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Abstract: Lamprocapnos spectabilis (L.) Fukuhara (bleeding heart) is valued both in the horticultural
and pharmaceutical markets. Despite its great popularity, information on the in vitro tissue culture
technology in this species is limited. There is also little knowledge on the application of plant extracts
in the tissue culture systems of plants other than orchids. The aim of this study is to compare the
utility of traditional plant growth regulators (PGRs) and natural extracts—obtained from the coconut
shreds, as well as oat, rice, and sesame seeds—in the micropropagation and cryopreservation of
L. spectabilis ‘Gold Heart” and “White Gold’. The biochemical analysis of extracts composition is
also included. In the first experiment related to micropropagation via axillary buds activation, the
single-node explants were cultured for a 10-week-long propagation cycle in the modified Murashige
and Skoog medium fortified either with 1.11 uM benzyladenine (BA) and 1.23 uM indole-3-butritic
acid (IBA) or with 10% (v/v) plant extracts. A PGRs- and extract-free control was also considered. In
the cryopreservation experiment, the same 10% (v/v) extracts were added into the medium during a
seven-day preculture in the encapsulation-vitrification cryopreservation protocol. It was found that
the impact of natural additives was cultivar- and trait-specific. In the first experiment, the addition of
coconut extract favoured the proliferation of shoots and propagation ratio in bleeding heart ‘Gold
Heart’. Rice extract, on the other hand, promoted callus formation in “White Gold” cultivar and was
more effective in increasing the propagation ratio in this cultivar than the conventional plant growth
regulators (4.1 and 2.6, respectively). Sesame extract suppressed the development of the explants
in both cultivars analysed, probably due to the high content of polyphenols. As for the second
experiment, the addition of plant extracts into the preculture medium did not increase the survival
level of the cryopreserved shoot tips (sesame and oat extracts even decreased this parameter). On
the other hand, coconut extract, abundant in simple sugars and endogenous cytokinins, stimulated
a more intensive proliferation and growth of shoots after rewarming of samples. Analysing the
synergistic effect of conventional plant growth regulators and natural extracts should be considered
in future studies related to L. spectabilis.

Keywords: coconut extract; horticultural plants; in vitro tissue culture; Lamprocapnos spectabilis;
natural compounds; oat extract; plant growth regulators; rice extract; sesame extract

1. Introduction

Ornamental plants are the most profitable sector of the entire horticultural produc-
tion [1]. They can be used in gardening, landscaping, or as cut and potted flowers. Conse-
quently, the ornamental plant market is worth hundreds of billions of dollars, making it an
integral part of the global economy. Its value is constantly increasing, as the international
demand for cut and potted plants is rapidly growing, and countless novel cultivars are
produced [2]. Among the most popular ornamentals, one can find the bleeding heart;
Lamprocapnos spectabilis (L.) Fukuhara.
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Lamprocapnos spectabilis, a member of the Papaveraceae family; subfamily Fumari-
oideae, is an ornamental plant cultivated in parks, gardens, and homes of America, Europe,
and Asia. It is a rthizomatous herbaceous perennial, 80-120 cm tall, with 3-lobed compound
leaves on fleshy green to pink stems. Bleeding heart forms arching stems with up to 20
heart-shaped pendant red, pink, or white flowers in two planes of symmetry. It has a
long season of bloom (3—4-week period) in late spring (April-June)—key months in the
floral business [3]. The vase life of cut flowers reaches from eight up to 17 days. The
plant is especially popular for Valentine’s and Mother’s Day florist sales [4]. There is also
information on the health-stimulating properties of extracts derived from bleeding heart,
abundant in alkaloids, useful in treating cancer [5], skin problems [6], bacterial and fungal
infections [7], depression, and many other conditions [8-10]. Consequently, the species is
drawing more and more attention from pharmaceutical manufacturers.

The production and conservation of horticultural and medicinal crops have made
tremendous progress in the past few decades [11]. Biotechnology is currently playing an
integral part, with the in vitro tissue culture technique being the most basic research tool
in plant studies. However, despite the great economic and practical merit, knowledge of
tissue culture systems in L. spectabilis is scarce and ought to be better explored.

The most intensively exploited use of tissue culture is micropropagation, i.e., large-
scale reproduction of plants under strictly controlled in vitro conditions. This approach
allows for producing enormous quantities of high-quality plant material at reduced time
and costs [12]. At the advent of the 21st century, propagation by somatic embryogenesis
of wild L. spectabilis was described [6,13]. Somatic embryogenesis, however, does not
guarantee genetic integrity if a callus phase occurs, or may result in chimera separation
if the embryo has a multicellular origin. Moreover, the conversion of somatic embryos
into rooted plantlets may be a bottleneck with bleeding heart [13,14]. Therefore, other
micropropagation protocols, based on meristematic explants, should also be available.

Another common application of tissue culture is the protection of biodiversity, either
under slow-growth conditions or by cryopreservation, i.e., maintenance of plant mate-
rial at a cryogenic temperature of liquid nitrogen (LN; —196 °C). In vitro medium-term
storage in the form of tissue banks has been reported with various plant genera [15,16].
Cryopreservation, on the other hand, has been successfully used in the long-term storage
of ornamental [17], vegetable [18], woody [19], medicinal [11], and many other usable and
endangered plant species [20]. The protection of genetic resources of bleeding heart should
also be considered because, although commercial cultivars are popular worldwide, only a
few small endemic populations of L. spectabilis exist [21].

Proper tissue culture conditions are necessary to stimulate efficient growth or regener-
ation of explants. Among numerous factors affecting the success of an in vitro protocol, the
composition of the medium is vital [22]. Synthetic plant growth regulators (PGRs); such
as 2,4-dichlorophenoxyacetic acid (2,4-D), benzyladenine (BA), dicamba (DIC), picloram
(PIC), thidiazuron (TDZ), and others; are usually used to stimulate the development of
explants in vitro. Unfortunately, they are expensive (TDZ, PIC), and may be harmful to
the environment (2,4-D) or induce somaclonal variation [23]. Therefore, the application
of plant extracts; which can be a cheaper and more natural source of beneficial phytohor-
mones, vitamins, nutrients, phenols, and proteins; should also be considered [24]. Some
extracts may also contain natural growth retardants, being an interesting alternative to
osmotic agents and synthetic compounds added into the culture medium for slow-growth
storage [16].

Several studies related to the application of undefined organic additives, such as
yeast and plant extracts, in plant tissue culture and biosynthesis of nanoparticles have
been reported [25,26]. The effect of those additives on explant development was usually
positive, resulting in improved plant growth and development, as well overproduction of
valuable phytochemicals [27-29]. For example, coconut water contains zeatin and other
minerals, and acts as a physiological buffer, enhancing the rate of shoot multiplication in
Olea europaea L. [30,31]. As for Bambusa arundinacea (Retz.) Wild, the highest frequency
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(95.2%) of axillary bud activation and the maximum number of shoots produced (90.5 per
culture) was reported on the medium containing 4% (v/v) coconut water with 4% (w/v)
sucrose [32]. Nonetheless, knowledge in the field of natural additives biotechnology is still
limited—mainly to germination and micropropagation of orchids [33-35], and requires
better exploration. Never before have oat, rice, and sesame extracts been used in plant
tissue culture. There is also no information on the application of natural extracts in
plant cryopreservation.

The aim of this study was to compare, for the first time, the utility of conventional
growth regulators and plant extracts, i.e., obtained from the coconut shreds, as well as
oat, rice, and sesame seeds, in the micropropagation and cryopreservation of Lamprocapnos
spectabilis ‘Gold Heart” and ‘“White Gold'.

2. Materials and Methods
2.1. Plant Material

In vitro-derived Lamprocapnos spectabilis (L.) Fukuhara ‘Gold Heart” and "White Gold’
plantlets, 10-week-old, were used as the donor material. Axenic cultures of the two cultivars
were obtained from the international commercial plant tissue culture laboratory (Vitroflora,
Trzesacz, Poland). Typical in vivo-grown mature bleeding hearts are shown in Figure 1.

Figure 1. Lamprocapnos spectabilis (bleeding heart) ‘Gold Heart’ (A) and “White Gold” (B).

2.2. Preparation of Plant Extracts and Screening of Phytochemicals

Coconut shreds, oat flakes, as well as rice, and sesame seeds purchased from Organic
Farma Zdrowia (Warsaw, Poland) were used in the experiments. To eliminate the effect
of pesticides and fertilizers, only the plant material from ecological/organic farming was
included (certificate of ecological farming: PL-EKO-07 in case of sesame, and PL-EKO-01
in other plants). Approximately 100 g of plant materials were incubated overnight with
double distilled water (500 mL) at room temperature and homogenized in a kitchen blender
for 2-3 min. Crude extracts were then filtered with gauze to remove the unwanted debris.
Fresh extracts were prepared individually for each experimental repetition.

The phytochemical quantification of carbohydrate content was based on the standard
anthrone test [36] with minor modifications. Protein content was measured according to the
Bradford method [37] with bovine serum albumin (BSA) as the standard. The concentration
of carotens and total phenolic content were analysed following Bulda et al. [38] and the
Folin—Ciocalteu procedure [39], respectively. The total flavonoid content of the extract
was evaluated with a method developed by Brighente et al. [40]. The total tannin content
was determined using the Folin—Ciocalteu Phenol reagent as reported by Kabir et al. [41]
and a standard tannic acid calibration curve. The spectrophotometric analysis of plant
metabolites was performed in a spectrophotometer SmartSpec PlusTM (BioRad, Hercules,
CA, USA) at specific wavelengths (Amax): for carbohydrates at 620 nm, for proteins at
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595 nm, for 3-carotene at 480/495 nm, for phenolics at 765 nm, for flavonoids at 415 nm,
and for tannins at 725 nm. The carbohydrate and phenolic contents were calculated
using glucose, gallic acid, and quercetin as the calibration standards, respectively. The
calibration curve for each phytochemical was drawn by plotting the peak area (y) versus
the concentration (x) of each analyte and was fitted to a linear function of type y = ax + b.
Chlorides content (NaCl) was analysed argentometrically with Mohr’s method according
to the Polish norm [42]. Information on the content of fatty acids (FA) was obtained from
Organic Farma Zdrowia (Warsaw, Poland). The result is the mean of three independent
replicates, expressed as a mass-volume percentage concentration (% w/v). The composition
of plant extracts used in the study is shown in Figure 2.

Composition of plant extracts (%)

Saturated fatty aCicls 1 [V S 1
Unsaturated fatty acids sy =
Monosaccharides 46 q
Polysaccharides e
Proteins I/
(\Flem o2 0004
Polyphenols o o o o A0
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Figure 2. Profile of various organic and inorganic compounds (%) in plant extracts used in the study. Length of the bars

presents the proportion between the concentration of the same component (%) within various extracts.

2.3. Culture Medium and Physical Conditions in the Growth Room

Modified Murashige and Skoog (MS) medium [43] with extra 330 mg-L~! calcium II
chloride (CaCl,-6H,0), 13.9 mg-L_1 iron sulphate (FeSO;), 20.65 mg-L_1 Na,EDTA-2H,0,
and 3% (w/v) sucrose (unless otherwise stated), solidified with 0.8% (w/v) agar (Biocorp,
Warsaw, Poland) was used in the experiments. The pH was adjusted to 5.8 (with 0.1 M HCI
and 0.1 M NaOH) after adding all media components (Chempur, Piekary Slaskie, Poland),
including plant extracts (see below), prior to autoclaving at 105 kPa and 121 °C for 20 min.
The media (40 mL) were distributed into 350-mL glass jars and sealed with plastic caps.
The concentrations of plant extracts and PGRs (provided by Sigma-Aldrich®, St. Louis,
MO, USA) are described in the particular experiments.

The cultures were maintained in the growth room at 23 °C + 1 °C, under 16-h pho-
toperiod conditions and photosynthetic photon flux density (PPFD) of approximately
26.4 umol-m~2-s~! provided by standard cool daylight TLD 54/36W fluorescent tubes
with a colour temperature of 6200 K (Koninklijke Philips Electronics N.V., Amsterdam, The
Netherlands), unless otherwise stated.

2.4. Application of Plant Extracts in Micropropagation of Bleeding Heart

Single node explants of L. spectabilis were inoculated vertically, six explants per jar,
on the modified MS medium with fresh 10% (v/v) coconut or 10% oat or 10% rice or
10% sesame aqueous extract. The modified MS medium devoid of plant extracts or PGRs
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was considered as a control (MS0). Moreover, modified MS medium supplemented with
1.11 uM (0.25 mg-L’l) BA and 1.23 uM (0.25 mg-L’l) indole-3-butritic acid (IBA) was also
included (MS + PGR).

2.5. Application of Plant Extracts in Cryopreservation of Bleeding Heart

The encapsulation-vitrification protocol developed by Kulus [44] was used. The
single-node explants were precultured on the modified MS medium with 9% (w/v) sucrose,
4.65 uM (1.0 mg-L~!) kinetin (KIN), 10 uM (2.62 mg-L~!) abscisic acid (ABA), and fresh
10% (v/v) coconut or 10% oat or 10% rice or 10% sesame aqueous extract. A control medium
without plant extracts was also considered. Ten explants were placed in a single jar. After
one week, shoot tips (1-2 mm-long) were isolated and embedded in 3% calcium alginate.
Next, the beads were osmoprotected with the loading solution (2.0 M glycerol and 0.4 M
sucrose) for 20 min and dehydrated with plant vitrification solution 3 (PVS3; 50% glycerol
and 50% sucrose, w/v) for 150 min at room temperature. Ten beads covered with PVS3
were placed in 2.0-mL sterile polypropylene cryovials and stored in LN (—196 °C) for at
least one hour. After storage, the explants were rewarmed and recovered on the modified
MS medium with 2.22 uM (0.5 mg-L~1) BA in a 90-mm Petri dish [44].

2.6. Evaluation of Micropropagation and Cryopreservation Efficiency

The regrowth level (%) of the explants was evaluated after 10 weeks of (post-rewarming)
in vitro culture. The total number of dissected explants was considered 100%. Moreover,
the share of viable explants (%) regenerating spontaneously adventitious roots and callus
was determined. The propagation ratio, i.e., number of secondary node explants obtained
from a single recovered shoot, number of leaves on a shoot, as well as the number and
length (mm) of shoots and roots produced by a single viable explant were assessed. The
color of the outer and inner sides of fully-developed leaves in micropropagated shoots was
established using the Royal Horticultural Society Colour Chart catalog [45]. The costs of
conventional PGRs (BA and IBA) and natural additives used to prepare the multiplication
medium were compared based on the market prices (EUR) of those compounds.

2.7. Statistical Analysis

The single-factor experiments were performed in 5 (micropropagation) or 12 (cryop-
reservation) repetitions for two cultivars independently. One jar/Petri dish with six or
ten explants (for micropropagation and cryopreservation, respectively) was considered a
single repetition. A total of 360 and 1200 explants were used in the micropropagation and
cryopreservation experiments.

For the data expressed as a percentage, the Freeman-Tukey transformation was used.
After the normality transformation, the results (completely randomized design) were
statistically analyzed with one-way ANOVA (analysis of variance), and the comparisons of
means were made with HSD Tukey’s multiple comparison test (p < 0.05) using Statistica
12.0 (StatSoft, Tulsa, OK, USA) and ANALWAR-5.2-FR tools [46]. Tables with results
provide real numerical data, while alphabet letters point to homogenous groups, following
the statistical calculations based on transformed data.

3. Results
3.1. Micropropagation of Bleeding Heart

The effect of medium composition on the explant development was usually trait- and
cultivar-specific (Table 1). No development of shoots was reported in both cultivars tested
on the medium supplemented with sesame seed extract. In contrast, 100% regrowth was
reported in all other experimental combinations.
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Table 1. Influence of medium composition on the explant regrowth level (%), propagation ratio, number, and length (mm)
of shoots produced by a single explant, number and colour (RHSCC) of leaves, as well as the share (%) of explants forming
callus after 10 weeks of culture.

Medium Regrowth Propagation No. of No. of Shoot Color Code- Callus
(%) Ratio Shoots Leaves Length (mm)  Outer/Inner (%)
Gold Heart
MSO0 100 a 85+ 0.2ab 1.1£01b 9.6+04a 325+49ab  131A/133D 0.0b
MS + PGR 100 a 9.8 £ 1.5ab 12+01b 103+ 12a 443+22a 131A /133D 86.7 a
coconut 100 a 105+18a 1.8+02a 7.8 £ 0.6 ab 20.1+09D 131A/133D 0.0b
oat 100 a 77+ 04ab 14+0.1ab 59+03Db 283+09b 131A/133D 0.0b
rice 100 a 54+05b 1.0+£0.0b 9.7+08a 320+£3.6ab  131A/133D 33b
sesame 0.0b n.a. n.a. n.a. n.a. na. n.a.
White Gold
MSO0 100 a 40+03a 19+02a 120+ 15a 31.0+t18a 145A/145C 0.0c
MS + PGR 100 a 26+03Db 1.2+01b 78 +09bc 267 +33ab 149C /150D 40.0b
coconut 100 a 27+02b 14£01b 7.8 £ 0.4 bc 188+ 1.1b 149C /150D 0.0c
oat 100 a 34+03ab 12+01b 50+02c¢ 198+ 18b 145B/145C 0.0c
rice 100 a 41+05a 1.5+0.1ab 8.8 £ 0.7 ab 28.0+23a 149C /150D 86.7 a
sesame 0.0b n.a. n.a. n.a. n.a. n.a. na. !

! Means = SE (standard errors) marked with the same letter do not differ significantly at p < 0.05 according to Tukey’s test; RHSCC—Royal
Horticultural Society Colour Chart [45]; n.a.—not available due to no recovery of explants.

As for bleeding heart ‘Gold Heart’, the highest and lowest propagation ratio was
found in the medium with coconut (10.5) and rice extracts (5.4), respectively. Coconut
extract stimulated a more intense proliferation of shoots (1.8 per explant). The number of
leaves per shoot was reduced by oat supplement (5.9) compared to most other treatments
(9.6-10.3). The greatest shoot length was found in the MS + PGR medium (44.3 mm),
although it was not different from that obtained on the PGRs-free control medium (MS0)
and fortified with rice extract (32 mm). The most abundant callus formation (86.7% of
explants) was found on the MS + PGR medium (Table 1). Other experimental combinations
suppressed its formation entirely or almost entirely (3.3% of explants formed callus in the
presence of rice extract).

On the other hand, approximately four new explants could be excised from a single
‘White Gold’ plant produced on the PGRs-free control medium and in the presence of rice
extract (Table 1). Those two combinations were also superior in terms of the number of
shoots produced (1.5-1.9), number of leaves (8.8-12.0), and shoot length (28-31 mm). Rice
extract also stimulated more abundant callus formation (86.7% of explants) and reduced
the symptoms of microshoot senescence (Figure 3).

MS + PGR Coconut Oat Rice Sesame

Control

Figure 3. Influence of medium composition on the development of shoots in L. spectabilis “‘White Gold” after 10 weeks of
culture; bar = 1 cm.
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The phenotype analysis of micropropagated plants indicated a change in the content
of phytochemicals in bleeding heart “‘White Gold’ (Figure 3). Leaves of plants grown in
the control medium and the presence of oat extract had a more intensive, darker colour
and could be described by a different RHSSC code than those produced in the other
experimental objects (Table 1). As for ‘Gold Heart’ cultivar, no such effect was found.

The medium composition also affected the rhizogenesis efficiency and root parameters
in both cultivars tested (Table 2; Figure 4). In bleeding heart ‘Gold Heart’, rice extract
suppressed rooting (20.7% of shoots). Likewise, oat and rice additives reduced the number
of roots regenerated (1.1-1.7 per shoot) compared to coconut extract which was optimal in
terms of this parameter (7.5). In contrast, coconut extract negatively affected the length of
the roots. As for “White Gold’ cultivar, oat extract had a deleterious effect on the rooting
efficiency (33.3%), as well as the number (1.0) and length of roots regenerated (7.7 mm).
The longest roots (55.2 mm) were produced in the PGRs-free control medium (Table 2).

Table 2. Influence of medium composition on the rooting rate (%), number, and length (mm) of roots
produced by a single shoot in L. spectabilis after 10 weeks of culture.

Medium Rooting (%) No. of Roots Root Length (mm)
Gold Heart
MS0 91.7 a 43+04Db 4494+ 122a
MS+PGR 63.3 ab 37+13b 39.9 &+ 6.6 ab
coconut 50.0 ab 75+ 16a 77+14b
oat 63.3 ab 1.7+ 03¢ 22.1+6.2ab
rice 20.7b 1.1+07c¢ 16.0 £ 9.3 ab
sesame n.a. n.a. n.a.
White Gold
MS0 933 a 79+1.0a 552+ 6.4a
MS+PGR 100 a 42 +09a-c 17.9 £ 2.3 bc
coconut 88.0 a 344+ 0.7bc 13.9 + 2.6 bc
oat 33.3b 1.0+05¢ 77 +24c
rice 76.7 a 6.1 +13ab 284 4+2.7b
sesame n.a. n.a. n.a. !

! Means + SE marked with the same letter do not differ significantly at p < 0.05 according to Tukey’s test.

MS + PGR Sesame

Control

Figure 4. Influence of medium composition on the development of roots in L. spectabilis ‘White Gold” after 10 weeks of

culture; bar =1 cm.

Cost analysis of additives used in the preparation of the multiplication medium for
bleeding heart showed that conventional PGRs (BA and IBA) are equally expensive as
coconut extract (0.053 EUR and 5.29 EUR per 1 and 100 L of the medium, respectively). The
cost of preparing 10% (v/v) sesame extract for 1 and 100 L of the medium is 0.035 EUR and
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3.45 EUR, respectively, while of oat extract—0.021 EUR and 2.07 EUR. Rice supplement
is the cheapest: 0.014 EUR and 1.38 EUR for 1 and 100 L of multiplication medium,
accordingly (Figure 5).

PGRs

Cost per 100 L of medium
(EUR)
o ] [\ w i wul (@)

Coconut Rice Sesame

Medium supplement

Figure 5. Comparison of costs (EUR) of conventional plant growth regulators (PGRs: BA and IBA)
and natural additives used for the preparation of 100 L of multiplication medium.

3.2. Cryopreservation of Bleeding Heart

The addition of sesame extract into the preculture medium had a negative impact on
the regrowth level of LN-derived explants (23.3%) in L. spectabilis ‘Gold Heart’ compared to
most other treatments (47.5-72.7%; Table 3; Figure 6). As for “White Gold’ cultivar, a higher
regrowth level was found with the control and sesame-fortified media (42.5-53.0%) than
with oat supplement (8.3%). Coconut extract had a positive effect on the proliferation of
shoots (1.9-2.4 per explant) in both cultivars tested and on the number of leaves in bleeding
heart “White Gold’. On the other hand, the highest number of leaves on the LN-recovered
‘Gold Heart’ plant was found in the oat-fortified combination (12.0), while the lowest with
rice and sesame additives (5.9-7.1).

Table 3. Influence of preculture medium composition on the explant regrowth level (%), number of shoots and leaves
produced by a single viable explant, shoot length (mm) and fresh weight (mg), as well as the share (%) of viable explants
forming callus and roots in L. spectabilis after 10 weeks of post-rewarming culture.

. Regrowth No. of No. of Shoot Shoot Weight Callus . o
Medium (%) Shoots Leaves Length (mm) (mg) (%) Rooting (%)
Gold Heart
control 72.7 +£3.0a 1.6£0.1b 10.1 +1.2ab 223+24a 361.6 + 46.8 ab 25.8a 33.3a
coconut 475+ 5.5b 24+02a 100 £+£1.2ab 20.8+22ab 320.3 +92.3 ab 29.7 a 12.5ab
oat 45.9 £ 5.1bc 22+ 04 ab 120+1.7a 21.7+22a 3915+ 104.2a 299a 29.4 ab
rice 65.1 + 6.0 ab 1.6£0.1b 71+08b 158+ 1.0b 1359 +20.7 b 36.4 a 7.1ab
sesame 233+ 36¢ 1.6 +0.2b 59+08b 19.0 £ 2.0 ab 187.3 & 59.1 ab 229a 00b
White Gold
control 53.0+8.6a 1.7+£0.1ab 6.1+05b 103 +0.8a 208.1 £485b 85b 20.0 a
coconut 405+ 4.0 ab 19+02a 87+12a 135+12a 338.0 +£50.7 a 31.7 a 16.7 a
oat 83+27b 1.7+ 0.2ab 47+13b 11.8+22a 101.6 =55.6 b 25.0 ab 0.0a
rice 30.0£7.5ab 12+£01b 55+ 0.6b 128 +13a 184.0 £ 374Db 2.8b 00a
sesame 425+ 76a 1.4+ 0.1ab 6.2+07b 114+ 12a 161.7 £ 36.0b 15.1 ab 10.0al

1 Means + SE marked with the same letter do not differ significantly at p < 0.05 according to Tukey’s test.
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4

Figure 6. Development of L. spectabilis ‘Gold Heart’ shoots after storage in liquid nitrogen and earlier
preculture on the MS medium with various plant extracts: (a) Control; (b) Coconut; (c) Oat; (d) Rice;
(e) Sesame; (f) Complete microshoot with roots recovered from the control treatment after 10 weeks
of culture; bar = 1 cm.

The influence of the tested factor on the shoot length was reported in bleeding
heart ‘Gold Heart’ (Table 3). The value of this parameter declined when adding rice
extract into the preculture medium (15.8 mm) compared to control and oat combinations
(21.7-22.3 mm). This plant supplement also contributed to the lower fresh weight of shoots
in ‘Gold Heart’ (135.9 mg), while the highest value of this parameter was reported with oat
treatment (391.5 mg). As for ‘White Gold’, the addition of coconut extract into the precul-
ture medium resulted in a higher fresh weight of recovered shoots (338.0 mg) compared to
the other combinations (101.6-208.1 mg). The frequency of callus induction was affected
by the tested factor in bleeding heart ‘White Gold’; coconut extract was more effective in
stimulating its formation (31.7% of explants) compared with the control and rice-fortified
media (2.8-8.5%; Table 3).

The shoots recovered after storage in LN produced no roots if sesame (‘Gold Heart’)
and oat or rice extracts (“White Gold") were added to the preculture medium (Table 3).
There was no influence of the experimental factor on the number (1.0-2.4) and length of
roots (7.8-13.6 mm) produced in both cultivars tested (data not shown).

4. Discussion
4.1. Application of Plant Extracts in Micropropagation of Bleeding Heart

In the previous studies, several natural supplements, including apple extract, banana
pulp, carrot extract, coconut water, potato homogenate and juice, corn extract, date palm
syrup, papaya extract, taro extract, tomato juice, and beef extract, were used to promote
the development of explants in vitro [26,28,33,34,47,48]. In the study by Swamy et al. [26],
10% coconut water supplemented to MS medium stimulated a better response in all the
analysed morphological parameters of Pogostermon cablin Benth. The application of 20%
banana extract, 10% carrot extract, 10% papaya extract, and 10% tomato extract increased
the production of multiple shoots, their length, and fresh weight. Similarly, 10% of coconut
water stimulated the in vitro proliferation of Phalaenopsis violacea H.-Witte protocorm-like
bodies (PLBs) [24]. In the present study, coconut extract also effectively promoted the
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multiplication of shoots in bleeding heart ‘Gold Heart’. Rice extract, on the other hand,
promoted callogenesis in “White Gold” and was more effective in increasing the propagation
ratio in this cultivar than the conventional PGRs (4.1 and 2.6, respectively). The positive
impact of coconut extract may result from the high content of natural cytokinins, but
also long-chain FA, especially lauric, caprylic, myristic, and palmitic acids [49] (Figure 2),
which play key roles in cell membrane structure and function [50]. Moreover, the higher
concentration of NaCl in this extract (0.18 %oo), resulting from the halophytic nature
of coconut palm, could act positively on the explant development on the principle of
hormesis effect. Wrochna et al. [51] demonstrated that the presence of salt in the culture
medium stimulated fresh mass accumulation in ornamentals Amaranthus paniculatus L.,
A. caudatus L., Atriplex hortensis L., and Tamarix tetrandra Pall. ex. M. Bieb. The tested
natural supplements, however, neither increased the number of leaves or length of shoots
nor the rooting parameters compared to the PGRs-free control or MS medium with BA
and IBA. Oat extract even had a deleterious effect on the number of leaves produced (in
shoots of both cultivars tested) and root development (in bleeding heart “White Gold’).
This may be due to lower amounts of carbohydrates (10.39%) in this extract or the presence
of some growth inhibitors. The relatively high content of polyphenols present in sesame
additive (0.32 %o0) probably arrested the development of explants in both cultivars tested
as reported by Kulus and Tymoszuk [52]. Those properties of oat and sesame extracts
should be considered in the medium-term conservation of plant germplasm stored in
in vitro tissue banks under slow-growth conditions [16]. Plant extracts could become
much more preferable than traditional expensive (ABA) and/or environmentally harmful
growth retardants such as ancymidol. Especially sesame additive should work even at
a low level since in this study, 10% (v/v) concentration resulted in complete inhibition
of explant development. The present results underline the varied composition of plant
extracts, reported previously also by Swamy et al. [26].

Gnasekaran et al. [24] highlighted the importance of concentration optimization of
natural supplements added to the culture medium. In the present study, the most typical
10% (v/v) concentration of plant extracts was applied, however, changing this value (also
following the needs of individual cultivars) could contribute to a better micropropagation
efficiency in bleeding heart as reported with Corylus avellana L. [27]. Analysing the syner-
gistic effect of conventional PGRs and natural extracts should also be considered in future
studies related to the micropropagation of L. spectabilis and other plant species.

Visual observations of the in vitro-produced shootlets suggest physiological changes
in bleeding heart “White Gold” as a result of treatment with PGRs and natural extracts.
Plants grown in the control medium and in the medium augmented with oat extract
probably contained more chlorophyll as they were more intensively green compared
to the other experimental objects (Figure 3), although spectral fingerprinting would be
required to confirm this. Various other natural additives contributed to higher chlorophyll
content, total protein, and total carbohydrate contents in micropropagated Pogostemon
cablin Benth. [26]. This may be due to the presence of amino acids in the oat extract that
are essential for purine biosynthesis and are a part of the porphyrin ring structure of
chlorophyll [53]. This hypothesis is supported by a relatively high content of proteins
detected in this extract (Figure 2). It is also worth mentioning that the application of
conventional PGRs (BA and IBA) caused a clearly lighter colour of leaves in bleeding
heart “White Gold’ compared to the non-treated control. This may be due to the synthetic
cytokinin BA, which is known to cause certain morpho-physiological, anatomical, and
biochemical disorders in micropropagated plants [54,55]. This highlights the need for
searching for non-conventional growth regulators in L. spectabilis. Surprisingly, in the
present study, no impact of medium composition on the leaf colour was reported with the
other cultivar; ‘Gold Heart’. This suggests that the stability of phytochemical profiles in
bleeding heart is also cultivar-dependent.

Expenditures on raw materials and chemicals are among the limiting factors of plant
tissue culture utilization and can reach 20-40% of total micropropagation costs [1]. Conse-
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quently, commercial laboratories are screening for cheaper substitutes [56]. The present
study showed that oat and rice extracts not only are more accessible but also significantly
cheaper than conventional PGRs, up to four or five times as in the case of rice supplement.
Coconut extract is equally expensive as BA and IBA, but more environmentally friendly.
This can help to solve the problem of utilization of used media which, after minor pro-
cessing, could be exploited as fertilizer during and after acclimatisation of plants to ex
vitro conditions.

4.2. Application of Plant Extracts in Cryopreservation of Bleeding Heart

Composition of the preculture medium, i.e., the first stage of most cryopreservation
procedures, is of crucial importance as it induces the explant resistance to stress related
to further dehydration, low-temperature storage, rewarming, and rehydration. Various
chemical compounds; such as carbohydrates, sugar alcohols, proline, or growth regulators;
can be added into the medium to achieve this goal [17]. The present study addressed for
the first time the question of whether plant extracts can be used to increase the explant’s
suitability for long-term storage, e.g., by increasing the content of endogenous sugars
and proteins. Likewise, in the micropropagation experiment, the results obtained with
cryopreservation indicate a cultivar-specific reaction. A similar phenomenon was reported
when optimizing the cryostorage procedure with other ornamental and medicinal plant
species [17,57], although the genetic factor was irrelevant with the Dianthus genus [58].
To overcome this problem, certain modern approaches of gene manipulation might be
necessary [59].

Even though none of the natural supplements improved significantly the survival
level of the LN-stored shoot tips or the biometrical parameters of the recovered plantlets,
coconut additive improved the proliferation of shoots in Lamprocanos spectabilis ‘Gold
Heart’, as well as leaf development, shoot elongation, and callus formation in “White Gold’
cultivar. This may result from the high content of easy-to-access simple sugars (1.46%)
that are also involved in the formation of the so-called “biological glass”, essential in
every cryopreservation protocol [17]. Agampodi and Bimali [60] reported the presence of
vitamins and phytohormones (especially zeatin) in coconut aqueous extract, stimulating
cell division, activating axillary buds, and affecting the stress-tolerance in plants, which
coincides with the present findings.

The varied effect of plant extracts on the cryopreservation effectiveness in bleeding
heart may also result from the diverse profile of FA in those supplements. The degree
of saturation impacts the physicochemical characteristics of the FA, such as the melting
point or the viscosity [50]. This, in turn, directly affects the uptake of cryoprotectants
and nutrients from the preculture medium by the explant and its plasticity. Apparently,
the higher share of unsaturated FA than of saturated FA in the oat and sesame extracts
negatively affects the survivability of shoot tips of bleeding heart ‘Gold Heart’ (sesame and
oat extracts) and “White Gold’ (oat extract). Oleic and linoleic acids, dominating the lipid
composition of sesame and oat grains [61,62], seem to be particularly meaningful.

Future studies should focus on the application of other natural supplements in cryop-
reservation, such as banana or carrot extracts, as they can be a good source of nitrogen, iron,
potassium, as well as vitamins B6 and B12, to promote the regrowth of an LN-recovered ex-
plant. It was reported that these constituents increase the leaf size and chlorophyll content
during plants grown in a controlled environment, directly affecting their development [63].

5. Conclusions

The stimulatory or inhibitory effect on the morphogenic response in Lamprocapnos
spectabilis depends on the type of extract used. Natural supplements tested here, i.e.,
coconut, oat, rice, and sesame extracts, contain carbohydrates, minerals, proteins, lipids,
phenols, phytohormones, and other compounds at various levels. Nonetheless, natural
extracts may substitute conventional and more expensive plant growth regulators, such as
BA and IBA. Plant extracts containing high levels of saturated fatty acids and low amounts
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of polyphenols seem especially favourable. Among the tested supplements, coconut and
rice additives can be recommended for tissue culture systems of bleeding heart. Sesame
extract, on the other hand, could be used in the slow-growth/ medium-term storage of
plants. The results obtained here are of significant importance for enterprises interested in
the production of this plant species. The development of efficient tissue culture systems in
bleeding heart will lead to a better understanding of the biology of this decorative species,
reduce the costs of its multiplication, and open new possibilities for the creation of novel
cultivars via somaclonal variation, mutation breeding, or genetic transformation.
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