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Abstract: For many years, there has been a growing trend toward producing plants using tissue cul-
ture, the most efficient method at present. Every year, more and more protocols for micropropagation
of economically valuable species are appearing. Many factors influence the regenerating explants
under sterile laboratory conditions. One of the most important is light. The aim of the present study
was to increase the efficiency of micropropagation of hellebore ‘Molly’s White’ using energy-efficient
light-emitting diodes (LEDs), which were compared to traditionally used fluorescent lamps (FLs).
To choose the best light and reduce production costs, white, blue or red LEDs with two levels of
photosynthetic photon flux density (PPFD), 40 and 70 umol/m? /s, were used at the multiplication
and rooting stages. LED light color has been shown to affect regeneration rate and plant growth in
length during micropropagation, while both light parameters (color as well as intensity) affect the
length of regenerating shoots and the content of assimilation pigments in plants. The use of white
LED light, which gives the highest multiplication rate, at an intensity of 70 umol/m? /s saves more
than 57 kWh during an 8-week micropropagation cycle compared to conventional fluorescent lamps
with the same parameters.

Keywords: carotenoids; chlorophyll; hellebore; light color; PPFD; tissue culture

1. Introduction

Hellebores have remained of interest to humans for years. They belong to the Ranun-
culaceae family, and their natural habitat is Europe and Asia. The majority of Helleborus
species are concentrated in the Balkan region. Poland is inhabited by H. purpurescens, which
is under legal protection due to the threat of extinction [1]. In addition to its decorative
value, hellebore is also a medicinal plant. In its composition, it includes heleborin, which
exhibits narcotic and hemolytic effects, and heleborein, which exhibits cardiac effects sim-
ilar to digitalis. Depending on dosage and treatment, the extract, as well as individual
fractions of hellebore rhizomes and roots, exhibits multiple bioactive effects and can act in
several directions. In most cases, the mechanisms of action are not sufficiently studied and
described or are unknown [2].

As has been repeatedly shown, micropropagation is currently the most modern and
promising method of vegetative propagation of both ornamental [3,4] and endangered
plant species [5-7]. Due to the different requirements of individual species, and even
their varieties, as well as the problems that arise at different stages of conducting in vitro
cultures, protocols should be developed for each specific plant. It is also necessary to
keep looking for new solutions to make the method as cost-effective as possible and the
regenerating plants of the best possible quality [8]. Many factors affect plant regeneration
under sterile, practically fully controlled in vitro conditions. Among the most important
are the type of explant; the composition of the medium, including the concentration
and type of plant growth regulators; and of course, light [9,10]. Light, including its
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source and quality, is a fundamental factor in the proper growth and development of
plants [11,12]. Plants use light in a number of vital processes, including the primary one
of photosynthesis, which affects their nutrition and appearance, and hence the quality of
the material. Depending on the parameters of the light available during growth, plants
can respond in completely different ways. With excessively strong lighting, overly intense,
elongated growth is usually observed. On the other hand, in response to too little light,
growth is often reduced. This ability of plants and chloroplasts to adapt to light is the main
basic form of photomorphogenetic response, which is associated with specific changes in
plant morphology, physiology and biochemistry [13,14].

Due to the significant impact of light on plant development, people began to improve
its source and quality in horticultural production, wanting to obtain high-quality propaga-
tion material. Lamp producers began to market products tailored specifically to the needs
of plants. Fluorescent lamps (FLs) are the traditional light source used in phytotrons for mi-
cropropagation. Nevertheless, their disadvantages, such as high power consumption and
the production of a wide range of wavelengths (350-750 nm) unnecessary in plant develop-
ment, have been reported for years [15]. Light-emitting diodes (LEDs) have emerged as an
alternative and were quickly accepted positively in commercial production. LEDs have
many advantages over fluorescent lamps—lower heat emission, monochromatic spectrum,
longer life and low energy consumption—which contributes to their pro-environmental
nature. LED lighting systems for in vitro cultures make it possible to control this important
parameter and provide light in the spectral range that is used in photosynthesis and pos-
itively affects photomorphogenic reactions in plants [16,17]. The colors or combinations
of LEDs commonly used in in vitro cultures are white (W), red (R), blue (B) and a mix of
blue and red (B+R). It has been reported that red light is important for elongation growth
of shoots and stems, phytochrome reactions and changes in plant anatomy [18], while blue
light is important in chlorophyll biosynthesis, opening of stomata, chloroplast maturation
and photosynthesis. Together, blue and red have been used in different combinations of
LEDs in many studies on photosynthesis and chlorophyll synthesis [19]. In experiments
conducted for 8 weeks under LED light (white, red, blue, R+B combination) on three
different ornamental plant species, Cordyline australis, Ficus benjamina and Sinningia speciosa,
authors showed that blue and R+B resulted in higher maximum quantum yield in all
species and higher plant biomass in this light combination [20]. During micropropagation
of Zantedeschia, it was found that blue light affected plant height and chlorophyll [21]. LED
light affected potted chrysanthemum production differently. Plants under R+B light had
the highest leaf greenness index (SPAD) value and the shortest cuttings with the longest
roots, while the W+B LED combination significantly affected most growth parameters, with
the exception of plant height and number of leaves [22].

Therefore, the response to LED lighting depends on the wavelength to which plants
are exposed and varies from species to species [23]. Therefore, there is a need for research
to learn more about the response of important species, such as hellebores, to LED lighting,
which will replace fluorescent light sources entirely in the near future. We hypothesized that
LED light would produce comparable or even better effects on hellebore micropropagation
than traditional fluorescent lighting (FLs) at a significant reduction in production costs.
Thus, the aim of the study was to increase the micropropagation efficiency of the hellebore
‘Molly’s White’ using energy-efficient light-emitting diodes (LEDs) in white, blue and red,
which were compared with traditionally used fluorescent lights (FLs).

2. Materials and Methods

The subject of the conducted study was Helleborus ‘Molly’s White’. Stabilized 6-week-old
cultures, regenerated on the medium described in the next section, were used to set up the
experiments.
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2.1. Multiplication Stage

Axillary buds were cultured on agar-solidified Murashige and Skoog medium (MS) [24]
(Duchefa Biochemie B.V, Haarlem, The Netherlands) supplemented with 0.2 mg/L of ben-
zyladenine (BA) (Duchefa Biochemie B.V, Haarlem, The Netherlands) and 30 g of sucrose
(Diamant, Pfeifer & Langen Polska S.A., Gostyn, Poland) as a carbon source. For the solidi-
fication of the medium agar, 8.0 g/L of Bacto™ (Becton, Dickinson and Company, Sparks,
MD, USA) was used. Agar and pH were adjusted to 5.4 with either 1.0 M sodium hydroxide
(NaOH) or 1.0 M hydrochloric acid (HCI) (both from Chempur®, Piekary Slaskie, Poland).
Jars with medium were then autoclaved for 20 min at 121 °C and 110 kPa. Subsequently, jars
were placed in the phytotron at 18 & 1 °C, 12 h photoperiod, with light from LEDs (white,
blue, red) at two different intensities (photosynthetic photon flux density—PPFD), as shown
in the combinations in Table 1. The control combination was traditional fluorescent lighting
(FLs). The combination was 5 jars (repeats) with 5 explants in each.

Table 1. Combinations of light used in the experiment during the multiplication and rooting of
hellebore.

Number of Source and Color of Light Intensity PPFD .
Combination Light (umol-m—2-s~1) Photoperiod (h)
1 Fluorescent lamp 40
2 (FLs)—control 70
3 40
4 White LED 70
> Blue LED 40 .
6 ue 70
7 40
8 Red LED 70

2.2. Rooting Stage

The explants regenerated in the first experiment were divided into individual plants
and placed on rooting medium. Rooting proceeded on /2 MS medium with 2 mg/L of IBA
(Duchefa Biochemie B.V, Haarlem, The Netherlands). Other components and parameters
of the medium were the same as during multiplication. Subsequently, jars were placed
in the phytotron at 20 & 1 °C, 12 h photoperiod, with the same light source as during
multiplication (plants regenerating under white LED light were rooted under white LED,
etc.). The light combinations for the rooting stage were the same as during multiplication
(Table 1). The combination was 5 jars (repeats) with 5 explants in each.

2.3. Evaluation of the Explants

Five weeks after the beginning of the hellebore multiplication experiment, and after
three weeks of rooting, the basic parameters were evaluated. After the multiplication stage,
the percentage of regeneration of explants, the number of new shoots formed from one
explant, and their height (cm) were evaluated. The percentage of rooted microplants, the
number of roots produced (per microplant), and the length of roots (cm) and microplants
(cm) were selected for rooting evaluation. In addition, the growth of plants during the
experiment (the difference in height between multiplied and rooted plants) was calculated,
which allowed us to determine the dynamics of growth under the influence of a specific
light combination.

2.4. Chlorophyll and Carotenoid Content Analysis

After conducting the study evaluation (after 5 weeks of multiplication and 3 weeks of
rooting), samples for biochemical analysis of chemical components were collected. They
were finely chopped, mixed, and 0.25 g samples were used for the measurements. Triplicate
extracts were prepared for each analysis, and three measurements were made for each
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extract. The total chlorophyll (chlorophyll a+b) and carotenoid content was analyzed
according to the spectrophotometric method of Lichtenthaler and Wellburn [25].

The dry mass used for final conversions was obtained by drying 0.25 g samples of
plant material in open aluminum containers in a NUVE FN 500 dryer at 105 °C for 24 h,
after which the first weighing was performed. The material was then redried twice to
obtain a constant weight (i.e., as long as after each drying, the difference in weight did not
exceed 0.001 g). The result of the third consecutive weighing was taken as the final one.

2.5. Energy Consumption of Selected Light Sources and Combinations

During the entire experiment (5 weeks of multiplication and 3 of rooting) energy
consumption was measured for each shelf with a particular light combination, with meters
installed for this purpose.

2.6. Statistical Analysis

The study of the effects of LED light on hellebore micropropagation was checked
with two-way variance analysis conducted with the use of Statgraphics Centurion XVI,
(version 16.2.04 64-bit) first subjecting all the analyzed results to the Shapiro-Wilk test.
Then, based on the multiple comparison test (LSD test), individual homogeneous groups
were identified (at significance level « = 0.05), to which the respective average values from
individual combinations were assigned by Wéjcik and Laudariski [26].

3. Results
3.1. In Vitro Propagation and Rooting Parameters of Hellebore

As for the percentage of regeneration, the results obtained were not statistically differ-
ent from each other. Regardless of the light color or its intensity, practically all hellebore
explants regenerated, with 98-100% of explants initiating shoot regeneration.

However, the analysis showed a significant effect of light color on the number of
regenerating shoots of hellebore ‘Molly’s White’. This parameter was not affected by light
intensity. The smallest number of new shoots was obtained in cultures placed on shelves
with blue LED under phytotron conditions. In fact, a practically 1:1 effect was obtained here
(explant: new shoots obtained). Other light combinations more than doubled regeneration
rates (Table 2, Figure 1). By far the best effect (three times more new shoots) together with
the highest micropropagation rate was obtained using white LED light.

Table 2. The effect of LED light color and intensity (umol-m~2-s71) on the number of in vitro
regenerating hellebore shoots.

Type and Color Means
FL i .
Light Intensity S White LED Blue LED Red LED (Intensity)
40 2.53 4+ (0.5 cd* 2934094 1.00 +£0.02 1.87 £ 0.6 bc 2.08+0.12
70 2.07 £ 0.2bc 3234034 147 £ 0.3 250+ 0.5¢d 2324012

Means (color)

2.30 £ 0.2bc 308+02¢ 123 +0.22 218 +£0.2P

* There is no significant difference (at o« = 0.05) among the means in the column and row marked with the same
letter and the means for the growth parameter marked with the same letter.

The situation was a little more interesting for the next parameter—the length of
regenerated shoots. A two-factor analysis of variance showed the effect of both color and
light intensity on the elongation of new shoots. Significantly higher light intensity (70)
promoted obtaining longer shoots. For color, again, the weakest effects were obtained for
blue LED (short, up to 1 cm shoots). Once again, the tallest plants (about 1.4 cm) were
obtained with white LED on par with red. The correlation of these light colors with the
highest intensity gives the best results, making the plants look better and grow even taller
than 1.5 cm in height (Table 3, Figure 1).
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Figure 1. Effect of LED light at an intensity of 70 umol-m~2-s~! on the proliferation of hellebore
"Molly’s White” shoots.

Table 3. The effect of LED light color and intensity (umol m~2 s~ 1) on the length (cm) of in vitro
regenerating hellebore shoots.

Type and Color ) Means
FL White LED Blue LED Red LED .
Light Intensity y ite e ed (Intensity)
40 1.26 + 0.1 ¢* 1.37 + 0.1 0.80+0.12 1.23+0.1°¢ 1.16 £0.02
70 1204+ 0.1°¢ 150 +0.24 1.00 £ 0.0 1534024 1.31 £00P
Means (color) 123 +0.1b 143 +01°¢ 09+01° 138 £01°¢

* There is no significant difference (at o« = 0.05) among the means in the column and row marked with the same
letter and the means for the growth parameter marked with the same letter.

Regardless of the color or intensity of the light, hellebore rooted at a high percentage
of 93% in the F12/70, N12/40 and R12/40 combinations to 100% in the other combinations.
Statistical analysis showed no significant differences.

With another rooting parameter, the number of roots formed, statistical analysis again
showed no effect of any of the light factors tested (color or intensity). However, when
analyzing the individual results in combinations, significant differences in the number of
roots formed may be observed. The greatest number of roots—an average of more than
seven—was produced by rooting explants under white LED light conditions at an intensity
of 40. Combinations of FLs, blue LED, red LED light of lower intensity and white LED
light of higher intensity performed the weakest. In these combinations, an average of
4.23-5.73 roots was obtained (Table 4, Figure 2).
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Table 4. The effect of LED light color and intensity (umol-m~2-s~1) on the number of hellebore roots.

Type and Color

FL White LED Blue LED Red LED Means
S .
Light Intensity e ue ¢ (Intensity)
40 5.73 + 0.5 ab 7.27 +0.7°¢ 433 +082 520 + 132 563+ 032
70 4234092 4734082 5.00 +1.02 6.87 + 0.6 b¢ 5.63 + 032
Means (color) 498 + 042 6.00 + 042 467 +042 6.03+ 042

* There is no significant difference (at o« = 0.05) among the means in the column and row marked with the same
letter and the means for the growth parameter marked with the same letter.

As for length, a two-factor analysis of variance showed a significant effect of the
applied light intensity on the elongational growth of the resulting roots. Significantly
longer roots (about 0.5 cm) regenerated at lower light intensity. Looking in more detail
at the results in combinations, the shortest roots regenerated under blue LED 70 (only

0.27 cm), while the longest were obtained under white LED at lower intensities (almost
0.6 cm) (Table 5, Figure 2).

FLs 70

White LED 70

9 10 11 12, 13

)

9l 10| 11 12 13

1] 12| 131 &

Figure 2. Effect of LED light at an intensity of 70 pmol-m~2-s~! on the rooting of hellebore ‘Molly’s
White’.

Table 5. The effect of LED light color and intensity (umol-m~2-s~1) on root length (cm) of hellebore
rooted in vitro.

Type and Color

FL White LED Blue LED Red LED Means
S .
Light Intensity e ue € (Intensity)
40 0.50 + 0.1 bex 057 £03¢ 0.46 + 0.1 abe 0.43 + 0.1 abc 0.49 +0.0P
70 033+ 0.1 0.40 4 0.1 abc 027 £0.12 0.37 4 0.1 abc 0.34+0.02
Means (color) 042 +0.12 048 +£0.12 037+0.12 0.404+0.12

* There is no significant difference (at o« = 0.05) among the means in the column and row marked with the same
letter and the means for the growth parameter marked with the same letter.

The height of rooted hellebore microplants was dependent on light color. Statistical
analysis showed no effect of light intensity on this parameter. The tallest plants were
obtained when rooted under red LED and reached over 2.2 cm. The other light colors had
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a similar effect on the elongation growth of hellebore microplants, which grew to almost
2 cm (Table 6).

Table 6. The effect of LED light color and intensity (umol-m~2-s~1) on the height (cm) of hellebore
rooted in vitro.

Type and Color Means
FL i .
Light Intensity S White LED Blue LED Red LED (Intensity)
40 1.73 4 0.1 ab* 1.87 4 0.2 abc 1.53 +0.32 217 +0.1¢<d 1.85+0.12
70 1.73 £ 022 1.97 £ 0.2 bed 1.97 4 0.1 bed 227 +0.24d 196 +0.12

Means (color)

1.73+0.12 192+ 0.1 1.75+0.12 22240.1°

* There is no significant difference (at o« = 0.05) among the means in the column and row marked with the same
letter and the means for the growth parameter marked with the same letter.

Analyzing the growth dynamics of hellebore explants at each stage (the difference
between rooted and multiplied), it was observed that the highest increase in the growth
height of microplants occurred under the influence of blue and red LEDs. The intensity of
the light sources used had no effect on this parameter. Compared to the control FLs, blue
and red LEDs enabled more than 40% plant growth during rooting (Table 7).

Table 7. The effect of LED light color and intensity (umol-m~2-s~!) on hellebore height increase
during micropropagation.

Type and Color Means
FL i .
Light Intensity S White LED Blue LED Red LED (Intensity)
40 047 + 0.3 2* 050 +0.22 0.73 + 0.3 1.03+02Pb 0.68+0.12
70 053+ 042 047 +£0.32 097 +0.1P 0.63 £0.32b 0.65+0.12

Means (color)

050+0.12 048 +0.12 0.85+0.1"P 0.83+0.1"

* There is no significant difference (at o = 0.05) among the means in the column and row marked with the same
letter and the means for the growth parameter marked with the same letter.

3.2. Chlorophyll and Carotenoid Content Analysis

For the content of assimilatory pigments, chlorophyll and carotenoids, in hellebore
microcuttings during shoot proliferation as well as rooting, a significant effect of both LED
light intensity and color is evident.

During proliferation, analysis of variance showed a positive effect on chlorophyll con-
tent in explants regenerated under higher light intensity. Light intensity of 70 umol-m =25~
resulted in an approximate 40% increase in the content of this pigment. In the case of light
color, red LED light had the best effect on this parameter. The lowest chlorophyll content
was found in shoots regenerated under conventional fluorescent light (FLs), especially
at its lower intensity. This content was more than 2.5 times lower than in the red LED
combination at higher intensity. In addition to red LED light, chlorophyll content was also
positively influenced by white LED (Table 8).

Table 8. The effect of LED light color and intensity (umol-m~2-s~!) on the content of chlorophyll a+b
(mg-g~! DW) in regenerated hellebore microcuttings.

Type and Color ) Means
FL White LED Blue LED Red LED .
Light Intensity g te ue ed (Intensity)
40 0.47 £ 0.0 2* 0.73+0.0° 0.39+0.02 073 +0.1P 058 +0.12
70 0.81 &+ 0.1 bc 091+00¢ 0.81 &+ 0.0 be 120+ 03¢ 0.93+0.1°

Means (color)

064+0.12 0.82+0.1P 0.60+0.12 096 +0.1°¢

* There is no significant difference (at o« = 0.05) among the means in the column and row marked with the same
letter and the means for the growth parameter marked with the same letter.
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A similar situation can be observed in the results of analysis of carotenoid content
in regenerated hellebore shoots. At higher light intensities, the carotenoid content of the
shoots was 50% higher compared to weaker intensities. Light color also significantly
influenced the content of the analyzed pigment, as shoots regenerating under red LED light
had 75.6% more of it than the control combination (FLs) and 88% more than shoots from
the blue LED combination (Table 9).

Table 9. The effect of LED light color and intensity (umol-m~2.s71) on the content of carotenoids
(mg-g~! DW) in regenerated hellebore microcuttings.

Type and Color Means
FL i .
Light Intensity S White LED Blue LED Red LED (Intensity)

40
70
Means (color)

0.33 £ 0.0 2* 0.46 £ 0.0P 029 +0.02 0.68 +0.0¢ 0.44 +£0.02
0.57 £ 0.0 0.61 +£0.04d 055+0.0¢ 090+ 0.0f 0.66 + 0.0
0.45+0.02 053+00P 0.42 +0.02 0.79+0.0°¢

* There is no significant difference (at o = 0.05) among the means in the column and row marked with the same
letter and the means for the growth parameter marked with the same letter.

The chlorophyll content of rooted shoots was mostly higher than during multiplication.
However, similarly to during multiplication, the content of this pigment was higher in
shoots rooted at higher light intensity. For light color, the results were quite different. The
highest chlorophyll content was found in plants rooted under traditional FLs or blue LED
light. Red LED influenced synthesis the least, followed by the content of this pigment
(Table 10).

Table 10. The effect of LED light color and intensity (tmol-m~2-s~!) on the content of chlorophyll
a+b (mg- g_1 DW) in rooted hellebore microcuttings.

Type and Color ) Means
FL White LED Blue LED Red LED .
Light Intensity s ite ue ed (Intensity)
40 0.92 + 0.1 bex 0.91 4+ 0.1bc 098 +0.1°¢ 0.71+002 0.89+0.12
70 116 £0.14 086 £0.1P 1.15+0.14 0.67 £0.12 096 +£0.1°
Means (color) 1.04+0.1° 089 £0.1° 1.07+0.1°¢ 070 £0.12

* There is no significant difference (at o« = 0.05) among the means in the column and row marked with the same
letter and the means for the growth parameter marked with the same letter.

The higher content of carotenoids in the rooted plants was influenced by higher light
intensity and the use of conventional fluorescent lamps. White and red LED light reduced
the content of this pigment (Table 11).

Table 11. The effect of LED light color and intensity (tmol-m~2-s~1) on the content of carotenoids
(mg-g~! DW) in rooted hellebore microcuttings.

Type and Color ) Means
FL White LED Blue LED Red LED .
Light Intensity y ite e ed (Intensity)
40 0.08 £ 0.0 * 0.06 £0.02 0.08 +0.0¢ 0.07 £ 0.0° 0.07 £0.02
70 0.09 +0.04 0.07 £0.0° 0.09 +0.04 0.07 £0.0P 0.08 +0.0°

Means (color)

0.09+0.0¢ 0.06 0.0 0.08£0.0P 0.07 £0.02

* There is no significant difference (at o« = 0.05) among the means in the column and row marked with the same
letter and the means for the growth parameter marked with the same letter.

3.3. Energy Consumption of Selected Light Sources and Combinations

Established electricity consumption meters showed definite differences between
the energy consumption of fluorescent lamps and LEDs. Over the period of 8 weeks
(5 weeks of multiplication and 3 weeks of rooting), normal lighting (FLs) consumed nearly
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70 kWh at higher intensities, and half as much at lower intensities. Any LEDs consumed
only 14.5-27.4% of what fluorescent lamps did at 70 and 40 pmol-m~2:s~!, respectively
(Figure 3).

80

70

=2
o

n1
o

w
o

energy consumption [kWh]
K-
o

20

) l l .
0
Fluorescent lamps (FLs) White LED Blue LED Red LED

(umol m2s?)
B 70intensity 40 intensity

Figure 3. Comparison of energy consumption (kWh) of light combination during 8 weeks of hellebore
micropropagation.

4. Discussion

Light is one of the most important external factors affecting all plant development, due
to its regulatory role in photosynthetic, biochemical and molecular processes. Choosing
the optimal light intensity to support plant proliferation and growth in vitro is particularly
important. Explants in vitro are exposed to much lower light intensities compared to plants
grown in the field. Artificial, poor and often poor-quality lighting in in vitro cultures has
been recognized as a limiting factor for photosynthesis, so sucrose is added to the medium
as a standard carbohydrate source. In vitro plants are also very sensitive to high light
conditions and susceptible to photoinhibition [27-29].

In the presented study, it was shown that during micropropagation of hellebore, better
rates of most of the parameters studied were obtained with more intense light. Similar
results, especially when increasing the intensity to 94 pmol-m2-s~!, were previously
obtained by Lazzarini et al. [30] for Lippia gracilis, Eun-A et al. [31] at 30 pmol/ m?/s for
Alocasia amazonica and Chen et al. [32] for Haworthia. Light intensity and quality are the
most critical environmental factors for plant physiology and biochemistry. According to
available research, many basic parameters of plant production, including dry weight of
roots, leaves and the whole plant, as well as the rate of photosynthesis, transpiration and
stomatal conductance, were reduced under conditions of insufficient light [33,34].

In addition to increased plant height during multiplication, higher intensity
(70 umol/m? /s) light increased the content of assimilation pigments in regenerating and
rooting hellebore plants. Lazzarini et al. [30] reported that an increase in carotenoid
synthesis was observed in plants grown in high light intensities and was related to the pho-
toprotection exerted by these pigments within photosystems. Carotenoids are synthesized
in the plastids of all photosynthesizing organisms, hence their important function in pho-
tosynthesis [35]; however, it should not be forgotten that they play important roles in the
non-enzymatic protection of plants against oxidative stress and are the basic molecules that
protect against photo-oxidative damage [36]. In accordance with this, it is worth noting that
the carotenoid content of hellebore tissues was highest during rooting under fluorescent
light, which led to the weakest rooting (the fewest roots), but, above all, the least plant
growth during the whole cycle. This may indicate that the plants are adversely affected by
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this light source, which, with higher concentrations of carotenoids, may be perceived as
a stress factor. This theory seems to be correct insofar as white LED light, which allowed
plants to achieve the best multiplication and produce the highest number of roots (above
seven) at the rooting stage, resulted in the lowest synthesis of carotenoids compared to
traditional FL light. In a study on Lippia filifolia, white LED light provided higher content
of both chlorophylls and carotenoids [37]. The white LED was least effective in inducing
hellebore plant growth rate compared to other light types, in spite of its positive influence
in generating the highest shoot and root numbers. Often, faster elongation growth, or gain,
is a plant response to a stress factor. For example, the leaf elongation rate of cereals is one
of the most expressive plant responses to stress. Other plants may show increased root
growth during mild drought or increased stem growth in response to low light. In such
cases, the stress-induced growth is usually achieved by sacrificing the growth of other
parts of that plant [38]. Hence, there are probably more regenerated shoots and roots under
white LED light, with weaker hellebore growth during micropropagation, compared to the
other colors.

It is easy to see that most of the parameters studied during hellebore micropropagation
are more significantly influenced by the source or color of the light used than by its intensity.
The colors or LED combinations commonly used in in vitro cultures are white, red, blue
and a mixture of blue and red [17], hence the choice of these three basic LED colors in this
research. Many studies find that blue LEDs are a good light source for inducing chlorophyll
synthesis, while red LEDs reduce chlorophyll content. This is confirmed, for example, by
Jao et al. [21], who found that blue LEDs promote growth and increase chlorophyll content
in Zantedeschia jucunda, or by Verma et al. [39] on Digitalis purpurea, where chlorophyll
a content was higher under blue light. In the present study, in hellebore, the effect of
light color on chlorophyll content was significant, but it should be noted that there were
definite differences depending on the stage of micropropagation. During multiplication,
the highest content of pigments (both chlorophyll and carotenoids) was characterized
by plants regenerating under red LED light, while during rooting, such an effect was
achieved by traditional FL light or blue LED as indicated by other publications. This may
be related to the condition of the plants, which have a different need for particular light
spectrums during the intensive shoot proliferation phase than during rooting or as complete
plants. Zheng et al. [20] indicated that both red and blue light significantly increased the
chlorophyll a/b ratio. However, more detailed studies using electron microscopy showed
that blue light caused severe damage to the fine structure of chloroplasts in the early stages
of leaf aging, while the degradation of chloroplast ultrastructure was apparently delayed in
red light throughout the experiment compared to other treatments. LED red light perhaps
sufficiently protects aging leaves from photoinhibition so that leaf aging can be effectively
delayed. Perhaps during the intensive multiplication of hellebore, a higher content of
pigments, including chlorophyll, was observed under red light. The positive effect of red
light on chlorophyll b content compared to blue LED (more than three times greater) was
noted in Digitalis [39], and twice as much chlorophyll a+b content was observed in the
micropropagation of Vanilla planifolia [40]. Red LED light also influenced the elongation
growth of micropropagated hellebores, both during propagation and rooting. Similarly,
Lippia filifolia plants reached greater height under red and white LED light conditions and
achieved higher biomass accumulation [37]. Neither the color of the light nor its intensity
affected the percentage of rooting or the number of roots, which is an adaptive mechanism
of the underground parts of the plant. This indicates that light has no effect on hellebore
rhizogenesis, although the more intense elongation growth of roots at lower intensities
suggests that they receive light stimuli and stronger light weakens their elongation.

White LED light is the most favorable in terms of obtaining hellebore ‘Molly’s White’
in in vitro culture, giving the highest multiplication rate of longer shoots and, at a lower
concentration, affecting the regeneration of the largest number of roots. Thus, it is the
best alternative to traditional fluorescent lights, which showed a much weaker effect on
hellebore micropropagation. Similarly, the growth of shoots and leaves of Pyrus communis
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was more affected by LED lamps compared to fluorescent lamps (control) [23]. This is
probably due to the fact that fluorescent lamps produce a wide range of wavelengths
(350-750 nm) that are unnecessary for plant development [17]. Light-emitting diodes
(LEDs) have recently emerged as an alternative to commercial micropropagation because
they have a monochromatic spectrum, less thermal radiation and, most importantly for
in vitro cultures, they provide light in the spectral region that is involved in photosynthesis
and photomorphogenic reactions in plants [17]. In addition to increasing the efficiency
of in vitro hellebore multiplication, LED lighting is more environmentally friendly and
allows significant electricity savings, as the electricity requirements of LED lamps are
10-100 times lower than conventional light sources [41]. Despite the high setup costs,
with daily, long-term use of this lighting, these costs are recouped [16,41,42]. As shown
in our study, the differences between the higher and lower intensities of the LEDs used
are not large. However, a huge difference is found when comparing any combination of
LED light color with fluorescent lamps. LEDs used in our experiments consumed only
14.5-27.4% of what fluorescent lamps do in an 8-week hellebore production cycle (5 weeks
of multiplication and 3 weeks of rooting). Even the highest intensity of 70 pumol-m~2-s~!
saved more than 57 kWh.

Due to the different responses of plants to the various light parameters and the signifi-
cant impact of LED light on crop production, further research into its use is recommended.
It is also extremely important from the point of view of environmental policies and the use
of the latest developments in sustainable economic development.

5. Conclusions

The aim of the presented research was to compare the effects of traditional fluorescent
lamps to LED lighting on the micropropagation of a valuable plant such as hellebore. In
addition, the actual energy consumption of the different light combinations used during
the whole in vitro production cycle of this plant was analyzed. Our studies showed that
most of the parameters studied are more influenced by the source or color of the light used
during micropropagation than its intensity. However, the higher intensity (70 pmol/m? /s)
has a significant effect on increasing the content of assimilation pigments in regenerating
and rooting plants. We have shown that red LED light impacts the elongation growth
of micropropagated hellebores, but we generally recommend the use of white LED light
in laboratories. It is most favorable in terms of obtaining hellebore ‘Molly’s White” in
in vitro cultures, giving the highest rate of propagation of longer shoots and also, at a lower
intensity, influencing the regeneration of the largest number of roots. An economically
significant result is the demonstration that LED lighting at 70 pmol-m~2-s~1, regardless of
color, requires seven times less energy during hellebore micropropagation than fluorescent
lamps (FLs).

In vitro cultures are producing more and more plants every year, as the obtained
material is of high quality and disease-free. Therefore, it is a good planting material for
establishing crops and plantations. Due to new agro-environmental policies, the results
presented are extremely important for plant production. Regardless of the plants produced
in in vitro culture (whether ornamental species, crops or vegetables), the goal is to reduce
the cost of this production, especially its significant component in the form of electricity,
while maintaining high-quality material. Importantly, the results of our research show
that LED lighting is not only beneficial to the environment, as it is several times more
energy-efficient, but also allows a high micropropagation coefficient to be obtained while
maintaining the analyzed parameters at a good level. The obtained results allow us to
conclude that LEDs are the future of plant production, both those in in vitro culture and in
other types of production under cover where plant lighting is required.
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