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ABSTRACT

Light-emitting diodes (LEDs) have become an alternative light source to the fluorescent lamp (FL) for the maintenance 
of plant tissue cultures due to their low heat emission, low power consumption and the ability to fine-tune the light 
spectrum. In this study, the effect of LEDs on the growth and leaf stomata features of in vitro cultivated raspberries 
(Rubus idaeus L. 'Lloyd George') was examined. The plantlets were grown in vitro under a lighting system based on the 
Philips GreenPower LED research module. Four groups of LEDs emitting white (W), red (R), blue (B), and mixed (W:R:B: 
far red = 1:1:1:1) lights and FL (control) were used. As a second control (marked as EV), plants grown in the multiplication 
and rooting stage under fluorescent lamps and then acclimatized ex vitro in a greenhouse for 90 days in natural light were 
included. Relative growth rate (RGR), protein content as well as stomata morphology and density of the plantlets were 
analysed after three passages under corresponding light treatment. The results show that different LEDs specifically 
affect the growth and size of leaf stomata and density of in vitro cultured raspberry plants and can be applied as an 
effective modulator of morphogenesis during micropropagation. The combination of white, blue, red and far red LED 
stimulated the accumulation of biomass and proteins, as well as the formation of a higher number of stomata on the 
lower surface of the leaves, which would be a prerequisite for more effective control of water loss from plantlets during 
the ex vitro acclimatization.
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РЕЗЮМЕ

LED-светлинните източници станаха алтернативни на флуоресцентните лампи (FL) за растителните тъканни 
култури поради ниската си топлинна емисия, малкото количество енергия, което консумират, и възможността 
за фино регулиране на спектъра на светлината. В това проучване ние изследвахме ефектът на LED-светлините 
върху растежа и характеристиките на устицата в листния епидермис на in vitro култивирани малини (Rubus idaeus 
L. ‘Lloyd George’). Растенията бяха отгледани in vitro в система на осветяване, базираща се на Philips GreenPower 
LED изследователски модул. Бяха използвани четири групи LED-светлини: бяла (W); червена (R); синя (B); 
смесена (W:R:B:far-red=1:1:1:1) и FL (контрола). Като втора контрола (означена с EV) бяха включени растения от 
фазите на мултипликация и вкореняване под флуоресцентна светлина, които след това бяха аклиматизирани ex 
vitro в оранжерия за 90 дни при естествена светлина. Относителната скорост на растеж (RGR), съдържанието 
на общ разтворим протеин, както и морфологията и гъстотата на устицата бяха анализирани при растения, 
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отгледани след три пасажа при съответните светлинни въздействия. Резултатите показаха, че различните LED-
светлини повлияват по специфичен начин растежа на in vitro микрорастенията от малина и размера и гъстотата 
на устицата в листния епидермис и могат да бъдат прилагани като ефективни системи на осветление за in vitro 
микроразмножаване. Комбинацията от бяла, червена, синя и далечночервена светлини стимулира натрупването 
на биомаса и протеини, както и образуването на по-голям брой устица по долната повърхност на листата, което 
може да бъде предпоставка за по-ефективен контрол на загубата на вода от експлантите в периода на ex vitro 
аклиматизацията.

Ключови думи: ex vitro аклиматизация, качество на светлината, микроразмножаване, устица 

INTRODUCTION

Raspberries (Rubus idaeus L., Rosaceae) are a source 
of a wide variety of bioactive substances and are grown 
for their excellent taste, as well as for the healing and 
dietary properties of the fruits. The significant beneficial 
effects of their fruits on human health have been widely 
recognized both in antiquity and in modern times 
(Beekwilder et al., 2005; Simonovic et al., 2019). This 
increased their demand and the development of methods 
for their reproduction. In vitro micropropagation of 
raspberries under sterile, controlled conditions has been 
applied for more than 40 years to obtain large numbers 
of pathogen-free plants of selected genotypes. However, 
according to several authors, the presence of many 
cultivars with great differences in their requirements for 
recovery and propagation make the raspberry particularly 
unamenable to in vitro cultivation (Reed, 1990; Zawadzka 
and Orlikowska, 2006a, 2006b; Wu et al., 2009). A lot of 
experimental work has been done to optimize cultivation 
conditions, mineral composition of nutrient media (Rušič 
and Lazić, 2004; Poothong and Reed, 2014, 2015), growth 
regulators (Hunkova et al., 2016) and others.

Fluorescent lamps (FL) have long been used to grow 
plants in vitro, but in the last twenty years, they have often 
been replaced by light-emitting LEDs due to their low 
heat emission, low energy consumption and the ability 
to fine-tune the light spectrum. Differences in spectral 
quality between LEDs and fluorescent lamps directly 
affect photosynthesis, growth and morphogenesis of 
in vitro grown plants. Various studies have shown more 
vigorous plants when cultivated in vitro under LED lighting 

conditions (Hahn et al., 2000; Moon et al., 2006; Lin et 
al., 2011; Hung et al., 2016; Batista et al., 2016; Ferreira 
et al., 2017). However, many authors have noted that 
requirements for the spectral composition of light and 
photosynthetic photon flux density (PPFD) are genotype-
specific (Gupta and Jatothu, 2013; Shulgina et al., 2021). 
Therefore, it is essential to conduct research to optimize 
the protocol using LED technologies to assess the impact 
on the morphogenesis of different plant species.

In the scientific literature, there are only a few reports 
on the influence of LED lighting on raspberries grown in 
vitro. Rocha et al. (2013) reported that red LEDs increased 
the shoot number and rooting efficiency of raspberry 
plantlets compared to fluorescent lights. According to 
Poncetta et al. (2017), the mixed LED light yielded less 
efficient multiplication of red raspberry in comparison to 
fluorescent lights, but with higher quality shoots.

A previous study (Nacheva et al., 2021) showed that 
raspberry plantlets had clearly distinguishable responses 
to lights of different wavelengths. The combination of 
white, red, blue, and far red LED lights stimulates the 
growth, biomass accumulation, and net photosynthetic 
rate of plantlets during in vitro propagation. Furthermore, 
raspberry shoots rooted in vitro under combined or white 
light grew better during greenhouse acclimatization and 
their content of photosynthetic pigments was higher 
(Nacheva et al., 2023b). This determines the need for 
more research to identify the spectral composition of 
light suitable for improving the in vitro cultivation of 
raspberries and their subsequent adaptation ex vitro.
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The structural characteristics and functional state 
of the leaf stomata are decisive factors for the proper 
development of micropropagated plantlets not only 
during the in vitro period but especially during their 
adaptation ex vitro. High stomatal density and big 
dimensions may increase leaf gas exchange and improve 
photosynthesis and plant development ex vitro. However, 
the increasement of these characteristic values can cause 
excessive evaporation and water stress for plants, since 
ex vitro atmospheric moisture is lower, especially if the 
roots are not well developed (Zeps et al., 2022). The 
light quality is one of the main environmental signals 
that control the development, density, size and aperture 
of stomata (Kim et al., 2004; Chaerle et al., 2005; He et 
al., 2020). Light with the same spectral characteristics 
does not elicit the same stomata response in different 
plant species (Kim et al., 2004; Poudel et al., 2008; Wang 
et al., 2016; Cioć et al., 2019; Díaz-Rueda et al., 2021). 
The purpose of this study was to establish, compare and 
analyse some morphological, biochemical and anatomical 
features of raspberry plantlets micropropagated in vitro 
under different LED-lights in order to estimate the 
optimal lighting mode. These analyses could indicate 
the necessary steps to optimize in vitro conditions for 
more successful ex vitro acclimation and better raspberry 
propagation.

MATERIALS AND METHODS

Plant material and growth condition

Red raspberry (Rubus idaeus L. ‘Lloyd George’) in 
vitro shoot explants were grown on solid DKW (Driver 
and Kuniyuki, 1984) medium, supplemented with 2.5 
µM 6-benzylaminopurine (BAP), 0.05 μM indol-3-
butyric acid (IBA), 30 g/L sucrose, 6.5 g/L Phyto agar 
(Duchefa, The Netherlands) (Nacheva et al., 2021). The 
medium (pH 5.6) was autoclaved at 121 °C for 20 min. 
Explants were grown in glass jars (volume 200 mL) with 
transparent Magenta B-Cap lids with 25 mL nutrient 
medium per vessel. Plantlets were subcultured at 4-week 
intervals. At each subculture, shoots (10 – 15 mm) with 
two-three leaves were transferred to the fresh medium 

with five explants per vessel. Jars were placed in four 
cameras illuminated with LEDs emitting in white (W), red 
(R, 650-670 nm), blue (B, 455-485 nm), and far red (FR, 
725-750 nm) spectra provided by Philips GreenPower 
LED research module (Philips Lighting, www.philips.
com/horti) under stable temperature 22±2 °C and 16-h 
photoperiod (87 ± 7.5 μmol/m2s photosynthetic photon 
flux density, PPFD). Respectively, four treatments marked 
W, R, B and mixed (W:R:B:FR = 1:1:1:1) were studied. As a 
control were used plantlets grown in the same way under 
fluorescent lamps (FL). As a second control (marked as 
EV), plants grown in the multiplication and rooting stage 
under fluorescent lamps and then acclimatized ex vitro in 
a greenhouse for 90 days in natural light were included. 
In three passages of four weeks, some physiological, 
biochemical and morphological parameters of plantlets 
grown under different light were evaluated. 

Relative Growth Rate 

Relative Growth Rate (RGR, mgDW/mgDWday) was 
calculated using the equation RGR = (ln W2 - ln W1) / (t2 

- t1), where W1 and W2 are plantlet dry weight at time 
t1 and t2, respectively. The RGR of ex vitro acclimatized 
plants was calculated similarly on day 90 after planting 
the plants for acclimatization in soil substrate. 

Soluble protein content

The Bradford method (1976) was used to determine 
total soluble protein content. Fresh leaves (300 mg) were 
homogenized with 5 mL cold phosphate buffer. The 
mixture was centrifuged at 10000 rpm for 15 min. For 
the protein assays 1 mL supernatant was mixed with 5 mL 
cooled Bradford reagent. The extinction was measured at 
595 nm. The bovine serum albumin is used as a standard. 

Light microscopy study of the leaf stomata

To study stomatal distribution and morphology the first 
fully developed leaves were collected from five plantlets 
for each treatment. Small segments (4-5 mm2) were taken 
from the central part of the leaf lamina and were fixed 
in 3% (m/v) glutaraldehyde in 0.1 M sodium phosphate 
buffer (pH 7.4) for 12h at 4 °C. Then the fragments were 
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washed with distilled water, bleached and washed again. 
Microscopic slides with glycerol were prepared. The 
samples were observed under Amplival 4 light microscope 
(Carl Zeiss, Jena, Germany). For each LED light treatment, 
thirty measurements of the stomatal length and width 
(in µm) as well as the stomatal density (number/mm2) 
were measured. Microphotographs (2560x1960 pixels) 
at 400x magnification were taken with an EcoBlue digital 
microscope (EC.1657) with an integrated 5.0 MP USB-2 
camera (Euromex, The Netherlands).

Statistical analysis 

The results were subjected to a one-way analysis of 
variance (ANOVA), followed by the comparison of group 
means (Dunn’s test) with the program Past 4.01 (Hammer 
et al., 2001).

RESULTS AND DISCUSSION

Treatment with lights with different spectra 
significantly affected the growth of Rubus idaeus L. ‘Lloyd 
George’ plantlets (Figures 1, 2). 

Compared with control (FL) and monochromatic LED 
light, the combined WBR LED light increased the RGR 
of the raspberry plantlets in vitro. The RGR under mixed 
WBR were the highest at 1.38 times that of the control. 
The lowest RGR was reported in plants grown under red 
light (0.0149 mgDW/mgDWday), which is 2.5 times less than 
those grown under mixed LED light (WBR). Surprisingly 
low, comparable to that in red light, was the RGR in 
plants cultivated under white LED light. Therefore, the 
application of red, white or blue LED light separately 
was not favorable for biomass accumulation in in vitro 
raspberry plants. 

Figure 1. Philips GreenPower LED research module in the 
growth chamber (left). Red raspberry (Rubus idaeus L. ‘Lloyd 
George’) grown at different light conditions (center). FL - Flu-
orescent lamps (control), B – blue LEDs, R – red LEDs, WBR 
– mixed LEDs, W - white LEDs. EV-acclimatized plant (right).

Figure 2. Effect of different light treatments on the RGR (A), 
protein content (B) of raspberry (Rubus idaeus L. ‘Lloyd George’) 
plantlets. FL - Fluorescent lamps (control), W - white LEDs, R – 
red LEDs, B – blue LEDs, WBR – mixed LEDs, EV-acclimatized 
plant. Means in the column, followed by different letters are sig-
nificantly different at P ≤ 0.05.

In contrast to the lowest RGR found in raspberry 
plantlets grown under red light, studies by various authors 
have shown that red light promotes the development of the 
photosynthetic apparatus of plants and the accumulation 
of starch, while blue light is associated with the synthesis 
of chlorophyll, the development of the stomata and the 
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accumulation of secondary metabolites (Kobayashi et 
al., 2013; Bian et al., 2018). Many studies have indicated 
that red light can increase plant height, whereas blue 
light has the reverse effect, but aids in healthy growth 
(Manivannan et al., 2015; Bantis et al., 2016; Sun et al., 
2017; Lobiuc et al., 2017; Xie et al., 2018; Wang et al., 
2018). In contrast to monochromatic light, combined red-
blue light is more beneficial for plant growth and biomass 
accumulation (Guo et al., 2015a, 2015b; Sun et al., 2017; 
Ye et al. 2017; Lobuic et al., 2017; Xie et al., 2018). 

More and more authors have been considering mixed 
LEDs rather than monochromatic blue or red LEDs for 
plant growth optimization (Gupta and Jatothu, 2013). 
Similar to these results, several authors pointed out that 
the combination of red and blue LEDs enhances Mentha 
and Fragaria growth as compared to other monochromatic 
spectra (Nhut et al., 2003; Gupta and Jatothu, 2013; 
Sabzalian et al., 2014). 

Also, the results obtained by Pawlowska et al. (2018) 
and Cioć et al. (2019) noted that a combination of red 
and blue LEDs (7:3) improved Gerbera jamesonii Bolus 
multiplication and photosynthetic pigment content.

Similar results were reported by Nhut and Nam (2010). 
Combining LEDs with a 4:1 red/blue ratio improves in 
vitro growth of eucalyptus, banana and spathiphyllum 
plants compared to white light.

The highest total soluble protein content was 
measured in WBR, which was more than 50% higher than 
in control (FL) raspberry plants (Figure 2 B). The lowest 
soluble protein content, almost as much as in the control, 
was reported in plants grown under white (W) light.

The raspberry leaves differentiated in vitro under 
different light treatments were hypostomatic and the 
stomata were fully developed (Figure 3). The largest-sized 
stomata were observed in the leaves of the plantlets 
grown under FL light (control ones) (Table 1). The stomata 
in the W and WBR light variants were slightly smaller than 
the control ones and bigger than the stomata in the leaves 
differentiated under monochrome B and R light. There 
were minor differences in the values of the ratio of the 
stomatal length to the stomatal width. The most rounded 
(1.07) were the stomata developed under mixed LED-light 
treatment (WBR). The treatment with WBR light resulted 
in the highest stomatal density which was considerably 
higher than in the other treatments and almost twice as 
much as the control one. The lowest stomatal density 
was found in raspberry plants grown under blue light. 
According to Mihovilović et al. (2020), the combination 
of red and blue LED also induced a significantly higher 
stomatal number of Amelanchier alnifolia plants in vitro 
compared to those cultured under FL.

Comparing ex vitro (EV) to in vitro control plants 
(FL) the stomata were significantly different in size and 
density. The stomata in the ex vitro plants (EV) were more 
oval in shape (1.32 ratio of stomatal length to width), 
smaller in size but with higher density (Table 1, Figure 3).

The light quality plays a crucial role in morphogenetic 
responses during leaf development (Silvestri et al., 2019). 
Variations of stomatal density in the leaves of raspberry 
plantlets propagated in vitro under different LED light 
treatments were observed. Monochrome B or R light-
induced low stomatal density, while significantly higher 
stomatal density was recorded for mixed WBR, W or 
FL light. Similar was the effect during micropropagation 

Table 1. Effect of different light treatments on the stomatal characteristics of raspberry (Rubus idaeus L. ‘Lloyd George’) plantlets 

Light treatment FL B R WBR W EV

Stomatal lenght 24.7a ± 3.8 19.3bc ± 3.3 20.2bc ± 3.2 21.0b ± 3.5 21.2ab ± 4.5 17.4c ± 2.6

Stomatal width 22.0a ± 3.5 16.2bc ± 3.4 17.6b ± 2.2 19.5ab ± 3.5 18.0b ± 4.0 13.1c ± 2.5

Stomatal density 172.1de ± 18.4 130.7e ± 19.1 205.4cd ± 28.4 361.9a ± 44.6 302.6ab ± 43.0 245.1bc ± 42.6

Means followed by a common letter are not significantly different by the Dunn’s test at P < 0.05
FL - Fluorescent lamps (control), W - white LEDs, R – red LEDs, B – blue LEDs, WBR – mixed LEDs, EV-acclimatized plant
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Figure 3. The abaxial (lower) epidermis of leaves of raspberry plantlets grown under different light treatments (FL - Fluorescent 
lamps (control), W - white LEDs, R – red LEDs, B – blue LEDs, WBR – mixed LEDs, EV-acclimatized plant. Scale bar = 50 µm)
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of Withania somnifera (Lee et al., 2007), Alternanthera 
brasiliana (Macedo et al., 2011), gerbera (Cioć and 
Pawlovska, 2020), Camelia oleifera (He et al., 2020), plum 
(Nacheva et al., 2023). On the contrary, in chrysanthemum 
and grapes under blue (B) light the number of stomata 
was the highest (Kim et al., 2004; Poudel et al., 2008).

Regarding the length and width of the stomata 
in this experiment, some significant differences in 
the dimensions occurred. The smallest stomata were 
observed in plantlets propagated under monochrome B 
and R regimes. The values were bigger for mixed light 
and were the highest for FL control. In plums, the values 
for length and width were lower for FL and monochrome 
B and R lights and higher for mixed lights (Nacheva et 
al., 2023a). In Lactuca sativa, the stomatal length was 
small for R and B light and high for mixed light while the 
different light regimes did not affect the stomatal width 
(Wang et al., 2016). In grapes (Poudel et al., 2008) and 
olives (Díaz-Rueda et al., 2021) light quality during in vitro 
cultivation did not clearly affect the stomatal size. These 
varied results confirmed that the stomatal characteristics 
were affected by the light spectrum, but in species-
dependent way. 

Stomata are known to play a major role in maintaining 
plant water balance and CO2 uptake for photosynthesis, 
enabling the plant to optimize the processes of 
photosynthesis and transpiration (Chaerle et al., 2005). 
A change in stomatal density alters the number of gas 
exchange sites per unit leaf area (Hill et al., 2014). Plants 
are forced by environmental conditions to continuously 
adjust stomatal openings to optimize the rate at which 
water or CO2 is exchanged. Also, plants counteract 
the changing environmental conditions by modulating 
stomatal development in newly formed organs (Lake et 
al., 2001). It was found that stomatal development and 
their density could be affected by light intensity and 
quality (Kim et al., 2004; Vieira et al., 2015; Zheng and 
Van Labeke, 2017; Qi and Torii, 2018).

It is known that stomata vary not only in terms of 
their number but also in their size, shape and degree of 
opening depending on environmental conditions (Tichá et 
al., 1999). All these characteristics influence the stomatal 

conductance for CO2 diffusion (Camargo and Marenco, 
2011). In in vitro plants, the stomata are most often 
round and wide open (Tichá et al., 1999). Also, intensively 
growing plants develop fewer and larger stomata (Kim et 
al., 2004; Gupta et al., 2013).

However, in the current study, the RGR of plantlets 
cultivated under mixed light is the highest and corresponds 
to the highest stomata density. Similar to our results, 
Cioć and Pawłowska (2020) found that the multiplication 
factor in gerbera was highest under RB light, and stomatal 
density was similar to other light regimes with a lower 
multiplication factor. Similarly, relative to our raspberry 
results, the stomata in gerbera leaves developed under 
RB light did not have a larger area.

According to Wang et al. (2007), higher transpiration 
rate allows better nutrient absorption, which could be a 
possible explanation for the high relative growth rate (RGR) 
and protein of raspberry plants grown under mixed light 
(WBR), as well as increased intensity of photosynthesis 
found in previous study (Nacheva et al., 2021). A similar 
assumption was made by Cioć and Pawlovska (2020) - a 
greater number of stomata would probably improve gas 
exchange and lead to more intensive photosynthesis, 
which in turn would facilitate acclimatization.

Environmental conditions for ex vitro growth are quite 
different from those used for in vitro cultivation (Kozai et 
al., 1992; Hazarika, 2003, 2006). The advantages of the in 
vitro micropropagation of raspberry could be fully realized 
only if the plants propagated in vitro in the sterile culture 
were successfully acclimatized to ex vitro conditions. The 
change of environment from in vitro to ex vitro conditions 
is considered one of the strongest environmental stresses, 
which greatly reduces the success of micropropagation 
(Hazarika, 2006; Pospíšilová et al., 2007). It is believed 
that the main cause of plant mortality during ex vitro 
acclimatization is water stress (Hazarika, 2003; Teixeira da 
Silva et al., 2017). For that reason, to study the adaptive 
capacity of the plantlets grown in vitro, it is necessary 
to take into account the changes in the anatomical and 
morphological structure and features of the antioxidant 
system (Hasanuzzaman et al., 2020).

Original scientific paper DOI: /10.5513/JCEA01/25.2.4232
Stefanova et al.: LED lighting affects the biomass accumulation and leaf stomatal characteristics...

498

https://doi.org/10.5513/JCEA01/25.2.4232


Cultivation of plants in in vitro conditions at very 
high humidity (over 95%), limited gas exchange, low 
light, as well as the presence of carbohydrates in the 
nutrient medium lead to deformations in the structure 
of leaves and stomata. After being removed from the 
culture vessels, plants cannot control their water balance 
well, which is one of the main reasons for large plant 
losses (sometimes up to 100%) during greenhouse 
acclimatization (Hazarika, 2003, 2006; Pospišilová et 
al., 2007). According to these authors, low survival rates 
during ex vitro acclimation are often due to inappropriate 
conditions during micropropagation.

CONCLUSION

The results presented in this study confirmed the 
need for permanent anatomical diagnostics to adjust the 
cultivation conditions in order to improve the ex vitro 
survival rate and the quality of the micropropagated 
plants.

ACKNOWLEDGMENT 

This study is a part of the bilateral Bulgarian-Russian 
project №КП-06/27, supported by the National Science 
Fund, the Ministry of Education and Science, Bulgaria. 

REFERENCES
Bantis, F., Ouzounis, T., Radoglou, K. (2016) Artificial LED lighting 

enhances growth characteristics and total phenolic content of 
Ocimum basilicum, but variably affects transplant success. Scientia 
Horticulturae, 98, 277–283.
DOI: https://doi.org/10.1016/j.scienta.2015.11.014

Batista, D., Castro, K., Silva, A., Teixeira, M., Sales, T., Soares, L., Cardoso, 
M., Santos, M., Viccini, L., Otoni, W. (2016) Light quality affects in 
vitro growth and essential oil profile in Lippia alba (Verbenaceae). In 
Vitro Cellular & Developmental Biology – Plant, 52, 276–282.
DOI: https://doi.org/10.1007/s11627-016-9761-x

Beekwilder, J., Jonker, H., Meesters, P., Hall, R., van der Meer, I., Ric 
de Vos, C. (2005) Antioxidants in raspberry: on-line analysis links 
antioxidant activity to a diversity of individual metabolites. Journal 
of Agricultural and Food Chemistry, 53 (9), 3313-3320.
DOI: https://doi.org/10.1021/jf047880b

Bian, Z., Jiang, N., Grundy, S., Lu, C. (2018) Uncovering LED light effects 
on plant growth: New angles and perspectives–LED light for 
improving plant growth, nutrition and energy-use efficiency. Acta 
Horticulturae, 1227, 491–498.
DOI: https://doi.org/10.17660/ActaHortic.2018.1227.62

Bradford, M.M. (1976) A rapid and sensitive for the quantitation of 
microgram quantitites of protein utilizing the principle of protein-
dye binding. Analytical Biochemistry, 72, 248-254.
DOI: https://doi.org/10.1006/abio.1976.9999

Camargo. M., Marenco, R. (2011) Density, size and distribution of 
stomata in 35 rainforest tree species in Central Amazonia. Acta 
Amazonica, 41, 205–212.
DOI: https://doi.org/10.1590/S0044-59672011000200004

Chaerle, L., Saibo, N., Van Der Straeten, D. (2005) Tuning the pores: 
towards engineering plants for improved water use efficiency. 
TRENDS in Biotechnology, 23 (6), 308-315.
DOI: https://doi.org/10.1016/j.tibtech.2005.04.005

Cioć, M. Pawlowska, B. (2020) Leaf Response to Different Light 
Spectrum Compositions during Micropropagation of Gerbera 
Axillary Shoots. Agronomy, 10 (11), 1832. 
DOI: https://doi.org/10.3390/agronomy10111832

Cioć, M., Kalisz, A., Żupnik, M., Pawłowska, B. (2019) Different LED light 
intensities and 6-benzyladenine concentrations in relation to shoot 
development, leaf architecture, and photosynthetic pigments of 
Gerbera jamesonii Bolus In Vitro. Agronomy, 9 (7), 358.
DOI: https://doi.org/10.3390/agron omy90 70358

Díaz-Rueda, P., Cantos-Barragán, M., Colmenero-Flores, J. (2021) 
Growth quality and development of olive plants cultured in-vitro 
under different illumination regimes. Plants, 10, 2214. 
DOI: https://doi.org/10.3390/

Driver, J.A., Kuniyuki, A.H. (1984) In Vitro Propagation of Paradox walnut 
rootstock. HortScience, 19 (4), 507-509.

Ferreira, L., de Araújo Silva, M., Ulisses, C., Camara, T., Willadino, L. (2017) 
Using LED lighting in somatic embryogenesis and micropropagation 
of an elite sugarcane variety and its effect on redox metabolism 
during acclimatization. Plant Cell, Tissue and Organ Culture, 128, 
211–221. DOI: https://doi.org/10.1007/s11240-016-1101-7

Guo, L., Liu, G., Guo, Q., Li, Y., Song, C., Hou, X. (2015a) Effects of 
LED polychromatic light on morphological and physiological 
characteristics of ‘Luoyang Hong.’ Acta Agriculturae Nucleatae 
Sinica, 29, 995–1000. 
DOI: https://doi.org/10.11869/j.issn.100-8551.2015.05.0995

Guo, W., Deng, B., Yang, H., Zhou, J. (2015b) Effects of light qualities 
on physiological characteristics in bulb of Lycoris radiata. Journal of 
Anhui Agricultural Sciences, 43, 13–15.

Gupta, S., Jatothu, B. (2013) Fundamentals and applications of light-
emitting diodes (LEDs) in vitro plant growth and morphogenesis. 
Plant Biotechnology Reports, 7, 211-220. 
DOI: https://doi.org/10.1007/s11816-013-0277-0

Hahn, E., Kozai, T., Paek, K. (2000) Blue and red light-emitting diodes 
with or without sucrose and ventilation affect in vitro growth of 
Rehmannia glutinosa plantlets. Journal of Plant Biology, 43, 247-
250. DOI: https://doi.org/10.1007/BF03030425

Hammer, Ø., Harper, D., Ryan, P. (2001) PAST: Paleontological Statistics 
Software Package for Education and Data Analysis. Palaeontologia 
Electronica, 4(1), 1-9

Hasanuzzaman, M., Bhuyan, M., Zulfiqar, F., Raza, A., Mohsin, S., 
Mahmud, J., Fujita, M., Fotopoulos, V. (2020) Reactive oxygen 
species and antioxidant defense in plants under abiotic stress: 
revisiting the crucial role of a universal defense regulator 
antioxidants. Antioxidants, 9, 681.
DOI: https://doi.org/10.3390/antiox9080681

Hazarika, B.N. (2003) Acclimatization of tissue-cultured plants. Current 
Science, 85 (12), 1704–1712.

Hazarika, B.N. (2006) Morpho-physiological disorders in in vitro culture 
of plants. Scientia Horticulturae, 108 (2), 105–120. 
DOI: https://doi.org/10.1016/j.scienta.2006.01.038

He, C., Zeng, Y., Fu, Y., Wu, J., Liang Q (2020) Light quality affects the 
proliferation of in vitro cultured plantlets of Camellia oleifera Huajin. 
PeerJ, 8, e10016 DOI: http://doi.org/10.7717/peerj.10016

Original scientific paper DOI: /10.5513/JCEA01/25.2.4232
Stefanova et al.: LED lighting affects the biomass accumulation and leaf stomatal characteristics...

499

https://doi.org/10.5513/JCEA01/25.2.4232


Hill, K., Guerin, G., Hill, R., Watling, J. (2014) Temperature influences 
stomatal density and maximum potential water loss through 
stomata of Dodonaea viscosa subsp. Angustissima along a latitude 
gradient in southern Australia. Australian Journal of Botany, 62, 
657-665. DOI: https://doi.org/10.1071/BT14204

Hung, C., Hong, C., Kim, S., Lee, K., Park, J., Nam, M., Choi, D., Lee, 
H. (2016) LED light for in vitro and ex vitro efficient growth of 
economically important highbush blueberry (Vaccinium corymbosum 
L.). Acta Physiologiae Plantarum, 38, 152. 
DOI: https://doi.org/10.1007/s11738-016-2164-0

Hunkova, J., Libiakova, G., Gaidosova, A. (2016) Shoot proliferation ability 
of selected cultivars of Rubus spp. As influenced by genotype and 
cytokinin concentration. Journal of Central European Agriculture, 
17, 379–390. DOI: https://doi.org/10.5513/JCEA01/17.2.1718

Kim, S., Hahn, E., Heo, J., Paek, K. (2004) Effects of LEDs on net 
photosynthetic rate, growth and leaf stomata of chrysanthemum 
plantlets in vitro. Scientia Horticulturae, 101, 143–151. 
DOI: https://doi.org/10.1016/j.scienta.2003.10.003

Kobayashi, K., Amore, T., Lazaro, M. (2013) Light-emitting diodes (LEDs) 
for miniature hydroponic lettuce. Optics and Photonics Journal, 3, 
74–77. DOI: http://dx.doi.org/10.4236/opj.2013.31012

Kozai, T., Fujiwara, K., Hayashi, M., Aitken-Christie, J. (1992) The in 
vitro environment and its control in micropropagation. In Kurata, 
K., Kozai, T. eds. Transplant production systems. Kluwer Academic 
Publishers, The Netherlands, p. 247–282.

Lake, J., Quick, W., Beerling, D., Woodward, F. (2001) Signals from 
mature to new leaves. Nature, 411, 154. 
DOI: https://doi.org/10.1038/35075660

Lee, S., Tewari, R., Hahn, E., Pack, K. (2007) Photon flux density and 
light quality induce changes in growth, stomatal development, 
photosynthesis and transpiration of Withania somnifera (L.) Dunal. 
plantlets. Plant Cell, Tissue and Organ Culture, 90, 141–151. 
DOI: https://doi.org/10.1007/s11240-006-9191-2

Lin, Y., Li, J., Li, B., He, T., Chun, Z. (2011) Effects of light quality on 
growth and development of protocorm-like bodies of Dendrobium 
officinale in vitro. Plant Cell, Tissue and Organ Culture, 105, 329–
335. DOI: https://doi.org/10.1007/s11240-010-9871-9

Lobiuc, A., Vasilache, V., Pintilie, O., Stoleru, T., Burducea, M., Oroian, M., 
Zamfirache, M.-M. (2017) Blue and red led illumination improves 
growth and bioactive compounds contents in acyanic and cyanic 
Ocimum basilicum L. microgreens. Molecules, 22, 2111. 
DOI: https://doi.org/10.3390/molecules22122111

Macedo, A., Leal-Costa, M., Tavares, E., Lage, C., Esquibel, M. (2011) The 
effect of light quality on leaf production and development of in vitro-
cultured plants of Alternanthera brasiliana Kuntze. Environmental 
and Experimental Botany, 70, 43–50. 
DOI: https://doi.org/10.1016/j.envexpbot.2010.05.012

Manivannan, A., Soundararajan, P., Halimah, N., Ko, C., Jeong, B. (2015) 
Blue LED light enhances growth, phytochemical contents, and 
antioxidant enzyme activities of Rehmannia glutinosa cultured in 
vitro. Horticulture, Environment, and Biotechnology, 56, 105-113. 
DOI: https://doi.org/10.1007/s13580-015-0114-1

Mihovilović, A., Jerčić, I., Prebeg, T., Tomaz, I., Pavičić, A., Barić, M., Kereša, 
S. (2020) Light Source and Cytokinin Type Affect Multiplication 
Rate, Chlorophyll Content and Stomata Formation of Amelanchier 
alnifolia Shoots in Vitro. Journal of Central European Agriculture, 21 
(4), 826-838. DOI: https://doi.org/10.5513/JCEA01/21.4.2909

Moon, H., Park, S., Kim, Y., Kim, C. (2006) Growth of Tsururindo 
(Tripterospermum japonicum) cultured in vitro under various sources 
of light-emitting diode (LED) irradiation. Journal of Plant Biology, 49 
(2), 174-179. DOI: https://doi.org/10.1007/BF03031014 

Nacheva, L., Dimitrova, N., Koleva-Valkova, L., Tarakanov, I., Vassilev, 
A. (2021) Effect of LED lighting on the growth of raspberry (Rubus 
idaeus L.) plants in vitro. Agricultural Sciences, 29, 129-140. 
DOI: https://doi.org/10.22620/agrisci.2021.29.015

Nacheva, L., Dimitrova, N., Koleva-Valkova, L., Stefanova, M., Ganeva, T., 
Nesheva, M., Tarakanov, I., Vassilev, A. (2023a) In vitro Multiplication 
and Rooting of Plum Rootstock ‘Saint Julien’ (Prunus domestica 
subsp. insititia) under Fluorescent Light and Different LED Spectra. 
Plants, 12, 2125. DOI: https://doi.org/ 10.3390/plants12112125

Nacheva L, Dimitrova N, Koleva-Valkova L, Tarakanov I, Vassilev A 
(2023b) Effect of LED lighting on the rooting of micropropagated 
raspberry (Rubus idaeus L.) plants. Acta Horticulturae, 1359, 113-
122, DOI: https://doi.org/10, .17660/ActaHortic.2023.1359.13

Nhut, D., Takamura, T., Watanabe, H. (2003) Responses of strawberry 
plantlets cultured in vitro under superbright red and blue light-
emitting diodes (LEDs). Plant Cell, Tissue and Organ Culture, 73 (1), 
43-52. DOI: https://doi.org/10.1023/A:1022638508007

Nhut, D.T., Nam, N.B. (2010) Light-Emitting Diodes (LEDs): An Artificial 
Lighting Source for Biological Studies. In: Van Toi, V., Khoa, T.Q.D. 
(eds) The Third International Conference on the Development of 
Biomedical Engineering in Vietnam. IFMBE Proceedings, vol 27. 
Berlin, Heidelberg: Springer.
DOI: https://doi.org/10.1007/978-3-642-12020-6_33

Pawlowska, B., Zupnik, M., Szewczyk-Taranek, B., Cioć, M. (2018) 
Impact of LED light sources on morphogenesis and levels of 
photosynthetic pigments in Gerbera jamesonii grown in vitro. 
Horticulture Environment and Biotechnology, 59 (1), 115-123. 
DOI: https://doi.org/10.1007/s13580-018-0012-4

Poncetta, P., Ioratti, D, Mignani, I., Giongo, L. (2017) In vitro propagation 
of red raspberry under light-emitting diodes (LEDs). Acta 
Horticulturae, 1155, 369-374. 
DOI: https://doi.org/10.17660/ActaHortic.2017.1155.54

Poothong, S., Reed, B. (2014) Modeling the effects of mineral nutrition 
for improving growth and development of micropropagated red 
raspberries. Scientia Horticulturae, 165, 132-141. 
DOI: https://doi.org/10.1016/j.scienta.2013.10.040

Poothong, S., Reed, B. (2015) Increased CaCl2, MgSO4, and KH2PO4 

improve the growth of micropropagated red raspberries. In Vitro 
Cellular & Developmental Biology – Plant, 51, 648-658. 
DOI: https://doi.org/10.1007/s11627-015-9720-y

Poudel, P., Kataoka, I., Mochioka, R (2008) Effect of red- and blue-light-
emitting diodes on growth and morphogenesis of grapes. Plant Cell, 
Tissue and Organ Culture, 92 (2), 147–153. 
DOI: https://doi.org/10.1007/s11240-007-9317-1

Rocha, P., Oliveira, R., Scivittaro, W. (2013) LED - New light source 
for multiplication and rooting in vitro of raspberry. Pesquisa 
Agropecuária Gaúcha, 19, 98–105.

Rušič, D., Lazić, T. (2004) Micropropagation of raspberry cv. Willamette 
in vitro. Journal of Yugoslav Pomology, 38 (145- 146), 109-117.

Sabzalian, M., Heydarizadeh, P., Mohammad, Z., Sabzalian, R., 
Heydarizadeh, P., Zahedi, M., Boroomand, A., Agharokh, M., Sahba, 
M., Schoefs, B. (2014) High performance of vegetables, flowers, 
and medicinal plants in a red-blue LED incubator for indoor plant 
production. Agronomy for Sustainable Development, 34, 879–886. 
DOI: https://doi.org/10.1007/s13593-014-0209-6

Shulgina, A.A., Kalashnikova, E.A., Tarakanov, I.G., Kirakosyan, R.N., 
Cherednichenko, M.Y., Polivanova, O.B., Baranova,E.N., Khaliluev, 
M.R. (2021) Influence of Light Conditions and Medium Composition 
on Morphophysiological Characteristics of Stevia rebaudiana Bertoni 
In Vitro and In Vivo. Horticulturae, 7, 195.
DOI: https://doi.org/10.3390/horticulturae7070195

Original scientific paper DOI: /10.5513/JCEA01/25.2.4232
Stefanova et al.: LED lighting affects the biomass accumulation and leaf stomatal characteristics...

500

https://doi.org/10.5513/JCEA01/25.2.4232


Silvestri, C., Caceres, M., Ceccarelli, M., Pica, A., Rugini, E., Cristofori, V. 
(2019) Influence of Continuous Spectrum Light on Morphological 
Traits and Leaf Anatomy of Hazelnut Plantlets. Frontiers in Plant 
Science, 10, 1318. DOI: https://doi.org/10.3389/fpls.2019.01318

Simonovic, M., Simonovic, B., Ostojic, S., Pezo, L., Micic, D, Stanisavljevic, 
N., Pejin, B. (2019) A contribution to the estimation of berry fruits 
quality. Scientia Horticulturae, 258, 108776.
DOI: https://doi.org/10.1016/j.scienta.2019.108776

Pospíšilová, J., Synková, H., Haisel, D., Semorádová, Š. (2007) 
Acclimatization of plantlets to ex vitro conditions: Effects of air 
humidity, irradiance, CO2 concentration and abscisic acid. Acta 
Horticulturae, 748, 29–38. 
DOI: https://doi.org/10.17660/ActaHortic.2007.748.2

Qi, X., Torii, K. (2018) Hormonal and environmental signals guiding 
stomatal development. BMC Biology 16, 21.
DOI: https://doi.org/10.1186/s12915-018-0488-5

Reed, B. (1990) Multiplication of Rubus germplasm in vitro: a screen of 
256 accessions. Fruit Varieties Journal, 44 (3), 141–148.

Sun, Y., Zhang, Y., Yin, L., Li, Q., Yang, L., Li, X. (2017) Effects of LED 
light on proliferation and physiological characteristics of Gerbera 
jamesonii plantlets. Acta Botanica Boreali-Occidentalia Sinica, 37, 
2419–2426 (in Chinese with an abstract in English).
DOI: https://doi.org/10.7606/j.issn.1000-4025.2017.12.2419

Teixeira da Silva, J., Hossain, M., Sharma, M., Dobránszki, J., Cardoso, J., 
Songjun, Z. (2017) Acclimatization of in vitro - derived Dendrobium. 
Horticultural Plant Journal, 3 (3), 110-124.
DOI: https://doi.org/10.1016/j.hpj.2017.07.009

Tichá, I., Radochová, B., Kadleček, P. (1999) Stomatal morphology during 
acclimatization of tobacco plantlets to ex vitro conditions. Biologia 
Plantarum 42, 469–474.
DOI: https://doi.org/10.1023/A:1002450210939

Vieira, N., de Freitas Fraga, H., dos Anjos, K. (2015) Light-emitting 
diodes (LED) increase the stomata formation and chlorophyll 
content in Musa acuminata (AAA) ‘Nanicão Corupá’ in vitro plantlets. 
Theoretical and Experimental Plant Physiology, 27 (2), 91-98.
DOI: https://doi.org/10.1007/s40626-015-0035-5

Wang, J., Bras, R., Lerdau, M., Salvucci, G. (2007) A maximum hypothesis 
of transpiration. Journal of Geophysical Research, 112, G03010. 
DOI: http://dx.doi.org/10.1029/2006JG000255

Wang, J., Wei, L., Tong, Y., Yang, Q. (2016) Leaf morphology, 
photosynthetic performance, chlorophyll fluorescence, stomatal 
development of lettuce (Lactuca sativa L.) exposed to different 
ratios of red light and blue light. Frontiers in Plant Science, 7, 250. 
DOI: https://doi.org/10.3389/fpls.2016.00250

Wang W, Su M, Li H, Zeng B, Chang Q, Lai Z (2018) Effects of 
supplemental lighting with different light qualities on growth and 
secondary metabolite content of Anoectochilus roxburghii. PeerJ, 6, 
e5274. DOI: http://dx.doi.org/10.7717/peerj.5274

Wu, J., Miller, S., Hall, H., Mooney, P. (2009) Factors affecting the 
efficiency of micropropagation from lateral buds and shoot tips of 
Rubus. Plant Cell, Tissue and Organ Culture, 99, 17-25. 
DOI: https://doi.org/10.1007/s11240-009-9571-5

Xie, M., Sun, Y., Yin, L., Wu, J., Tuo, X., Shen, Q., Zhang, Y. (2018) 
Effects of different LED light qualities on growth and physiological 
characteristics of Heuchera spp. plantlets. Molecular Plant Breeding, 
16, 2001–2008.

Ye, S., Shao, Q., Xu, M., Li, S., Wu, M., Tan, X., Su, L. (2017) Effects of light 
quality on morphology, enzyme activities and bioactive compound 
contents in Anoectochilus roxburghii. Frontiers in Plant Science, 8, 
857. DOI: https://doi.org/10.3389/fpls.2017.00857

Zawadzka, M., Orlikowska, T. (2006a) Factors modifying regeneration in 
vitro of adventitious shoots in five red raspberry cultivars. Journal of 
Fruit and Ornamental Plant Research, 14, 105.

Zawadzka, M., Orlikowska, T. (2006b) The influence of FeEDDHA in 
red raspberry cultures during shoot multiplication and adventitious 
regeneration from leaf explants. Plant Cell, Tissue and Organ 
Culture, 85, 145-149. 
DOI: https://doi.org/10.1007/s11240-005-9063-1

Zeps, M., Kondratovičs, T., Grigžde, E., Jansons, Ā., Zeltiņš, P., Samsone, 
I., Matisons, R. (2022) Plantlet Anatomy of Silver Birch (Betula 
pendula Roth.) and Hybrid Aspen (Populus tremuloides Michx. x 
Populus tremula L.) Shows Intraspecific Reactions to Illumination In 
Vitro. Plants, 11, 1097. 
DOI: https://doi.org/10.3390/plants11081097

Zheng, L., Van Labeke, M. (2017) Long-Term Effects of Red- and 
Blue-Light Emitting Diodes on Leaf Anatomy and Photosynthetic 
Efficiency of Three Ornamental Pot Plants. Froniers in Plant Science, 
8, 917. DOI: https://doi.org/10.3389/fpls.2017.00917

Original scientific paper DOI: /10.5513/JCEA01/25.2.4232
Stefanova et al.: LED lighting affects the biomass accumulation and leaf stomatal characteristics...

501

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.5513/JCEA01/25.2.4232
http://www.tcpdf.org

