mg 1™' NAA
and 80 mg 1~' adenine sulfate is an universal medium
typically used for the initiation and maintenance of cell
suspension cultures of G. tibetica, G. cruciata and G.
pannonica (Mikuta et al. 2002, 2005).

Publications involving the development of a protoplast-
to-plant system for Gentiana mesophyll protoplasts avail-
able pre-2015 described only one way of plant regeneration
i.e. shoot organogenesis (Takahata and Jomori 1989;
Nakano et al. 1995). Regeneration of shoots was achieved
on media containing high concentrations (5-10 mg 17') of
cytokinins (TDZ or BAP) in combination with 0.1 mg 17"
NAA (Nakano et al. 1995) or 1.0 mg 17! 1AA (Takahata
and Jomori 1989). Recently, we succeeded in regenerating
plants from leaf mesophyll protoplasts of G. decumbens by
indirect somatic embryogenesis (Tomiczak et al. 2015).
PRM3 medium containing 1.0 mg 1" kinetin, 0.5 mg 17
GA3, 80 mg 17! adenine sulfate, which led to the formation
of somatic embryos from protoplast-derived tissues of G.
decumbens, was the same medium as was widely used for
the induction of somatic embryogenesis from callus and
cell suspensions of G. pannonica, G. cruciata, G. tibetica
(Mikuta and Rybezyniski 2001; Mikuta et al. 2002), and G.
kurroo (Fiuk and Rybczynski 2008a), as well as from
protoplasts of G. kurroo cell suspensions (Fiuk and
Rybczynski 2007). The greatest number of somatic
embryos regenerated from mesophyll protoplast-derived
callus of G. tibetica and G. kurroo was also achieved by
using this medium. Shoot organogenesis was also observed
in G. kurroo cultures, but only on PRM2 medium supple-
mented with a high concentration (6.0 mg 1™') of BAP.
Interestingly, single somatic embryos were obtained on
PRMI1 medium, containing 8.0 mg 1~! TDZ. However, as
reviewed by Murthy et al. (1998), both traditional cytoki-
nin and auxin-type responses to TDZ in tissue culture
medium have been reported. Induction of highly mor-
phogenic callus followed by regeneration of shoots and
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somatic embryos has been documented for a wide variety
of plant species and for different explant types (Tegeder
et al. 1995; Gill and Ozias-Akins 1999; Zhang et al. 2001;
Mithila et al. 2003; Jones et al. 2007; Thomas 2007).

Ploidy of cells of callus and regenerated plants

Young leaves of Gentiana seem to provide adequate explant
material for initiation of cytogenetically stable cell cultures,
as they do not contain endopolyploid cells. Most gentian leaf
mesophyll cell nuclei become arrested in the G1/G, phase of
the cell cycle (2C DNA content), only a small fraction of G,
nuclei were detected (Mikuta et al. 2008; Fiuk et al. 2010).
However, the conditions for protoplast isolation and culture,
as well as an indirect method of plant regeneration (through
long-term callus phase), can induce somaclonal variation
(known as protoclonal variation in this case), causing
numerical and structural chromosome changes, and conse-
quently leading to cell aneuploidy and/or polyploidy (Karp
et al. 1982; Karp 1994). This variation is especially evident
in protoplast cultures, where a high frequency of errors
occurs during mitosis. It was confirmed in the present
experiment that extensive variation in cell ploidy occurs in
protoplast-derived callus. This variation was especially
evident in G. kurroo; apart from endoreduplication, resulting
in the presence of 8C and 16C cells and an increased pro-
portion of 4C cells, other chromosome disturbances occur,
precipitating the formation of aneuploid cells having a DNA
content ranging from 5C to 6C. Also, in the tetraploid species
G. tibetica, probably some errors occurred during early
divisions, with the result that a considerable proportion of
cells had a DNA content of less than 2C. Similarly, in pro-
toplast cultures of potato, endoreduplication, polyploidy,
and aneuploidy occurred very early during the initial stages
of protoplast development and callus induction. An increase
in the nuclear DNA content and chromosome number was
observed as early as the first 2 weeks of protoplast culture.
This process continued in the callus and finally, when
regeneration occurred, led to polyploidy or aneuploidy in
regenerated plants (Sree Ramulu et al. 1984, 1989). The
proportion of polyploid/aneuploid regenerants to true-to-
type plants can vary from single aneuploid and polyploid
regenerated plants like it was noted for Pelargo-
nium x hortorum (Nassour et al. 2003) or Eustoma gran-
diflorum (Lindsay et al. 1994), through almost half of the
regenerants having a ploidy value different from that of the
mother plants (Fragaria x ananassa; Nyman and Wallin
1992), to only polyploid plants being obtained from proto-
plast culture (G. decumbens; Tomiczak et al. 2015). In the
present research, over 85 % of G. tibetica regenerants pos-
sessed a genome of the same size as that of control plants,
and only 14 % were polyploid. There was no regeneration
from the cells having a DNA content lower than 2C, as also

observed with other species (Elmaghrabi and Ochatt 2006).
However, in G. kurroo, the majority of regenerated plants
(85 %) contained double the amount of DNA as control
plants. This was probably due to the high proportion of 4C
cells and the low proportion, or even lack of 2C nuclei in the
calli of this species (as shown in Fig. 2c, d, f). By contrast,
Nontaswatsri and Fukai (2005) reported a greater ability to
regenerate in diploid cells compared with tetraploids and
octoploids, resulting in preferential regeneration of diploid
plants from mixoploid calli of Dianthus hybrid. The greater
totipotency in vitro of diploid cells was also confirmed for
Cucumis sativus (Kubalakova et al. 1996), Pisum sativum
(Ochatt et al. 2000), and Medicago truncatula (Elmaghrabi
and Ochatt 2006). The presence of aneuploid cells (5-6C) in
some calli of G. kurroo in the present study resulted in the
regeneration of a single plant, which, however, showed
abnormal morphology and did not survive. In our previous
studies on G. kurroo, about 30-37 % polyploids (tetraploids
and hexaploids) was regenerated from cell suspension-
derived protoplasts (Fiuk and Rybczynski 2007), and 14 %
tetraploids from hypocotyl-derived cell suspension (Fiuk
and Rybczynski 2008a).

According to the literature, G. kurroo is a diploid species
having 26 chromosomes (Kaur et al. 2009; Yuan et al. 1998),
and G. tibetica is a tetraploid possessing 52 chromosomes
(Mishiba et al. 2009; Yuan et al. 1998). In our study, the
chromosome number of control plants of both species was
consistent with previously reported data, and regenerants with
double the amount of DNA also possessed twice the number
of chromosomes. Furthermore, we observed the typical cor-
relation that length of stomata increased and the number of
stomata decreased with increasing ploidy, as was previously
reported for G. decumbens (Tomiczak et al. 2015) and for
many other genera and species (reviewed by Knight and
Beaulieu 2008). On the other hand, the relationships between
ploidy and morphology of gentians regenerated both in this
and a previous study (Tomiczak et al. 2015) comply with the
general statement that there is an optimum for ploidy increase,
beyond which the individuals become dwarf or less vigorous
(Miintzing 1936). Gentian plants with a ploidy level close to
6x and 8x exhibited dwarf stature, thick and wrinkled leaves,
as well as shorter and thicker roots than diploid and tetraploid
plants. This can indicate that hexaploidy and octoploidy are
beyond optimal values for Gentiana species.

Conclusions

In conclusion, we have compared the morphogenic
potential of five Gentiana species in green leaf mesophyll
protoplast culture and succeeded in the indirect plant
regeneration of plants of G. kurroo and G. tibetica. Poly-
ploidy detected amongst regenerants of both species had its
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origin in the various ploidy levels of protoplast-derived
callus cells. The protoplast-to-plant system developed in
this study may provide the prerequisite for creating novel
genotypes of these valuable medicinal species by means of
genetic manipulations and somatic cell hybridization.
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