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Abstract

Invitro tissue culture technique, especially micropropagation, is attracting increasing attention in the production
of ornamental plants. This technique will probably dominate the horticultural market in the near future. Light is
one of the several factors affecting the success of in vitro plant tissue cultures. It directly affects the widely
understood morphogenetic response of the explant, i.e., the ability of the explant to grow or regenerate, produce
roots, etc. Lighting conditions provided during the in vifro stage may also greatly affect the plant vigor after
transferring to nonsterile conditions. Moreover, the necessity of providing artificial light significantly contributes
to the total cost of maintaining tissue cultures (related to energy consumption and the need to cool down the heat
generated by lamps). Light quantity (intensity) and quality (spectral composition) are the two main parameters
that determine its influence on in vitro cultures. This impact depends on the species and other accompanying
factors. The aim of this mini-review is to summarize information on the influence of light on the morphogenetic
and biochemical response of explants of some selected ornamental plant species grown under i vitro conditions.
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Introduction — the importance of tissue cultures
in horticulture

Tissue culture technology is a powerful tool applied
in various areas of horticulture. It is successfully used in
breeding (mutagenesis, transgenesis, protoplast fusion,
haploid production, embryo rescue, and chimera separa-
tion) to obtain qualified, high-quality plant material (cryo-
therapy, meristem isolation) as well as in the protection
of genetic resources (gene banks, artificial seeds, cryo-
preservation). /n vitro cultures are also highly important
to the pharmaceutical industry, as an acquisition method
of valuable bioactive secondary metabolites of plant ori-
gin, for example, sclerotin, berberine, vincristine, vin-
blastine, etc. The most intensively exploited use of tis-
sue culture is micropropagation, i.e., technology based
on a large-scale reproduction of plants from a small tis-
sue fragment - the so-called explant (Kulus, 2015a). By
using this approach, it is possible to produce in a short

time a large number of healthy plants on a small area re-
gardless of climatic factors. Among the known micro-
propagation techniques, somatic embryogenesis seems
to be the most efficient one (Keresa et al., 2012; Vieh-
mannova et al., 2014).

Despite the obvious advantages, the use of tissue
culture on the production scale is limited mainly to or-
namental plants. This is because of the high cost associa-
ted with maintaining laboratories that are not yet com-
petitive with the traditional method of vegetable, herb,
or cereal plant propagation by seeds. Moreover, some
species (e.g., woody plants) are considered “difficult” to
regenerate in vitro (Kulus, 2015a). These problems can
be resolved by appropriate optimization of tissue culture
conditions, for example, light.

To date, several studies have investigated the impact
of light conditions on the effectiveness of plant tissue
culture. They date back to the 1950s and focus mainly
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on usable crops (Rappaport, 1954; Capite, 1955). The
present study aimed to summarize the knowledge on the
impact of light conditions on the morphogenetic and
biochemical response of selected ornamental plant
species cultured 1n vitro.

Role of light in 7n vitro culture

Factors determining the success of an 1n vitro culture
system can be divided into two main groups: chemical
and physical. Chemical factors include the type and con-
centration of growth regulators added to the medium,
vitamins, antioxidants, solidifying and osmotically active
substances, pH, etc. Physical factors include mainly ther-
mal and light conditions in the growth room or phyto-
tron. Although plants grown in vitro are usually hetero-
or mixotrophic and their photosynthetic activity is limi-
ted (the source of carbon is supplied in the form of sugar
in the synthetic medium), light still plays a key role in
gene activity, primary and secondary metabolism, and
the growth and development of explants — the so-called
photomorphogenesis (Lin et al., 2011). This refers es-
pecially to the increasingly popular autotrophic culture
system, i.e., inn vitro culture kept under increased light
intensity and with a low or no sugar content in the me-
dium. Microshoots sense light through a system of
photoreceptors, namely cryptochromes and phytochro-
mes. If the intensity of light is too low, then symptoms
of etiolation can be found, manifested by a lack of chloro-
phyll, deformation of leaves, and elongation and hyper-
hydration of shoots (Fig. 1). On the other hand, too
much light can lead to the release of harmful reactive
oxygen species (ROS) (Solymosi and Schoefs, 2010).
Hence, both the quantity (intensity) and quality of light
(spectrum composition) require careful optimization.

Red light and blue light are most important for plants
grown in both in vivo and in vitro conditions (Lin et al.,
2013). Blue light is involved in the biosynthesis of en-
zymes and chlorophyll (the light affects the total chloro-
phyll content and the ratio of chlorophyll 2 and 5,
chloroplast development, and opening of stomata (Kim
et al., 2004; Lin et al., 2011). Moreover, it elicits the
plant defense response against stress associated with
ROS activity (Mengxi et al., 2011). On the other hand,
red light is important for shoot elongation, anatomical
changes, and phytochrome activity (Shin et al., 2008).
One should keep in mind, however, that in too high or

Fig. 1. Influence of light conditions on the development of
microshoots of Astrophytum asterias cacti after 10 weeks of cul-
ture. A) typical microshoot with spines and a root (indicated
with an arrow) produced under 16/8-h light/dark photoperiod;
B) hyperhydrated spineless shoot of glossy appearance pro-
duced from a seedling explant incubated in the dark; bar =1 mm

too low quantities or in interaction with other factors,
these wavelengths may also cause an unfavorable dis-
tribution of light energy available for photosystems I and
II, resulting in the inhibition of plant growth.

Unlike humans, plants are least sensitive to green
and yellow light. For example, microshoots of Plectran-
thus scutellarioides grown under green light (530 nm at
peak) yielded significantly lower root and shoot dry mass
than under other light treatments (Cho et al., 2019).
This phenomenon is used in gene banks, in which to
reduce the number of subcultures needed and to extend
the life span of in vitro culture, plantlets are grown in
light with a wavelength of 480 to 590 nm (Kulus, 2015b).

Daylight, on the other hand, is a combination of seve-
ral light colors that cannot be distinguished by humans.
However, in vitro culture cannot be kept in natural
lighting as it is labile and changes during the day. Pro-
viding plants with artificial light is necessary to maintain
the repeatability of test results as well as to standardize
the production and make it independent of climatic and
weather conditions.

Light sources in 7n vitro culture

The spectral composition and intensity of artificial
light should provide the plant with proper developmental
conditions. In the past, high-pressure sodium lamps
(HPS), incandescent lamps, and metal-halide lamps were
used in controlled cultivation (Gupta and Jatothu, 2013).
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Despite the high proportion of photosynthetically active
radiation (PAR, PhAR) emitted (up to 40%), they are no
longer recommended for use due to the high radiant
heat output; a high proportion of wavelengths with low
significance for plant development; disturbed proportion
of ultraviolet, red and far-red light; and a low share of
blue light emitted (Ouzounisi et al., 2015).

In the last decade of the 20™ century and at the begin-
ning of the 21* century, it was recommended to use fluo-
rescent lamps (FL) emitting white light, with a quantum
radiation intensity in the range of 12-40 pmol-m*-s ',
during a 16/8-h day/night photoperiod (Jerzy and Krzy-
miriska, 2011). Traditional lighting systems based on
FLs, however, have limited possibilities to control and
adjust the intensity and composition of the optical spec-
trum (Bantis et al., 2016). Moreover, these parameters
are not stable and change during the use of FLs (Darko
et al., 2014). Another drawback is the uneven distribu-
tion of light on the shelf, which hinders research on the
role of light in plant development. Fluorescent tubes
also generate significant cost associated with the con-
sumption of electricity and then removal of heat emitted
by them; i.e., maintaining tissue culture is possible only
when using air conditioners, which in turn can be
a source of fungal spores. Expenditure on electricity is
one of the highest and can constitute from 20% to even
60% of the total costs of a laboratory plant production,
depending on the country and local climate (Tomar
etal., 2007; Kulus, 2015a). From this pool, lighting con-
sumes the most funds (approximately 85%). FLs also
have a limited efficiency. Although they provide plants
with light in a broad wavelength range (350-750 nm),
they emit little photosynthetically active radiation (PAR
= 20-30%) due to the shortage of red light and far-red
light (Miler et al., 2019). Hence, it is currently recom-
mended to use light-emitting diodes (LEDs).

Application of LEDs not only reduces production
costs (as LEDs require less energy and do not need
cooling) but also helps to improve the quality of pro-
duced plants, i.e., increase dry matter and starch content
in the cell. This quantitative and qualitative improve-
ment is associated with the increased activity of the
photosynthetic apparatus, resulting from the high pro-
portion of red light (Xu et al., 2009). A high PAR content
in LED light, reaching up to 80-100%, is another ad-
vantage of the modules. The introduction of mixed LED
modules (emitting red and blue or white light) has pro-

ved to be the key in optimizing the spectrum for micro-
propagation of ornamental plants. This approach pro-
vides the possibility of precise mono- and polychromatic
spectra testing. Additional advantages of diodes include
their small surface (2-5 cm?) and longer life span
(25000-100 000 h) compared with FLs (10 000-15000 h)
(Bantis et al., 2016). The long life span of this light source
results in lower replacement cost (Wozny, 2015). Rapid
development of LED technology in the recent years has
contributed to the reduction of its price. This trend will
most likely continue in the near future.

The use of diodes in 1n vitro culture as an alternative
to traditionally used FL tubes has been reported in
several studies conducted for the past 20 years (Tanaka
et al., 1998; Lin et al., 2011; Azmi et al., 2016). The ob-
tained results were promising in terms of plant develop-
ment and proliferation rate. LEDs can also be applied
during acclimatization of microshoots to ex vifro con-
ditions (sometimes even combined with simultaneous
rooting) - Figure 2, as reported in Chrysanthemum
x grandiflorum (Wozny and Miler, 2016).

Fig. 2. Acclimatization of zinnia and marigold microshoots
to ex vitro conditions under LEDs

The current limitations of LED technology include
the fact that the crystals used in their production cannot
emit certain ranges of wavelengths with the power ne-
cessary for plant growth, for example, yellow or purple
light (Growlux, personal communication). Another issue
is the still high unit cost of the luminaire compared with
FLs. Moreover, unlike traditional lighting systems, it is
impossible to replace a single element in the LED panel.
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Consequently, in case of a malfunction, it is necessary to
replace the entire luminaire (Gupta and Jatothu, 2013).

Influence of light conditions on morphogenesis
and regeneration of plants in vitro

The influence of light is evident already at the stage
of tissue culture initiation and during further morpho-
genetic response of explants, i.e., during growth and/or
regeneration. This is because this factor affects the con-
tent of endogenous growth regulators, especially cyto-
kinins and gibberellins (Manivannan et al., 2017). To
date, most of the published studies focused on the im-
pact of red and blue light (as well as their combination,
usuallyin a 1:1 ratio) on the development of ornamental
plants in 1 vitro culture (Werbrouck et al., 2012; Azmi
et al., 2014; 2016).

Aseptic seed sowing and in vitro culture initiation

Light conditions play a vital role during in vitro cul-
ture initiation from seeds. For example, for some mem-
bers of the Cactaceae family, aseptic seed sowing and
germination are most effective in red light (Lema-Ru-
miniska and Kulus, 2014). However, in Bletilla ochracea,
seeds in asymbiotic conditions germinated most effecti-
vely in orange and green light (74% germination ratio).
Darkness, on the other hand, inhibited this process.
Light conditions also influenced the further development
of seedlings. Those kept in white or blue light had better
vigor than seedlings kept in red, orange, and green light
(Godo et al., 2011). Regarding axenic sowing of Pha-
lenopsis orchid, the best results were found using the
following light combination: 80% red and 20% blue.
Further mericloning (proliferation of protocorm-like
bodies; PLBs) was most effective when the proportion of
red light and blue light was 90% and 10%, respectively
(Wongknok et al., 2008 ).

Light requirements of individual plant species grown
In vitro are related to their natural habitat. For tropical
plant species, popular in the floristic market, high photo-
synthetic photon flux density (PPFD) is recommended.
Succulents are a good example. In 1999, Gratton and
Fay, and then in 2003, Moebius-Goldammer et al. con-
firmed the positive effect of high light intensities (rea-
ching up to 50 umol-mfz-sfl) on the effectiveness of
tissue culture in cacti. Similarly, in Spathiphyllum,
a greater fresh mass of roots and shoots was found in
microshoots grown under blue and red LEDs at

60-75 pmol m ?-s ' PPFD compared with that grown at
40 pmol- m *+s ' (Nhut et al., 2005). This approach also
facilitates further acclimatization, as usually light in-
tensity in the glasshouse is much higher than that in the
growth room (up to 100 pmol-m *-s ). One should
keep in mind, though, that at too high light intensity,
tissue deformation, burns, and necrosis may also occur.
This is due to the formation of water droplets on the
plant surface causing the lens effect-air humidity in the
culture vessel is very high, reaching even 100% (Kurilcik
et al., 2008).

Somatic embryogenesis

In many ornamental plant species, darkness promo-
tes the formation of somatic embryos because it delays
the degradation of both phytohormones and exogenous
growth regulators (Zeynali et al.,, 2010). This is im-
portant with auxins, which are particularly photolabile
(Soontornchainaksaeng et al., 2001). Moreover, in the
dark, cell wall thickness as well as cellulose and hemi-
cellulose contents are reduced, which facilitates the
transport of growth regulators (Zeynali et al. 2010).
Conversion of embryos into plantlets, on the other hand,
often requires their transfer to light (Kulus 2013). Ulti-
mately, however, the optimal conditions depend on the
species, variety/cultivar, and sometimes even genotype.
In the cactus Astrophytum asterias, culturing seedling
fragments at a 16-h photoperiod resulted in a signifi-
cantly higher efficiency of somatic embryogenesis than
that obtained with incubation in the dark; regarding the
fresh weight of embryogenic callus, the share of re-
generating explants, and the number of produced em-
bryos (Kulus and Lema-Rumiriska, 2016 ). Somatic em-
bryos produced in light also had better vigor than non-
green embryos regenerated in the dark. Similar results
were observed for adventitious shoot regeneration in
A. asterias (Lema-Rumiriska and Kulus, 2012) and
Stenocereus gummosus (Shiskova et al., 2007). On the
other hand, Gomes et al. (2006) developed an efficient
protocol for regenerating Opuntia ficus-indica somatic
embryos in the dark.

Regenerating 1n vitroembryogenic structures may be
also sensitive to individual spectral ranges. For example,
in the study by Lema-Rumirniska and Fijatkowska (2006)
on the regeneration of embryogenic callus in Gymno-
calycium mihanovichii, somatic embryos were produced
most often in yellow light (70.8% explants), daylight
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(62.5%), and red light (50%). Darkness, blue, green, and
white light were less effective (20.8-29.2% embryo-
genesis efficiency).

Organogenesis in vitro

In the Oncidium orchid, red light stimulated the most
intensive regeneration of PLBs and further elongation of
shoots (Xu et al., 2009). For Cymbidium microshoots,
red light stimulated callus proliferation and shoot dif-
ferentiation, as well as leaf development (while reducing
chlorophyll content). Blue light had an opposite effect
(Tanaka et al., 1998). Similarly, in the in vitro cultures
of Ficus benjamina, red light caused the most intense
regeneration of shoots; however, light color did not af-
fect the rooting of microshoots (Gabryszewska and Rud-
nicki, 1997). In contrast, in KRosa kordesii, blue light sti-
mulated the development of the highest number of
shoots and leaves in vitro (Azmi et al., 2016). In two
cultivars of Dianthus caryophyllus, blue light favored the
activation of axillary buds (Manivannan et al., 2017).
Blue light also positively affected the elongation of Zan-
tedeschia jucunda ‘Black Magic’ microshoots, although
the highest dry weight was found in plants kept under
fluorescent lamps (Jao et al., 2005). On the other hand,
in Rehmannia glutinosa, the highest dry mass of micro-
shoots was reported after using blue light, while twice as
long shoots were obtained in red light (Hahn et al.,
2000). For Cattleya orchid hybrid, the propagation co-
efficient depended on light color and reached 11.7 for
red light, 10.6 for blue light, 8.3 for white light, and 6.2
in darkness (Cybularz-Urban et al., 2007). By using opti-
mal lighting conditions, the authors managed to ac-
celerate the regeneration of this naturally slow-growing
hybrid. This is especially significant for endangered
plant species, often found among ornamentals.

Itis generally assumed that red light stimulates shoot
elongation, while blue inhibits this process. However,
the final effect is species- or even cultivar-dependent. For
example, microshoots of Dianthus caryophyllus ‘Green
Beauty’ produced longer shoots in red light, while this ef-
fect was not observed with ‘Purple Beauty’ (Manivannan
et al., 2017). The varied effect of light on the course of
morphogenesis i vitro may be associated with the in-
fluence of this factor on the content and activity of endo-
genous growth regulators. Therefore, the use of more
than one light color/range in the subsequent stages of
In vitro propagation seems to be a good solution.

Lian et al. (2002) determined the effect of various
light spectra (red, blue, mixed red and blue, fluorescent,
and dark) on the regeneration of adventitious bulbs from
bulb scales in Lilium "Pesaro'. Regeneration occurred in
all experimental combinations, with the highest pro-
portion of regenerating explants and multiplication ratio
found in mixed and fluorescent light. Moreover, the use
of mixed LED light allowed to produce bulbs of the
greatest size, dry and fresh weight, and number of roots.
For Chrysanthemum x grandiflorum, a positive effect of
mixed light on the fresh and dry weight of microshoots,
leaf surface, and chlorophyll content was reported. Blue
light alone had an inhibitory effect on the development
of microshoots and their rooting. On the other hand, red
light stimulated the most intensive growth of shoots by
internode elongation (the number of nodes did not
change), which resulted in the poor quality of shoots
(Kim et al., 2004). The use of mixed light also contri-
buted to a higher multiplication ratio in Vanilla planifolia
(Bello-Bello et al., 2016), Kosa kordesii (Azmi et al.,
2014), and Anthurium andreanum cultures (Martinez-
Estrada et al., 2016). The beneficial effect of mixed light
(red and blue) on the growth and development of micro-
shoots results from its positive effect on the photosyn-
thesis intensity - energy distribution of red and blue
spectrum coincides with the chlorophyll and phyto-
chrome absorption maxima (Kim et al., 2004). Most of
the available literature studied the use of red and blue
lightina 1:1 ratio. However, other combinations should
also be analyzed and evaluated. For example, Kurilcik et
al. (2008) found that the optimal spectrum composition
for Chrysanthemum x grandiflorum micropropagation is
14% blue light (450 nm), 50% red (640 nm), 28% red
(660 nm), and 8% light (675 nm) at
40 pmol- m °+s ' and a 16-h photoperiod. In Anthurium,
on the other hand, more intensive root regeneration was

far-red

achieved with an increased proportion of red light in
relation to blue light (Budiarto 2010). The combination
of red and green light increased more than twice as
much roots and dry mass in Plectranthus scutellariordes
as compared to that by white light. Moreover, the
combination of red and green light led to morphological
changes, including larger leaves and longer petioles and
internodes than those in other light treatments (Cho
et al.,, 2019).

Dewir et al. (2006) analyzed the effect of light color
on the In vitro flowering of photoperiodically neutral
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FEuphorbia milii. They found that the combinations of
blue alone, red with far-red, and blue with farred sti-
mulated flowering, while red light alone suppressed this
process. The highest proportion of flowering plants
(90%), with the highest number of inflorescences, pro-
duced in the shortest time, was found under fluorescent
lamps. These results confirm the possibility of conduc-
ting synchronized laboratory production of flowering
ornamentals.

It should be highlighted that the impact of light on
the development of tissue culture may also depend on
other factors. For example, the effect of light color on
the intensity of photosynthesis in Rehmannia glutinosa
depended on the sugar content in the medium and on
the intensity of culture ventilation (Hahn et al., 2000).
For Chrysanthemum x grandiflorum, the final effect of
light conditions varied depending on the developmental
phase of microshoots (Kurilcik et al., 2008). A significant
interaction was also observed between light intensity
and concentration of N-benzyladenine in the culture
medium on the shoot proliferation and development, leaf
architecture, and content of photosynthetic pigments
in Gerbera jamesonii and Myrtus communis cultured
1in vitro (Cio¢ et al., 2018, Cio¢ et al., 2019).

The results described here suggest that for the full
optimization of production, individual stages of micro-
propagation, i.e., culture initiation, multiplication, roo-
ting, and hardening, require different lighting conditions,
even within the same species. For example, in the Dori-
taenopsis orchid, red light stimulated the most intense
leaf development while inhibiting rooting. The opposite
effect was observed using blue light (Shin et al., 2008).
For Anthurium andreanum, more intensive callus re-
generation from leaf explants was found with an increa-
sed share of red light, while blue light more effectively
stimulated the regeneration of adventitious shoots (Bu-
diarto, 2010). This is worth considering when developing
micropropagation procedures on a commercial scale and
when designing high-scale production laboratories.

Hardening and acclimatization

Hardening and acclimatization are critical stages in
laboratory plant production. This is because microshoots
derived from 1n vitro conditions have a poorly developed
cuticle and dysfunctional stomata (resulting in trans-
piration disorders), making them sensitive to heat and

high solar radiation. Hence, they must be properly adap-
ted to ex vitro conditions. The use of non-heating LEDs
can be very helpful during this stage.

In the study with Spathiphylium, microshoots grown
under LEDs emitting a spectrum of 80% red and 20%
blue light showed better ex vitro growth than plants
grown under FLs (Nhut et al., 2005). This highlights the
legitimacy of using diodes.

Influence of light conditions on the biosynthesis
of secondary metabolites

Light also affects the biochemical activity of cells.
Many metabolites are synthesized in plastids (terpenoids)
or depend on light for their activity (phenylpropanoids).
However, this influence is species-specific. For example,
in the orchid Anoectochilus formosanus, the increase in
light intensity (from 10 to 90 umol'm’Z-sfl) resulted in
the increase in superoxide dismutase (SOD) activity, and
consequently, in the enhancement of flavonoid biosyn-
thesis, while reducing the content of chlorophyll (Ma
et al.,, 2010). Similarly, stress associated with photo-
inhibition stimulates the accumulation of secondary
metabolites and flavonoid pigments in Melastoma mala-
bathricum cells. The enhanced production of flavonoids
(mainly anthocyanins) can be explained by the defense
reaction of the plant, as it tries to limit the action of
photo-activated oxygen free radicals (Lee and Gould,
2002). On the other hand, in Orthosiphon stamineus, an
increase in light intensity led to a decrease in the con-
tent of secondary metabolites, namely flavonoids and
polyphenols (Ibrahim and Jaafar, 2012).

In addition to light intensity, its quality is important
for the biochemical activity of plant cells (Pawlowska
et al., 2018). The content and composition of essential
oils in the leaves of Lippia alba are affected by the geno-
type and quality of light used during micropropagation
(Batista et al., 2016). In Petunia x hybrida ‘Mitchell Di-
ploid’, red light and far-red stimulated the production of
the volatile 2-phenylethanol compound (Colquhoun et al.,
2013). On the other hand, in the Doritaenopsis orchid,
blue light (alone or in combination with red light) stimu-
lated the accumulation of starch compared with micro-
shoots grown in red and fluorescent light (Shin et al.,
2008). For Oncidium in vitro culture, red light stimula-
ted the accumulation of starch, while blue LEDs elevated
the cellular enzymatic activity and pigment synthesis (Xu
et al., 2009; Mengxi et al., 2011). These findings are va-
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luable for the pharmaceutical industry, as many orna-
mental plant species are a source of health-promoting
secondary metabolites with anticancer, antiviral, anti-
bacterial, and fungistatic effects.

Conclusions

The influence of light conditions on the in vitro de-
velopment of explants is undeniable. Both the quantity
and quality of light determine the embryogenic and re-
generative potentials and the metabolic activity of plant
cells. However, despite its key role, this factor is often
neglected when optimizing in vitro culture conditions.
This is probably because in the past, the effect of light
color on plant growth and development was studied
using colored membranes and FLs with a fluorescent
filter. These methods, however, were inaccurate and
unreliable. Currently, LEDs are used for this purpose, as
they are the only tool that allows for the full control of
lighting parameters.

The development of optoelectronics has led to the
replacement of the so-far used fluorescent lamps with
LEDs, which are a cheaper and more ecological solution.
Moreover, microshoots produced under light conditions
provided by LEDs are often of better quality, although
the mechanism of these changes is not yet well under-
stood. In the future, more attention should be focused
on the interaction between light conditions and the level
of endogenous phytohormones. Moreover, studies on
the impact of other, less popular but also important,
light wavelengths/colors on the development of plant
tissue in vitro should be performed, both alone and in
combination with the standard red and blue light.
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