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Abstract
Lilium candidum L. is a plant with rich cultural traditions and huge potential in floriculture and modern medicine. Our study 
analyzed the effects of light emitting diodes (LEDs) of variable quality on adventitious organogenesis induced in bulb scales 
placed on Murashige and Skoog medium. In addition to the spectral compositions of red (100%), blue (100%), and red and 
blue light (RB ratio 7:3), RB light was mixed in equal proportions (50%) with green (RBG), yellow (RBY), UV (RBUV), 
and far red (RBfR) light. We also tested white LED (Wled). Fluorescent lamp light (Fl) and darkness (D) served as controls. 
We assessed the effects of light on the morphometric features as well as the physiological and biochemical quality of the 
bulblets (adventitious bulbs). Bulb formation was observed under all light qualities, even in darkness, albeit to a limited 
extent. White LED light (Wled) treatment translated into the highest efficiency of bulblet formation and the greatest number 
of bulbs with developed leaves. The leaves, even though the shortest ones, also developed as a result of RBG treatment, 
and this light mixture enhanced the diameter of the forming bulblets. The bulbletsunder this light spectrum accumulated 
the most chlorophyll and carotenoids. The bulblets formed under B, RBfR and RBG LED had more than two times higher 
phenoliclevels than those formed under R LED and Fl. The bulbletsformed under B LED were the richest in soluble sugars, 
similarly to those developing in darkness (D).

Key message 
Efficient micropropagation of Lilium candidum L. was achieved on media without growth regulators under different LED 
light quality which affected organogenesis, photosynthetic pigments, soluble phenolics and sugars composition in bulblets.

Keywords  LED · Light spectrum · Soluble sugars · Soluble phenolics · Photosynthetic pigments

Abbreviations
B	� 100% Blue LED light
D	� Darkness
Fl	� Fluorescent lamp
g dw	� Gram of dry weight
LED	� Light-emitting diode

MS	� Murashige and Skoog culture medium
R	� 100% Red LED light
RB	� 70% Red + 30% blue LED light
RBfR	� 35% Red + 15% blue + 50% far red LED light
RBG	� 35% Red + 15% blue + 50% green LED light
RBUV	� 35% Red + 15% blue + 50% UV LED light
RBY	� 35% Red + 15% blue + 50% yellow LED light
Wled	� 33.3% Warm + 33.3% neutral + 33.3% cool white 

LED light

Introduction

Lilium candidum L. (also known as Madonna lily) is a plant 
of symbolic and ethnic significance. Initially, it was a Jewish 
symbol (Zaccai et al. 2009), and then it became a Christian 
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personification of Maria associated with purity and virginity. 
It was planted in monastery gardens and used as art motif 
(Fulton 2004; Kabatliyska 2007; Husti and Cantor 2015). 
Madonna lily is also known in traditional folk medicine, 
has been used to heal wounds, burns and ulcers, and accel-
erated their healing. Modern medicine does not use the 
potential of L. candidum, but some of its pro-health proper-
ties have been proven. It shows anti-tumor, antiviral, and 
hepatoprotective potential, and the bulbs contain valuable 
metabolites, especially flavonoids and saponins (Mimaki 
et al. 1998; Vahálkova et al. 2000; Erdoğan et al. 2001; Yar-
molinsky et al. 2009; Munafo and Gianfagna 2015; Patocka 
and Navratilova 2019).

L. candidum L. is a bulb geophyte of Liliaceae family, 
characterized by early flowering and pure white flowers with 
a strong and pleasant fragrance. It is native to the countries 
of the Mediterranean basin, and in Israel the species is rec-
ognized as endangered and under protection (Zaccai et al. 
2009; Ӧzen et al. 2012). A low rate of generative reproduc-
tion negatively affects L. candidum population abundance. 
The apparent self-sterility of the species means that the 
plants do not set viable seeds, and even cross-pollination 
does not guarantee the formation of germinating seeds 
(Mynett 1992).

Research has been conducted on the micropropaga-
tion of many species and cultivars of lily (Bakhshaie et al. 
2016), with just a few focusing on L. candidum. The studies 
mostly concern initiation of in vitro culture and elimination 
of numerous bacterial and fungal infections with antibiotics 
and fungicides toxic to the plant tissues (Altan et al. 2010; 
Burun and Sahin 2013). Bulbscales are the best explants for 
efficient formation of adventitious organs in in vitro cul-
tures of Lilium (Bakhshaie et al. 2016). Leaves collected 
from plants grown in a greenhouse or in vitro (Khawar et al. 
2005), or in vitro induced callus are used less frequently 
(Saadon and Zaccai 2013).

Steady advances in the development of the light emit-
ting diodes (LED) technology make it applicable in plant 
micropropagation. LED lamps have a number of advan-
tages over traditionally used light sources. They are char-
acterized by low electricity consumption, high efficiency, 
low heat emission, longer durability, small size, and most 
importantly, they emit light of a specific wavelength 
(Gupta and Jatothu 2013; Bantis et al. 2018). Bornwaßer 
and Tantau (2012) reported a more even distribution of 
light on a shelf board under LED lighting than a traditional 
fluorescent lamp. LED lamps allow for manipulating the 
spectral quality of light and make it possible to gain a spe-
cific response of plant material, and even plants of higher 
quality. The light spectrum affects the direction of in vitro 
organogenesis and plant ability to acclimatize to ex vitro 
conditions (Pawłowska et al. 2018a). LED lighting was 
demonstrated to influence the content of starch, soluble 

sugars and photosynthetic pigments in plants propagated 
in vitro. Moreover, light wavelength affects the production 
of secondary metabolites (Pawłowska et al. 2018a; Cioć 
et al. 2018; Tomaszkiewicz et al. 2022; Klimek-Szczy-
kutowicz et al. 2022). LEDs make it possible to conduct 
basic research on plant response under strictly controlled 
in vitro conditions by activating specific morphogenetic, 
biochemical, and physiological mechanisms (Gupta and 
Jatothu 2013; Bantis et al. 2018).

For many geophytes, light is necessary for the regenera-
tion of storage organs in in vitro cultures, as confirmed in the 
studies on Fritillaria thunbergii (Paek and Murthy 2002), 
Nerine bowdenii (Jacobs et al. 1992), and Lilium oriental 
hybrid ‘Casablanca’ (Lian et al. 2003). Phytochrome is 
responsible for the mechanism of plant response to light, and 
the induction and direction of organogenesis is influenced 
by the quality of light (Ascough et al. 2008). The research 
conducted on Solanum tuberosum (Goeden and Tong 2003), 
which is a model system for tuberization, showed that blue 
light and its receptor cryptochrome affect the formation of 
storage organs in in vitro cultures. The process is poorly 
understood in ornamental plants (Ascough et al. 2008). The 
effects of light on biometrical parameters during in vitro 
organogenesis were demonstrated in various species and 
cultivars of lily. Light quality affected the frequency of 
plantlet (Simmonds and Cumming 1976), leaf (Takayama 
and Misawa 1979; Aguettaz et al. 1990), shoot (Han et al. 
2005), and bulblet formation (Lian et al. 2003), as well as 
bulb dry weight (Varshney et al. 2000).

The first studies on the effects of light quality during 
adventitious organogenesis in bulbous plants were conducted 
under monochromatic fluorescent lamps. They showed that 
in in vitro cultures of Hyacinthus orientalis blue light stimu-
lates the development of adventitious shoots and red light 
stimulates the formation of adventitious bulbs (Bach and 
Świderski 2000; Bach and Pawłowska 2006). LED technolo-
gies were used in research on a few species and cultivars of 
lily, and demonstrated the effect of light quality on plant 
growth and development (Bakhshaie et al. 2016). Lian et al. 
(2002) achieved the greatest incremental growth of Lilium 
oriental hybrid 'Pesaro' bulb under 1:1 mixture of red and 
blue LED.

The aim of this study was to determine the influence of 
light emitted by light-emitting diodes of different quality 
(eight combinations) on the formation of adventitious organs 
on L. candidum bulbscales in in vitro cultures. The spectral 
compositions most frequently used in research, that is red 
and blue, were supplemented with additional wave ranges of 
green, yellow, UV, far red, and white LED. We assessed the 
morphogenetic response of regenerating bulbscales, as well 
as the physiological and biochemical quality of the obtained 
bulbs based on their content of photosynthetic pigments, 
soluble sugars, and soluble phenolics.
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Material and methods

Plant material

Adventitious bulbs of L. candidum grown in  vitro 
(Gadzinowska et al. 2017) were used as the experimental 
material. They were formed on bulbscales in Murashige 
and Skoog (MS) medium (1962), without growth regula-
tors, with the addition of 6% sucrose, and then cooled in the 
dark at 4 °C for 12 months. The starting bulbs of uniform 
size, 15 mm in diameter, and with 11–12 scales (Fig. 1a, b) 
were divided into individual scales (bulbscales) that were 
used as explants (Fig. 1c).

Culture condition and light treatment

The bulbscales were placed on MS medium containing 3% 
sucrose, pH 5.7, solidified with 0.5% BioAgar (BIOCORP, 
Poland). On each Petri dish (Ø 90 mm) with 30 ml of the 
medium, 8–9 scales from a single starting bulb were placed 
(Fig. 1c), with 3 the smallest inner scales being discarded.

The cultures were maintained in a phytotron at 23/21 °C 
(day/night), 80% relative humidity, and 16 h photoperiod 
(16 h day/8 h night).

Experimental LED panels (PXM, Poland) (Pawłowska 
et al. 2018a) allowed for setting and testing 8 different 
combinations of LED light quality (different wavelengths): 
100% blue of 430 nm (B); 100% red of 670 nm (R); mix 
of 70% red and 30% blue (RB); 50% RB and 50% far red 
of 730 nm (RBfR); 50% RB and 50% yellow of 600 nm 
(RBY); 50% RB and 50% UV of 400 nm (RBUV); 50% 
RB and 50% green of 528 nm (RBG); 33.3% warm white 
(2700 K), 33.3% neutral white (4500 K), and 33.3% cool 
white (5700 K) (Wled) (Fig. 2a, b). Fluorescent lamp (Fl) 
(OSRAM LUMILUX Cool White L 36 W/840) (Fig. 2a) 
and darkness (D) were used as controls. For all light com-
binations, the photosynthetic photon flux density (PPFD) 
was 40 µmol m−2 s−1. LI-250A light meter with a Q 50604 
sensor (Li-COR) and BTS256 spectrometer (Gigahertz-
Optik) were used to determine the parameters of the LED 
panels.

A total of 10 light combinations (including darkness) 
were tested, each of 10 replicates (Petri dishes) with 8–9 
bulbscales.

After 8 weeks of the culture, biometric observations 
were carried out and plant material was collected for 
chemical analysis. Samples of the plant media were also 
taken to determine their content of soluble sugars.

Fig. 1   Plant material for experiment: a—in vitro bulbs after cooling in 4 °C in the dark; b—single bulb, c—and bulbscales from 1 starting bulb. 
Bar = 1 cm
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The experimental method

Morphometrical observation

We assessed the biometric parameters of the organs formed 
on the bulbscales. To this end, we determined the ratio of 
the bulbscales regenerating bulblets, bulblets with leaves, 
and bulblets regenerating roots, i.e. the percent of scales 
regenerating the organ to the number of scales placed on 
the medium expressed as a ratio.

The numbers of formed bulblets, bulblets with leaves 
(minimum 5 mm in length), and adventitious roots per 
a starting bulb were determined. We also measured the 
diameter of the adventitious bulbs, and the length of leaves 
and adventitious roots.

Biochemical analyses

The bulblets formed under all light combinations were pul-
verized, frozen at − 80 °C, and kept until further analysis. 
Each biochemical analysis involved five 1 g samples of 
bulblet material from each light combination.

The analyzes were performed with a Freezone 4.5 
freeze dryer (Labconco, USA), a QIAGEN TissueLyser II 
homogenizer (QIAGEN, Germany), a laboratory Eppen-
dorf Centrifuge 5415 R (Bioridge Centrifuge, China), and 
a spectrophotometer Amersham Biosciences Ultrospec 
2100 pro (Amersham Biosciences, United Kingdom).

Fig. 2   Light spectra used in experiment. a—LEDs (%): 70 red + 30 
blue (RB); 100 blue (B); 100 red (R); white: 33.3 warm + 33.3 neu-
tral + 33.3 cool (Wled) and fluorescent lamp (Fl), b—LEDs (%): 35 

red + 15 blue + 50 yellow (RBY); 35 red + 15 blue + 50 UV (RBUV); 
35 red + 15 blue + 50 far red (RBfR) and 35 red + 15 blue + 50 green 
(RBG)
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Analysis of photosynthetic pigments content

The samples were lyophilized and then homogenized. The 
homogenates (3 mg) were poured over with 1 ml of 96% 
ethanol and macerated overnight in a refrigerator. The super-
natants were analyzed in a spectrophotometer, and absorb-
ance was measured at 470, 649, and 664 nm. Concentra-
tions (µg/ml) of chlorophyll a (Ca), chlorophyll b (Cb), and 
carotenoids (Cc) were calculated from the following formu-
las: Ca = 13.36A664–5.19A649; Cb = 27.43A649–8.12A664; 
Cc = (1000A470–2.13Ca–97.63Cb)/209 (where A denoted 
absorbance) (Sumanta et al. 2014).

Content of soluble carbohydrates in adventitious bulbs

One gram of sample tissue was taken and homogenized for 
2 min at a rate of 25 strokes per second with a steel ball 
only, and then at 20 strokes per second for 1 min with 1 ml 
of deionized water. Then the test tubes were centrifuged at 
15 °C for 10 min (12,800 rpm, 15.2 g). The analysis was per-
formed with the anthrone method (Dische 1962). The light 
absorption value of the samples were measured in a spectro-
photometer at 620 nm. After preparing a series of glucose 
solutions with known concentrations, a standard curve was 
obtained and then used for the calculation of glucose content 
in the tested material.

Content of soluble phenolics in adventitious bulbs

The samples were lyophilized and then homogenized. The 
homogenates (3 mg) were poured over with 1 ml of 80% 
ethanol and macerated in a refrigerator for 48 h. The analysis 
was performed according to the methodology of Singleton 
and Rossi (1965). The absorbance was measured spectro-
photometrically at 760 nm.

Content of soluble carbohydrates in the medium

The medium samples were taken from the spots where the 
explants were placed with a margin of approximately 1 mm. 
They were kept frozen at − 80 °C until further analysis. For 
the analysis, the medium was heated and 5 µl were taken and 
dissolved in 3 ml of distilled water. The analysis was per-
formed using the anthrone method (Dische 1962), similarly 
as for the content of soluble carbohydrates in the bulblets.

Statistical analysis

All the study findings were analyzed statistically (ANOVA) 
using the Statistica 13.3 software (StatSoft, TIBCO Soft-
ware Inc., Palo Alto, CA, USA). The post hoc multiple 
range Duncan test was used. Significantly different means 
were separated at p ≤ 0.05. The strength and direction of 

the correlation between the investigated parameters were 
determined with Statistica 13.3 package (StatSoft). A map 
of the correlations between the adventitious organogenesis 
and photosynthetic pigments was created.

Results and discussion

Morphological effects of different spectral 
combinations on bulblet formation

This study on micropropagation of L. candidum showed 
intense formation of adventitious bulbs on the bulbscales 
growing on the media without exogenous growth regulators. 
Earlier papers on micropropagation of L. candidum investi-
gated the effects of medium PGR on organogenesis (Khawar 
et al. 2005; Burun and Sahin 2013; Saadon and Zaccai 2013; 
Akshay et al. 2021). Some researchers noted the formation 
of abnormal bulblets and disturbed development of L. can-
didum leaves on the PGR supplemented media (Lian et al. 
2003; Saadon and Zaccai 2013). The bulblets we obtained 
on the media free of exogenous PGR showed a normal struc-
ture. We achieved a comparable or even higher organogen-
esis efficiency without PGRs than the other researchers 
(Khawar et al. 2005; Burun and Sahin 2013; Akshay et al. 
2021). This indicates that it is possible to reduce the use of 
chemicals in in vitro bulb reproduction. Our research also 
confirmed the usefulness of bulbscales as explants for effi-
cient adventitious organogenesis. The bulblets formed at 
the basal parts of the scales that contain more endogenous 
compounds necessary for the initiation of adventitious buds 
(Khawar et al. 2005).

Most experiments on in vitro cultures of Lilium genus 
involved traditional fluorescent lamps (Bakhshaie et  al. 
2016). Two papers describing the use of LED in in vitro 
cultures of lily have been published so far (Lian et al. 2002; 
Prokopiuk et al. 2018), and they investigated red, blue, and 
red–blue mix light spectra. These wavelengths are the most 
important for controlling the differentiation and growth of 
plants, with different forms of synergistic interactions of 
those light spectra (Silva et al. 2014). These spectra closely 
match that of chlorophyll absorption (Lian et al. 2002). In a 
study by Lian et al. (2002), Lilium oriental hybrid 'Pesaro' 
usually (over 80%) formed bulblets under a fluorescent lamp, 
but high efficiency per single scale (up to 3.9 bulblets) was 
also observed under blue LED and a mix of blue and red 
LED. The same LED spectra were reported as conducive 
to the most effective adventitious organogenesis on Lilium 
regale scales (Prokopiuk et al. 2018).

Additional wavelengths supplementing the basic red and 
blue mix, i.e. far red, yellow, green, UV, or white LED, has 
so far been rarely tested in in vitro research, and their impact 
on plant growth and development is unknown. The exclusion 
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of exogenous PGRs allowed for monitoring the effects of 
light, and in such conditions we achieved a high efficiency 
of the adventitious organogenesis of L. candidum (on PGR 
free medium). In our study the bulbscales under all investi-
gated light combinations and in darkness developed bulblets 
(adventitious bulbs) and adventitious roots, and some of 
them also formed leaves (Table 1). The scales kept in dark-
ness only developed bulblets and roots but not leaves. The 
adventitious organs formed at the basal part of the bulb scale 
(Fig. 3a–g). The bulblets were made of flat and wide scales 
adjacent to each other. Their shade of green depended on the 
light spectrum (Fig. 3b–g), and those kept in the darkness 
were white (Fig. 3a). The tested light combinations affected 
the efficiency of the adventitious organ formation and their 
morphometric parameters (Table 1). Bulblets were observed 
on 79–100% of the explants. Our results were good under 
RB LED and fluorescence light, but when assessing a total 
organogenesis efficiency, we concluded that the addition of 
yellow and far red spectrum to this RB mix increased the 
formation of bulblets. They were most often observed under 
RBY light (and in the darkness), and the least often under 

blue light. Although an average of 16.3 bulblets per one 
starting bulb formed under the control fluorescent light, the 
efficiency of this process was at the same statistical level for 
the six LED light combinations: B, RB, RBfR, RBY, RBG, 
and Wled (from 12.7 to 14.4, respectively). Bulb forma-
tion was inhibited by red light (6.5 bulblets) and when the 
RB spectrum was in 50% replaced with UV (8.3 bulblets), 
but was the least efficient in the darkness (3 bulblets).The 
addition of yellow wavelength to the red and blue spectrum 
turned out conducive to vegetative growth of potato plantlets 
in vitro (Li et al. 2018).

The formation of L. candidum bulblets was the most 
intensively stimulated by white LED (Wled) that can be sug-
gested as an economic alternative to traditional fluorescent 
lamps. Under this light, one starting bulb produced as many 
as 23 bulblets over an 8 week growth cycle. The formation 
of bulblets and bulblets with leaves, both of which are poten-
tial source of ex vitro regenerants, Wled light was the most 
efficient. The bulbs placed under control fluorescent light 
yielded about 21.5 regenerants but those under Wled more 
often developed leaves. The positive effect of white LED on 

Table 1   Adventitious organogenesis on bulbscales of Lilium candidumunder different light quality in vitro

Significant effect: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; n.s. not significant
a Darkness (D); fluorescent lamp (Fl); LED lights (%): 100 blue (B); 100 red (R); 70 red + 30 blue (RB); 35 R + 15 B + 50 green (RBG) and 
white: 33.3 warm, 33.3 neutral + 33.3 cool (Wled)
b Means ± standard deviations within a column followed by the same letter are not significantly different according to Duncan’s multiple range 
test at p ≤ 0.05

Light Ratio of 
bulbscales 
regenerating 
bulblets

Number of 
bulblets

Bulblets 
diameter 
[mm]

Ratio of 
bulbscales 
regenerat-
ing bulblets 
with leaves

Number 
of bulblets 
with leaves

Leaveslen-
gth [mm]

Ratio of 
bulbscales 
regenerating 
roots

Number of 
roots

Rootslength 
[mm]

Da 1.00 ± 0.0 bb 3.00 ± 1.0a 3.92 ± 0.1 
ab

0.00 ± 0.0- 0.00 ± 0.0- 0.00 ± 0.0- 0.56 ± 0.1b-
d

2.75 ± 1.5a 27.69 ± 7.1d

Fl 0.95 ± 0.1ab 16.33 ± 1.5 d 4.66 ± 0.5 
bc

0.14 ± 0.2a 5.25 ± 1.0b 24.98 ± 4.8b 0.88 ± 0.2e 13.33 ± 3.8c 19.60 ± 1.3bc

B 0.79 ± 0.2a 12.69 ± 4.0 cd 3.96 ± 0.9 
ab

0.03 ± 0.0a 1.50 ± 0.3a 20.63 ± 4.0 b 0.23 ± 0.1a 3.67 ± 1.5a 12.63 ± 1.1a

R 0.82 ± 0.2ab 6.46 ± 2.2 ab 4.19 ± 1.0 
ab

0.14 ± 0.2a 1.33 ± 0.3a 22.50 ± 4.3 0.33 ± 0.0a-c 3.00 ± 1.0a 22.51 ± 2.2c

RB 0.93 ± 0.1ab 12.63 ± 2.3 cd 4.14 ± 0.9 
ab

0.08 ± 0.1a 1.33 ± 0.3a 22.50 ± 4.3b 0.61 ± 0.2c-e 8.67 ± 1.5b 19.60 ± 1.1bc

RBfR 0.95 ± 0.0ab 13.33 ± 5.5 cd 3.74 ± 0.3 
ab

0.10 ± 0.1a 2.00 ± 0.6a 34.73 ± 1.1c 0.50 ± 0.3a-
d

4.33 ± 1.2a 11.60 ± 1.9a

RBY 1.00 ± 0.0 b 13.33 ± 1.5 cd 2.98 ± 1.0 a 0.15 ± 0.0a 1.33 ± 0.3a 9.33 ± 0.7a 0.63 ± 0.1de 4.67 ± 2.5a 13.57 ± 3.8a
RBUV 0.84 ± 0.0 

ab
8.25 ± 1.0 a-c 3.36 ± 0.6 a 0.06 ± 0.1a 1.33 ± 0.3a 7.50 ± 1.4a 0.28 ± 0.0ab 4.00 ± 1.2a 14.42 ± 1.1ab

RBG 0.90 ± 0.1 
ab

10.53 ± 4.0 
b-d

5.41 ± 1.0 c 0.43 ± 0.2b 0.67 ± 0.3a 7.50 ± 1.4a 0.59 ± 0.1c-e 4.00 ± 2.0a 18.92 ± 2.5bc

Wled 0.90 ± 0.1 
ab

14.36 ± 8.0 cd 3.94 ± 0.6 
ab

0.29 ± 0.1ab 8.50 ± 0.9c 24.95 ± 1.7b 0.52 ± 0.0-d 8.00 ± 1.4b 12.81 ± 0.4a

Source of variation
Light ** *** *** *** *** *** *** *** ***
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the efficiency of micropropagation was confirmed in Vanilla 
planifolia, where white led induced twice as many shoots 
per explant as blue or red LEDs (Bello-Bello et al. 2016).

So far, there have been few studies on the effects of UV 
light emitted by LEDs on organogenesis in vitro. Tomasze-
wicz et al. (2022) demonstrated a negative effect of UV pres-
ence in the light spectrum on the growth of Cyathea delgadii 
gametophytes in vitro. UV light is tested mainly with light 
sources other than LED as an elicitor and a mutagenic agent 
(Ramakrishna and Ravishankar 2011; Tůmová and Tůma 
2011; Espinosa-Leal et al. 2018; Xu et al. 2012). Abbasi 
et al. (2021) observed a decrease in cell proliferation and 
even death of Fagonia indica callus with an increasing dose 
of UV radiation in in vitro cultures. Victório et al. (2011) 

showed also tissue damage and decreased number of Phyl-
lanthus tenellus shoots. This corresponds to the organogen-
esis results we witnessed, i.e., lowered regeneration coeffi-
cients and reduced morphometric features of the formed and 
assessed organs. The formation of L. candidum bulblets was 
also reduced in the darkness. According to Lian et al. (2002), 
this might be associated with photoperception and triggering 
regeneration capabilities by photomorphogenic pigments.

The diameter of the resulting bulblets can be a critical fac-
tor for their ex vitro performance upon transplantation (Lian 
et al. 2002). In our experiment the bulblets of the largest 
diameter (5.4 mm) developed under RB light supplemented 
witch green light (Fig. 3f). Their diameter was by almost 
1 mm larger than under standard fluorescent lamp, although 

Fig. 3   Adventitious organogenesis on Lilium candidum bulb scales 
under different light quality in  vitro: a darkness (D); b fluorescent 
lamp (Fl); under LED light (%): c 100 blue (B); d 100 red (R); e 70 

red + 30 blue (RB); f 35 R + 15 B + 50 green (RBG) and g white: 33.3 
warm, 33.3 neutral + 33.3 cool (Wled). Bar = 1 cm
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this was the same statistical level. A mix of red and blue 
LED increased the diameter of 'Pesaro' lily bulblets (Lian 
et al. 2002). White LED increased the diameter of pseu-
dobulbs in Bletilla ochracea culture (Godo et al. 2011). RB 
LED supplemented with green light enhanced the diameter 
of Madonna lily bulblets and produced the largest bulblets of 
which 50% developed leaves. However, these leaves where 
the shortest (statistically as well as under RBUV and RBY 
lights) as compared with other light variants.

In our study leaves rarely developed on the bulblets 
formed under the tested light combinations, and they never 
developed in the darkness (Table 1). Most bulbs that grew 
leaves (43%) were kept under RB spectrum enriched with 
a green diode but the intensity of this process was very low 
(0.7 bulblets with leaves per one starting bulb). Contrary to 
that, 29% of bulblets formed under Wled developed leaves, 
and the yield was the highest among all light combina-
tions (8.5 leaves per one starting bulb). In the remaining 
tested light combinations, leaves were observed on 3–15% 
of explants, with an efficiency of about 1–2 bulblets with 
leaves. An exception was fluorescent light, with the rate of 
over 5.3 bulblets that developed leaves.

Green light also shortened the leaves of Alternanthera 
brasiliana (Macedo et al. 2011), Vitis 'Manicure Finger' (Li 
et al. 2017), and Bletilla ochracea, whose leaves were also 
narrower (Godo et al. 2011). In Oncidium 'Grower Ram-
sey', green light inhibited shoot differentiation (Mengxi et al. 
2011). According to Li et al. (2017), the limiting effect of 
green light on leaf growth may be caused by the "shade 
stress" effect. In natural conditions, this is related to the 
characteristics of the spectral composition of light reaching 
deep into the forest layers. In the shade, the light spectrum 
is rich in green wavelengths (Golovatskaya and Karnachuk 
2015). In such conditions, plants invest, e.g., in shoot elon-
gation at the expense of developing other organs, such as 
leaf blades. This is related to the shadow avoidance mecha-
nism. By competing for light, plants adjust their structure 
to lift the leaves higher where there is more light (Casal 
2012; Pierik and de Wit 2013; Li et al. 2017). This was 
experimentally confirmed, as the application of 100% green 
light increased shoot length in Achillea millefolium cultures 
(Alvarenga et al. 2015), and Vanilla planifolia (Bello-Bello 
et al. 2016) plants were taller and produced more leaves. 
However, the response of different plant species to light, 
including green and yellow light, can be different. Contrary 
to previous results, green light stimulated leaf area growth 
of Capsicum annuum plants (Casierra-Posada et al. 2014), 
and shoot growth in Lactuca sativa (Johkan et al. 2012). In 
Solanum tuberosum the addition of yellow light improved 
vegetative growth (Li et al. 2018).

Doughter and Bugbee (2001) pointed out similarities 
in the effects of green but also yellow light on some plant 
physiological mechanisms. Those wavelengths are equally 

and similarly transmitted through the canopy in nature. 
Therefore, yellow light can also limit plant growth, chloro-
phyll synthesis (Doughter and Bugbee 2001) or induction of 
protocorm-like bodies of Oncidium (Liu et al. 2011). How-
ever, the influence of yellow light is still not well understood 
and described in the literature. Researchers usually classify 
wavelengths of 500–600 nm as green light, which addition-
ally limits the observations on the properties of yellow light 
(580–600 nm) (Li et al. 2018). In this research, green light 
increased root regeneration and elongation, similarly to 
darkness, where L. candidum bulbs produced the longest 
roots (28 mm). In these conditions the roots grew at the basal 
plates of all formed bulblets. Adventitious roots grew from 
the basal plates of the bulblets formed under all light combi-
nations, with varying intensity, ranging from 23% (B) to 88% 
(Fl) (Table 1). The greatest number of roots was observed 
under the mixed light spectrum of RB and Wled (approx. 
8, i.e. 0.6 per bulblet), as well as under Fl (13, i.e. 0.8 per 
bulblet). Under the remaining combinations the roots formed 
less frequently. Fluorescent light stimulated the formation of 
greater number of roots in 'Pesaro' lily (Lian et al. 2002) and 
PLB Oncidium (Mengxi et al. 2011).

Commonly used fluorescent lamps usually lack far red in 
their light spectrum. It is very important for plant develop-
ment, for example stem elongation (Werbroucket al. 2012) 
or phytochrome activity. It can also significantly affect the 
propagation ratio by increasing it and improving multiplica-
tion (Miler et al. 2019). In our experiment, the longest leaves 
were observed during regeneration under RBfR light.

Effect of spectral combination on photosynthetic 
pigment content

Light is a key factor in the production of chlorophyll, which 
is an important component of photosynthesis. The quality 
of light used is also crucial for chlorophyll biosynthesis. 
Due to reduction of 5-aminolevulinic acid (ALA) precur-
sor, red light creates unfavorable conditions for its synthe-
sis, as opposed to blue light, which increases the accumula-
tion of chlorophyll. A long-lasting application of blue light 
enhances the synthesis of ALA and eliminates the unfavora-
ble effect of red light in this respect (Fan et al. 2013). The 
literature data confirm the inhibitory effect of red light on 
the production of chlorophyll that we also observed in our 
study (Li et al. 2010; Fan et al. 2013; Habiba et al. 2014; 
Bello-Bello et al. 2016; Coelho et al. 2021), and carotenoids 
(Liu et al. 2011; Fan et al. 2013; Pawłowska et al. 2018b; 
Coelho et al. 2021) in in vitro plant cultures. RBUV light 
also inhibited the synthesis of photosynthetic pigments, both 
chlorophylls and carotenoids, in L. candidum cultures. Our 
experiment confirmed that both chlorophyll a and b, lower 
levels were observed in the bulbs formed under RBUV (and 
a fluorescent lamp). UV radiation induces the uncoupling 
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of the chlorophyll molecules in the light-harvesting system 
that results in reduced photosynthesis in many plant species 
(Jovanić et al. 2022). However, the response of chlorophyll 
to UV light may be different for different species and grow-
ing conditions (Begum et al. 2021). Chlorophyll a and b 
may also have different sensitivity to UV light, which is 
related to their dissimilar pathways (Ranjbarfordoei et al. 
2009; Shaukat et al. 2011).

In the darkness, the content of photosynthetic pig-
ments, especially carotenoids, is very low. In our studies 
the bulblets in these conditions hardly contain any pigments 
(Fig. 4a–d). The level of carotenoids was 6 times lower 
were seen in the bulblets formed under the darkness, and 
this value was comparable with R LED light (Fig. 4c). In 
their in vitro study Klimek-Szczykutowicz et al. (2022) dem-
onstrated chlorophyll synthesis inhibition in darkness and 
resulting etiolation. Pigment deficiency alters the structure 

of the chloroplasts and inhibits their further differentiation 
into other organelles such as chromoplasts (Masuda et al. 
1996). It is only during photomorphogenesis that the coor-
dinated increase in the levels of chlorophylls and carotenoids 
in combination with other components results in the forma-
tion of a functional photosynthetic apparatus (von Lintig 
et al. 1997).

We detected the highest amount of chlorophyll a (over 
440 µg/g dw) in the bulblets under the RBG. It was almost 3 
timed lower in the bulblets formed under R and RBUV LED, 
and those from under the control fluorescent lamp. Chloro-
phyll b content was also the highest (202 µg/g dw), however, 
in the bulblets under Wled it was at the same statistical level 
(147 µg/g dw). Green LED light (RBG) increased also the 
content of carotenoids (96 µg/g dw), which was the highest. 
The research literature contains examples of positive effects 
of adding green light to the spectrum on the content of 

Fig. 4   Photosyntetic pigments: a chlorophyll a, b chlorophyll b, c 
carotenoids, d chlorophyll a + b content in in vitro bulblets of Lilium 
candidum under different light quality: in the darkness (D); under 
fluorescence lamp (Fl); under LED light (%): 100 blue (B); 100 red 
(R); 70 red + 30 blue (RB); 35 R + 15 B + 50 far red (RBfR); 35 

red + 15 blue + 50 yellow (RBY); 35 red + 15 blue + 50 UV (RBUV); 
35 red + 15 blue + 50 green (RBG) and white: 33.3 warm, 33.3 neu-
tral + 33.3 cool (Wled). Data are presented as means ± standard devia-
tions. Different letters indicate significant differences between values 
according to Duncan’s multiple range test at p ≤ 0.05
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photosynthetic pigments in cultured plant tissues. In plants, 
green light is mainly a signal and is not involved in photo-
synthesis. Its stimulating effect is explained by compensat-
ing for the insufficient amount of photosynthetically active 
light (Golovatskaya and Karnachuk 2015). For example, 
potato (Solanum tuberosum L.) plantlet leaves accumulated 
more chlorophyll a (Li et al. 2018), and Achillea millefolium 
L. revealed the highest content of photosynthetic pigments 
(chlorophyll a, chlorophyll b and carotenoids) when exposed 
to green LED light (Alvarenga et al. 2015). Protocorm-like 
bodies (PLBs) of Dendrobium kingianum contained similar 
amounts of chlorophyll as those grown under blue LED or a 
fluorescent lamp (Habiba et al. 2014). In Oncidium sp. green 
light produced effects comparable to fluorescence (Mengxi 
et al. 2011). In an experiment carried out in Brassica camp-
estris L., a similar content of chlorophyll a and carotenoids 
was shown in plants exposed to green and yellow LED as 
compared to those exposed to blue light. For green light 
this relationship was also confirmed in terms of the content 
of chlorophyll b (Fan et al. 2013). Green and yellow light 
favored the production of photosynthetic pigments in Aeol-
lanthus suaveolens (Araújo et al. 2021) and Lippia dulcis 
(Rocha et al. 2022). Our study demonstrated an increased 
production of photosynthetic pigments under green LED 
(RBG).

Effect of spectral combination on soluble phenol 
content

The bulblets formed under different light combinations had 
variable content of soluble phenolics (Fig. 5). We confirmed 
the inhibitory effect of red LED (2 times less than under 
control (Fl) on soluble phenolics content in the bulblets of 
L. candidum, while the other tested LED spectra signifi-
cantly increased tissue accumulation of soluble phenolics 
as compared with the control light of the fluorescent lamp. 
Also the bulblets kept in darkness accumulated more phe-
nols than those under the Fl light. High content of phenolics 
was detected in the plants grown under B, RBfR, and RBG 
light (8.8, 8.5, and 7.6 ng/g dw, respectively), and it was 
3–3.5 times more than under R light (Fig. 5).The same effect 
of light spectra was determined as for the content of photo-
synthetically active pigments. Similar results were reported 
by Bach et al. (2015) in their research on Lachenalia, with 
the use of monochromatic lamps. Bulb content of phenols 
was enhanced under blue light and reduced under red light. 
Phenolics biosynthesis in plants is controlled by external 
factors, including light that may stimulate the process or 
even be its indispensable component (Ghasemzadeh et al. 
2010). The main absorption spectrum of flavonoids occurs 
between 400 and 430 nm, that is the spectrum of blue light 
by which their production is stimulated (Ebisawa et al. 2008; 
Silva et al. 2017; Taulavuori et al. 2018; Coelho et al. 2021; 

Rocha et al. 2022). The main absorption spectrum for many 
phenolic compounds matches UVB wavelength and their 
synthesis is stimulated by UVB light. UV light is often used 
in research as an elicitor to intensify the production of sec-
ondary metabolites (Ramakrishna and Ravishankar 2011; 
Tůmová and Tůma 2011; Espinosa-Leal et al. 2018).

The results of other authors confirm the stimulating effect 
of other LED wavelengths on the accumulation of phenolic 
compounds that we noticed in our experiments. Hossen 
(2007) reported the highest rutin content in Fagopyrum 
esculentum sprouts under RBG light. The leaves of Betula 
pendula exposed to far red and UVB contained more simple 
phenolic compounds than the variant deprived of UVB light 
(Tegelberg et al. 2004). Literature data show high variabil-
ity in the content of phenolic compounds depending on the 
species, organs, tissues, or cells (Chang et al. 2019; Hsie 
et al. 2019).

Effect of spectral combination on soluble sugar 
content

High content of soluble sugars in the bulblets and their lower 
concentrations in the postculture medium can be explained 
by the storage role of the bulbs that accumulate nutrients, 
including sugars (Ascough et al. 2008). This happens espe-
cially during the period of vegetative growth (Pouris et al. 
2020). Carbohydrates make up a significant proportion 
of the dry weight of lily bulbs and are absorbed in large 
amounts from the culture medium (Langens-Gerrits et al. 

Fig. 5   Soluble phenolics content in in  vitro bulblets of Lilium can-
didumunder different light quality: in the darkness (D); under fluo-
rescence lamp (Fl); under LED light (%): 100 blue (B); 100 red (R); 
70 red + 30 blue (RB); 35 R + 15 B + 50 far red (RBfR); 35 red + 15 
blue + 50 yellow (RBY); 35 red + 15 blue + 50 UV (RBUV); 35 
red + 15 blue + 50 green (RBG) and white: 33.3 warm, 33.3 neu-
tral + 33.3 cool (Wled). Data are presented as means ± standard devia-
tions. Different letters indicate significant differences between values 
according to Duncan’s multiple range test at p ≤ 0.05
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2003). Bach et al. (1992) showed higher percentage content 
of soluble sugars in leaf explants of Hyacinthus orientalis 
than in the starting medium. Light significantly affects car-
bohydrate metabolism in higher plants (Kowalik 1982; Chen 
et al. 2018). In our study the tested light spectra affected 
the content of soluble sugars in the adventitious bulbs but 
with lower variability than in the case of photosynthetic pig-
ments and soluble phenolics (from 369.7 to 564.7 mg/g dw) 
(Fig. 6a, b). The bulbs formed in the darkness (D) and under 
B light were the most abundant in soluble sugars (above 
550 mg/g dw) (Fig. 6a). For Pancratium maritimum bulblets 
exposure to ambient light enhanced total carbohydrate con-
tent that exceeded 700 mg/g dw (Pouris et al. 2020). Blue 
LED enhanced soluble sugar content also in Brassica camp-
estris (Fan et al. 2013) and promoted sugar in potato tuber-
izing in vitro (Li et al. 2020). Blue (or far-red) light quali-
ties are more effective than conventional fluorescent lamps 
in enhancing carbohydrate accumulation (Heo et al. 2006). 
Sugar is required for hypocotyl elongation in response to 
darkness (Zhang et al. 2015; Stewart et al. 2011; Oh et al. 
2012), which may explain its increased content under these 
conditions. Lachenalia plants grown in darkness also con-
tained more soluble sugars than the illuminated ones (Bach 
et al. 2015). The effect of light on the accumulation of solu-
ble sugars depends also on the investigated plant species 
(Liu et al. 2011; Li et al. 2018).

The concentration of soluble sugars in the starting 
medium, determined before establishing the culture, was 
103 mg/ml. The content of soluble sugars in the medium 
at the end of the culture ranged from 99.8 to 173.4 mg/ml 
of the medium. It was the highest in the media kept under 
fluorescent light and B, R, and RBG LEDs, and the lowest 

under RB and white LED (Fig. 6b). A joint presence of light, 
temperature, and high humidity causes agar degradation and 
breaks down chemical bonds (Freile-Pelegrín et al. 2007). 
This may also determine the content of soluble sugars in the 
postculture medium. Depending on the type of light used, 
this content may even be higher than in the starting medium, 
as reported in our research. Bach et al. (1992) confirmed this 
tendency and claimed it depended on the type and concentra-
tion of carbohydrates in the medium.

Correlation analysis between morphometrical 
and physiological traits

We found a positive correlation between the number of 
scales regenerating plants and the root regeneration ratio. 
Greater number of resulting bulblets stimulated also the for-
mation of bulblets with leaves, length of leaves, and num-
ber of roots but inhibited root elongation. Enhanced bulblet 
diameter was associated with a greater number of bulblets 
with leaves. Both these parameters showed a positive cor-
relation with the content of all examined photosynthetic pig-
ments. The frequency of adventitious roots formation on the 
bulbscales was associated with an increase in their number. 
We also confirmed a strong and positive correlation with the 
content of photosynthetic pigments (Table 2).

Conclusion

Light quality has affected adventitious organogenesis, pho-
tosynthetic pigments, soluble phenolics and soluble carbo-
hydrates concentrations in L. candidum bulblets. The white 

Fig. 6   Soluble sugars contents: a—in in  vitro bulblets of Lilium 
candidum. b—in culture media under different light quality: in the 
darkness (D); under fluorescence lamp (Fl); under LED light (%): 
100 blue (B); 100 red (R); 70 red + 30 blue (RB); 35 R + 15 B + 50 
far red (RBfR); 35 red + 15 blue + 50 yellow (RBY); 35 red + 15 

blue + 50 UV (RBUV); 35 red + 15 blue + 50 green (RBG) and white: 
33.3 warm, 33.3 neutral + 33.3 cool (Wled). Data are presented as 
means ± standard deviations. Different letters indicate significant dif-
ferences between values according to Duncan’s multiple range test at 
p ≤ 0.05
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LED light (Wled) proved to be the best light condition for 
efficient bulblets production. The chlorophyll a, chlorophyll 
b and carotenoids content was the highest under the mix of 
red and blue LED light supplemented with green (RBG). 
The diameter of the forming bulblets was the greatest. Dark-
ness and red light (R) led to the bulblet etiolation. Soluble 
phenolics content was highest in plants cultured under blue 
LED light (B). Darkness and blue LED light (B) stimulated 
the accumulation of soluble sugars in bulblets.
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