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Abstract: Light intensity and spectrum have a direct effect on the growth and development of
plants and on the qualitative characteristics of their productions. LED technology seems to offer
interesting prospects for its possible use in confined environments (growth chambers, bioreactors,
greenhouses, etc). On the basis of these considerations, we tested the effects on the in vitro growth
and development of micropropagated pineapple (Ananas comosus (L.) Merr.) plantlets using four
different light spectra: (1) fluorescence light (FL—control); (2) white LED (WL—blue 20%, green 36%,
red 38%, far red 6%, and UV 1%); (3) predominantly red LED (RL—blue 12%, green 19%, red 61%,
and far red 8%); (4) Red/Blue LED (RL/BL—67% red and 33% blue) and two light intensities: 80 and
100 µmol m−2s−1 (16/8 h light/dark photoperiod). A. comosus showed a different morphogenetic
response to the light spectra and their intensity and to their interaction. Among the LED lights to date
tested, at 80 µmol m−2s−1 the best results on shoot multiplication were obtained under the RL light
and to a lesser extent under the WL. This last treatment resulted also in a significant improvement
in shoot quality in terms of secondary shoot dry weight and total chlorophyll concentration when
compared to all the other light spectra tested.

Keywords: fluorescence light; in vitro culture; LED light; light intensity; light spectrum

1. Introduction

The first applications of light-emitting diodes (LEDs) in the mid-1980s were addressed
to support the enhancement of novel lighting systems specifically designed for the National
Aeronautics and Space Administration (NASA) to carry out researches on plant growth
in a space station [1]. In recent years, LEDs have shown promise in the domain of plant
lighting for controlled agricultural environments, such as greenhouses, as well as for
in vitro cultures in growth chambers.

These last depend entirely upon artificial lighting for all their needs. When compared
to the traditional light sources used for in vitro propagation (fluorescent lamps-FLs), LEDs
possess advantages, such as the possibility to control spectral composition, wavelength
specificity, reduced heat radiation (the heat generated is negligible when compared to
fluorescent lamps), greater durability, and a much lower power consumption [2].

LEDs for in vitro cultures are able to supply light within the spectral range crucial
for photosynthesis [3–6] and in the photo-morphogenic responses [7] without wasting
energy on nonproductive wavelengths [1]. Metabolite productions may be also enhanced
by choosing the appropriate LED illumination [8].

LED illumination has been observed to induce a variety of desired morphological
and/or physiological changes in in vitro plants, such as the inflorescence differentiation [9].
Shoot proliferation is the most crucial stage of the micropropagation process and the
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success of a protocol largely depends on the rate and modality of this multiplication [10].
In the recent past, several studies concerned with the effects of the spectral quality of LED
systems on in vitro plantlets have been carried out. The positive effects of LED lamps
on in vitro proliferation have been reported for several different species, such as apple
rootstocks [11,12], Euphorbia mili and Spathiphyllum cannifolium [13], Anthurium andreanum
Lind [14], Banana [15], Brassica napus [16], Populus euroamericana [17], Saccharum spp. [18],
Chrysanthemum × grandiflorum, Gerbera jamesonii, Heuchera × hybrida, Ficus benjamina, and
Lamprocapnos spectabilis [19] among others. The most used LED colors or combinations for
in vitro culture are white, red, blue, and mixture rates of both blue and red.

However, contrasting results are often evidenced when fluorescent white lamps and
LED with different light spectra are compared. These results could be attributed to the
variability of light requirements among each genus and species [20], to the interaction with
the different light intensities, and to the plant growth regulators in the medium [7]. For
these reasons, even if the LEDs lamps require about 32% less energy than the fluorescent
tubes per µmol m−2 s−1 delivered to the plants [21], many tissue culture laboratories
hesitate to replace conventional lighting systems with LEDs out of the apprehension
of an unpredictable and aberrant in vitro morphology [22]. In a recent review [23] the
authors suggested that the significant variability regarding the effects of light in in vitro
research could be attributed to the lack of clear experimental protocols, unlike in in vivo
studies [21]. Among other concerns, the following issues are particularly noteworthy:
(i) The experiments on light spectra, which typically cover only one propagation cycle,
have a short timescale that severely restricts the understanding of the effects of light
quality on the stability of in vitro shoot proliferation (especially with regard to the red light
effects); (ii) The quality and quantity of the applied exogenous growth regulators (especially
cytokinins) since they interfere with the effects of some light spectra. Hence, further studies
need to determine the optimal LED illumination for the optimal in vitro propagation rate
for each plant species, using a protocol which implies at least three growing cycles and a
very low cytokinin content in the substrate.

Pineapple (Ananas comosus (L.) Merr.) is a very important fruit in tropical and sub-
tropical regions, largely consumed all over the world. Its propagation is mainly carried
out asexually using vegetative material. Micropropagation has been recognized to offer
interesting prospects for pineapple genetic improvement, or for the commercial production
of plantlets [24]. In spite of obtaining high in vitro multiplication rates, pineapple plantlets
production by micropropagation is rather expensive and the reduction in production cost
is still a major goal [25]. With this in mind, the present research investigated the com-
bined effects of four light spectra and two light intensities on in vitro shoot proliferation of
pineapple throughout three proliferation cycles.

2. Materials and Methods
2.1. Plant Material and Culture Initiation

Pineapple apices were excised and sterilized by the immersion in 70% ethanol for
5 min, then in sodium hypochlorite (2.3% (v/v) active chlorine) for 20 min. The explants
were rinsed in sterilized water under a sterile laminar airflow. The shoots were grown on
MS culture medium [26], vitamins of Morel, 3% (w/v) sucrose, and solidified with 0.7%
(w/v) agar (Lickson agar, Palermo, Italy). The only plant growth regulator in the medium
was 0.5 mg L−1 6-benzylaminopurine (BA, Micropoli, Cesano Boscone, Italy). The pH was
adjusted to 5.8.

Plantlets were then in vitro propagated in round Microbox containers (Micropoli,
Cesano Boscone, Italy) under controlled environmental conditions at 23 ± 1 ◦C and a 16/8 h
light/dark photoperiod provided by cool white-fluorescent lamps (80 µmol m−2 s−1) until
the desired number of plantlets, to start the experiments, were obtained (generally from 10
to 12 weeks).
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2.2. Light Treatments

The plantlets, previously propagated, were subjected to four different light spectra:
(1) fluorescence light (FL—MASTER-TLD Super 80 36W/865, Philips, Eindhoven, The
Nehterlands); (2) white LED (WL—blue 20%, green 36%, red 38%, far red 6%,and UV
1 %—(Grow Light C65 NS12—Valoya Oy, Helsinki, Finland); (3) predominantly red LED
(RL—blue 10%, green 19%, red 63%,and far red 8%—(Grow Light C65 AP673L-Valoya
Oy, Helsinki, Finland); (4) Red/Blue LED (RL/BL, 67% red and 33% blue—(BS Biosystem,
Catania, Italy). Two photosynthetic photon flux densities (PPFD) were also tested: 80 (I80)
and 100 (I100) µmol m−2s−1. The light intensity from the various LED lamps was verified
using a calibrated spectroradiometer LI-190R (LICOR Biosciences, LiCor, Inc., Lincoln, NE,
USA) placed horizontally in the cabinets used for the experiments.

To test the stability of the light treatments, the shoots propagated under each light
treatment were subjected to three consecutive proliferation cycles, each were of about
60 days duration, according to the species growth dynamics.

The growth conditions were 23 ± 1 ◦C temperature and a 16/8 h light/dark photope-
riod using the same culture medium described above.

2.3. Data Collection

At the end of each cycle, the number, dry weight, chlorophyll concentration of the
secondary shoots, and projected canopy index (PCI), were recorded for each light treatment.

The shoots were weighed for the determination of fresh weight, then, the sample was
oven-dried to a constant weight at 105 ◦C to determine the dry weight.

The leaf chlorophyll was extracted and determined using the method described by [27].
The chlorophylls were overnight extracted in 5 mL of pure methanol at 4 ◦C in the dark from
0.2 g plant tissue. After the extraction, the total chlorophyll (a+b) concentration (CC, mg g−1

on a fresh weight basis) was measured using the absorbance UV-VIS spectrophotometer
(ONDA UV-30 SCAN) in the wavelength of 652.4 and 665.2 nm, and then calculated using
the following equation:

CC =
(1.44 × ABS665.2 + 24.93 × ABS652.4)× dilution factor × VolMeOH

FW (mg)

This parameter was determined only throughout two out of the three growing cycles.
A non-destructive method was developed to evaluate the projected canopy area

covered by the growth of the in vitro plantlets. This method is based on the 2D image ac-
quisition and the following elaboration by the open source Java image processing program
ImageJ software (Research Services Branch, Bethesda, Md—Rasband, W.S., ImageJ, U. S.
National Institutes of Health, Bethesda, MD, USA, https://imagej.nih.gov/ij/, 1997–2018—
accessed on 6 April 2023). The plant canopy measurement main flows include a 2D image
acquisition, plant pixels separation from the background in a binary output. A two mega
pixel CMOS camera (iDS uEye—IDS Imaging Development Systems GmbH, Obersulm,
Germany) with a 12 mm focal length Pentax Tv lens, was mounted above the jar to take
images from the top view in the RGB spectral range. A hue and saturation threshold were
applied to refine the background and then converted to a binary B/W image to count the
area covered by the white color (plantlet) and the black color (background).

Based on the abovementioned process, a projected canopy index (PCI) was calculated
according to the following formula:

PCI =
FCi − IC0

IC0

where FCi is the covered area at the end of each cycle and IC0 is the covered area at the
beginning of the growth cycle.

https://imagej.nih.gov/ij/
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2.4. Statistical Analysis

Using a factorial experimental design with four replications, the effects of both the light
spectra and light intensity were evaluated on the shoot proliferation and plantlet growth.
To this end, we applied a mixed model ANOVA with light spectra (WL, RL, RL/BL, and FL)
and the light intensities (I80 and I100 µmol m−2s−1) as fixed factors and the growing cycle
(G_Cycle) as a random factor, running the statistical analyses in R 4.2.2 (R Development
Core Team 2016) and using the libraries car, lme4, and nlme. The random effects were
included for each light spectra and intensity to control for the possible dependence due to
the cycle effects. The Tukey post-hoc pairwise comparison tests was performed by means of
the glht function from the multcomp package. The ranova function from the lmerTest package
tested the random effects in the model, computing an ANOVA-like table with tests of the
random-effect term in the model. The random-effect term is removed when the chi-squared
test resulted non-significant.

3. Results
3.1. Secondary Shoot Number

The significant differences in this parameter were detected in relation to the light
spectrum, intensity, and their interaction (Table 1).

Table 1. Mixed model ANOVA (F-statistics) and means of four light spectra (L), two light intensities
(I), and propagation cycle for number of secondary shoots (NSS), weight of secondary shoots (WSS),
projected canopy index (PCI), and leaflets’ chlorophyll concentration (Chla+b) of pineapple.

Source of Variation Df NSS
(N Plantlet−1)

WSS
(mg DW

Plantlet−1)
PCI Chl

(mg g−1 FW)

Fixed factor (F-Statistics) §

Light spectra (L) 3 7.32 *** 5.66 ** 20.98 *** 16.60 ***
Intensity (I) 1 10.46 ** 2.84 ns 1.29 ns 4.1 *
L × I 3 5.40 ** 2.27 ns 7.84 *** 3.97 *
Random factor §

Propagation Cycle 0.40 ns 0.22 ns 0.18 ns 0.001 **

Main Factor (mean values)
FL - 20.73 a - -
RL - 7.49 b - -
RL/BL - 19.84 a - -
WL - 18.29 a - -

Interaction
FL. I80 0.73 bc - 1.31 bc 0.57 b

FL. I100 0.40 c - 1.26 bc 0.46 b

RL. I80 2.92 a - 2.10 ab 0.52 b

RL. I100 0.93 bc - 0.91 c 0.54 b

RL/BL. I80 1.10 bc - 2.80 a 0.48 b

RL/BL. I100 1.38 bc - 2.81 a 0.53 b

WL. I80 1.70 ab - 1.60 bc 0.97 a

WL. I100 1.06 bc - 1.58 bc 0.69 ab

§ The ANOVA function in the package lmerTest was used to produce p-values for the fixed effects. The rand
function in the package lmerTest produces p-values for the random effects. FL = Fluorescence, RL = predominantly
Red, RL/BL = Red/Blue, and WL = White lights. I80 = 80 µmol m−2s−1, I100 = 100 µmol m−2s−1. Asterisk *, **
and *** represent significance level at 5, 1 and 0.1% respectively, ns = not significant. Different letters in the same
column indicate significant differences for p < 0.05.

The lower light intensity (80 µmol m−2s−1) was significantly more effective (1.63 sec-
ondary shoot plant−1 on average) than the higher one (100 µmol m−2s−1−0.94 secondary
shoot plant−1 on average) in determining a higher number of secondary shoots. At the
lower intensity, the Tukey post-hoc test revealed that the RL determined a significant
increase in the secondary shoot number per plant (2.9) when compared to the other light
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treatments (Figure 1) except for the white one. In both cases, the number of shoots signifi-
cantly exceeded the fluorescence one. At the higher light intensity, no significant differences
were detected among the different light treatments.

Figure 1. Effect of light source (FL = Fluorescence, RL = predominantly Red, RL/BL = Red/Blue and
WL = White light) and light intensity (I80 and I100 = 80 and 100 µmol m−2s−1, respectively) on in vitro
secondary shoot number per plant. Different letters indicate significant differences for p < 0.05, error
bars indicate standard error of the means.

No effect on the proliferation cycles of this character was ascertained.

3.2. Secondary Shoots Dry Weight

The ANOVA revealed that the dry weight of the in vitro secondary shoots was signifi-
cantly influenced only by the light spectrum (F3,64 = 5.32, p < 0.001—Figure 2), whereas
neither the Light Intensity nor the interaction affected this parameter. In the average of
the light intensities, the RL determined a significantly lower secondary shoot dry weight
(7.5 mg) when compared to the other lamps, which gave undifferentiated values (19.6 mg
on average) (Table 1). The secondary shoot dry weight, determined by each treatment, was
stable along the three proliferation cycles.

Figure 2. Effect of different light source (FL = Fluorescence, RL = predominantly Red,
RL/BL = Red/Blue, and WL = White lights) on the dry weight (mg) of in vitro secondary shoots.
Different letters indicate significant differences for p < 0.05, error bars indicate standard error of
the means.
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3.3. Projected Canopy Index (PCI)

The significant differences were detected in relation to the LED spectra, light intensity
and their interaction.

The RL/BL light treatment determined the highest coverage at both light intensities,
followed by the RL treatment at 80 µmol m−2s−1 (Figure 3). The lowest surface area was
determined by the RL treatment at 100 µmol m−2s−1.

Figure 3. Effect of light source (FL = Fluorescence, RL = predominantly Red, RL/BL = Red/Blue,
and WL = White lights) and light intensity (I80 and I100 = 80 and 100 µmol m−2s−1, respectively) on
in vitro projected canopy index. Different letters indicate significant differences for p < 0.05, error
bars indicate standard error of the means.

However, with the only exception of the RL treatment, no differences were registered
in relation to the two light intensities at each light spectrum. It is noticeable that almost
all the LED lights treatments gave similar (WL) or higher (RLxI80 and RL/BL at both light
intensity) coverages than the FL.

Even for the PCI, no significant effect on theproliferation cycles was ascertained.

3.4. Chlorophyll Concentration

Regarding the propagation cycle, the results of the ANOVA-like table for the random
effects, showed significant differences between one cycle and the next one (Figure 4). The
second propagation cycle results in a higher Chl concentration in the pineapple leaves, ex-
cept for the WL, where a decrease was recorded. However, even in this case, a significantly
higher chlorophyll concentration was observed when compared to the other lamps. The
significant interaction between both the light spectrum and intensity (Table 1, Figure 5)
showed that the highest chlorophyll concentrations (97 mg g−1) were registered under the
WL at the lower intensity (I80) and to a lower extent (69 mg g−1) at the I100.

The lower and undifferentiated chlorophyll concentrations were registered under
fluorescence and the other tested light spectra at both the light intensities (Figure 5).
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Figure 4. Box plot of chlorophyll concentration in the two growing cycles as influenced by light
spectra in relation to 100 µmol m−2s−1 (left panel) and the 80 µmol m−2s−1 (right panel) lower
light intensity.

Figure 5. Effect of light source (FL = Fluorescence, RL = predominantly Red, RL/BL = Red/Blue, and
WL = White lights) and light intensity (I80 and I100 = 80 and 100 µmol m−2s−1, respectively) on total
chlorophyll concentration (mg g−1) of in vitro pineapple leaves. Different letters indicate significant
differences for p < 0.05, error bars indicate standard error of the means.

4. Discussion

The selection of the optimal light intensity and spectra are a key feature to support
both the effective proliferation and growth in vitro. Light intensity is involved in pigment
formation and plays a crucial role in regulating the size of the leaves and stems, as well
as their morphogenic pathways [28]. In vitro plants are very susceptible to high light
conditions [29] and are prone to photoinhibition [30].

In pineapple, a significant interaction in light spectrum × intensity, was ascertained
in the present research and showed the decisive influence of light intensity in modulat-
ing the effects of the different spectra on in vitro secondary shoot proliferation. The RL
and to a lesser extend the WL determined a significant increase in the secondary shoots
but only at the lower light intensity (I80). This last intensity also determined a positive
effect on the chlorophyll content under the WL. The optimal light intensity for in vitro
plantlets is species-specific. A hypothesis [31] suggests that the light conditions in the
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natural habitats of various species could provide insight into the light requirements for the
optimal in vitro growth conditions, albeit on a significantly different scale. An extensive
review of the literature [23] revealed that the most used light intensities ranged from 20
to 80 µmoles m−2 s−1 and only few species showed a better growth at intensities equal or
exceeding 100 µmoles m−2 s−1 (eg. Actinidia deliciosa [32] and Momordica grosvenorii [33]).
Our data showed that, even if pineapple is a species that grows under intense illumination
in vivo, a light intensity of 100 µmoles m−2 s−1 results in a decrease in the proliferation
rates. Similar adverse effects were observed on the total chlorophyll under the WL. Simi-
larly, in Plectranthus amboinicus [34] and in sugar maple (Acer saccharum Marsh.) [35], high
irradiation (>94 and 40 µmoles m−2 s−1, respectively) led to a reduced concentrations
of a, b, and the total chlorophyll. The reduction, determined by the light excess, could
be attributed to the production of free radicals, which degrade the photosynthetic active
pigments [36].

Concerning the effects of the light spectra, in this study the best results for secondary
shoot propagation were obtained under Red enriched Light (RL) conditions and to a lesser
extent under WL. These outcomes agrees with the results of different authors [19,23] reporting
the enhancing role of Red and the Red/Far-Red ratio (RL:FRL) on shoot proliferation in
many plant species. The primary effects of red light are associated with the activating
role of phytochrome in the production of cytokinins in tissues. This counters the actions
of auxins and promotes the development of secondary shoots. The RL also regulates the
production of carotenoids and strigolactones, which appear to control apical dominance by
altering the flow of auxins [37]. The stimulating effects of RL appear to occur during the
early stages of the multiplication phases.

For these reasons, the effects of the exposure to higher quantities of red light, on
the formation of new shoots and lateral buds, have been evidenced with low cytokinin
concentrations in culture media [38]. The latter outcome seems to confirm the opportunity
of maintaining a low quantity of these plant growth regulators in the medium to assess the
effects of the different light spectra and especially of the red one [23].

Red enriched light (RL), applied in this research, determined an increase in shoot
multiplication but also a significant reduction in shoot weight when compared to the
plants grown under WL and RL/BL LEDs. The scanning electron microscope studies in
lettuce have revealed that cultures, when continuously incubated under red light, resulted
in the development of numerous minute shoot primordia, which were characterized by
slower growth rates than those incubated under white light [39]. Moreover, among the
tested treatments, the RL/BL determined the highest coverage at both the light intensities
followed by the RL at the lower intensity. Many authors agree that RL, when compared to
other light spectra, promotes leaf growth [17,40]. However, different reports indicated that
RL has a low ability to activate the pathway of chlorophyll and carotenoids biosynthesis [41]
and may result in leaf disorders, weak and abnormal plantlets in strawberry [42], elongated
but fragile stems in chrysanthemums [43]; the so-called Red Light Syndrome [44].

In this study, WL determined the highest chlorophyll concentrations at both light
intensities. Similarly, previous studies have reported a higher chlorophyll content in
treatments involving white light [23]. Moreover, it was observed in Cattleya hybrid orchids
grown under white light had higher levels of chlorophyll and carotenoid pigments than
those obtained in plants grown under other types of light.

The positive effects of WL treatment on chlorophyll concentration may be attributed
to the higher quantity of blue and green light present in these lamps when compared to
the RL. Blue light is reported to enhance chlorophyll synthesis and chloroplast develop-
ment. Hence, a minimum threshold of blue light is necessary for normal in vitro plant
growth [3,45]. In addition, recent evidence has suggested the significant role of green light.
The incorporation of green light to the combination of red and blue light has been shown
to contribute to the proliferation, growth, and development of certain in vitro cultures [46].
Green light has been found to regulate various biological, morphological, and physiological
processes in both in vitro and in vivo trials [2]. For these reasons, some species showed
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improved performances when exposed to white lights (WLs), containing all the aforemen-
tioned wavelengths [47,48]. Therefore, it is recommended to use white lamps with an
optimal spectral composition in the most beneficial wavelengths, including blue, red, and
green light.

Although white light (WL) may not be as efficient as red light (RL) in promoting
secondary shoot induction and overcoming apical dominance, adding cytokinins to the
growth medium can result in high and consistent proliferation rates.

In some instances, it may be recommended to expose the plants to at least two weeks
of red light irradiation, followed by growth under WL [49]. In previous studies, when at
80 µmol m−2s−1 plants were transferred from the red light to the white one, a significantly
higher secondary shoot number resulted when compared to all the other treatments (unpub-
lished data). In species that are challenging to regenerate in vitro and/or highly sensitive
to higher concentrations of cytokinins in the medium, such as Euphorbia milii and Ceratonia
siliqua L., an initial application of stimulating red light (RL) or enriched RL, followed by
white light (WL), may enhance the proliferation and somatogenesis [50]. Furthermore,
exposing plants to a period of RL:FRL followed by WL could potentially decrease the need
for exogenous plant growth regulators, particularly cytokinins. This reduction could be
beneficial for promoting the subsequent phases of in vitro cultivation, such as rooting and
acclimatization [23].

Moreover, since micropropagation is considered an effective large scale propagation
method, the effectiveness of a micropropagation protocol depends on the proliferation rate
and stability over the different growth cycles. For these reasons, we hypothesized [23] that
the effects of light treatments must be verified at least for three different growing cycles, to
avoid the possible progressive adverse effects, mainly under prevalent red light ratios. The
present research demonstrated a substantial stability over the cycles, in three out of the four
characters analyzed (number, weight of secondary shoots, and projected canopy index).
The only changes concerned the almost uniform rise of the chlorophyll content during the
second growing cycle along all the light treatments which, however, does not substantially
modify the light treatment behaviors observed during the first cycle.

The LED lamps determined similar or improved effects on secondary shoot prolifera-
tion and quality when compared to the fluorescent ones.

5. Conclusions

Light plays a fundamental but often underestimated role on the in vitro proliferation of
micropropagated plant species. The results obtained in this research stressed the importance
of choosing the right light intensity and spectra to enhance the impacts of light on in vitro
micropropagation of pineapple plantlets.

The best results on in vitro shoot proliferation were obtained at 80 µmol m−2s−1,
under the RL and to a lesser extent the WL. In both cases, the number of shoots significantly
exceeded the FL one. At the same intensity, the WL also induced a better plantlet devel-
opment (higher dry shoot weight and chlorophyll concentration when compared to the
red enriched lamps). Thus, the use of the WL LED spectrum, at the appropriate intensity,
seems to contribute to the substantial improvements in the micropropagation of pineapple
when compared to fluorescence. However, in species that are particularly difficult to re-
generate in vitro and/or show a high sensibility to a higher concentration of citokinins, a
few days exposure to the red enriched light may exert a useful initial stimulatory effect on
shoot proliferation, whereas the subsequent exposure to WL may ensure the subsequent
plantlet growth.

Due to the species-specific response, it is crucial to identify the optimal wavelength
and intensity of light to promote growth and development of in vitro plantlets. Therefore,
detailed studies on the interaction between LEDs, their degrading-promoting effects and
the stability of plant proliferation are required for each species. A careful management of
these factors can ultimately lead to a more successful in vitro propagation.
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