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Abstract: Light-emitting diodes (LEDs) have become very popular for the production of horticultural
crops. LEDs represent an alternative lighting source to regular fluorescent (FL) bulbs, increasing
the quality of plants and minimizing production costs. LEDs also provide selective light intensity
and quality, suitable for commercial micropropagation. The objective of this study was to evaluate
the growth and development of in vitro ornamental bananas under different light sources. Two
ornamental banana varieties were selected for this study: Musa ‘Little Prince’ and Musa ‘Truly Tiny’.
Light quality and intensity of three different light sources were evaluated: LED-1 (116 µmol m−2 s−1),
LED-2 (90 µmol m−2 s−1), and FL (100 µmol m−2 s−1). Length and biomass of plantlets were greater
under LED-1 compared to FL but not significantly different from LED-2. The fresh and dry weight of
shoots and roots, number of leaves, and number and length of roots were not significantly different
between treatments. Chlorophyll content was greater under LEDs. Leaf number and stomata number
and size were greater under FL. Our results indicate that shoot length and biomass could be improved
by optimizing light quality and intensity. Different responses to light sources between the two banana
varieties also indicated a genotype effect.

Keywords: banana; micropropagation; light intensity; light quality; plant growth and development;
leaf anatomy

1. Introduction

Light is one of the primary factors that affect in vitro plant morphogenesis [1,2].
Artificial light sources, including fluorescent lamps, high-pressure sodium lamps, metal
halide lamps, and incandescent lamps, among others, have been widely used for plant
tissue culture research and commercial micropropagation of several crops [3]. Cool-white
fluorescent lamps remain the most used type of light source for micropropagation [4,5].
While popular, cool-white fluorescent light sources have a wide spectrum distribution
(350 to 750 nm) and therefore are of low quality for promoting plant growth. In addition,
energy consumption is increased, representing the second-highest cost in micropropagation
after labor [6,7]. Fluorescent lights also emit heat, which can cause damage and photo-stress
to plants [3]. Therefore, more efficient and cost-effective light systems that promote in vitro
plant growth and development are necessary. Light-emitting diodes (LEDs) have become
very popular in agriculture, particularly for the production of horticultural crops, and have
been widely used in microgravity studies aiming at space life support systems [8,9]. More
recently, LEDs have been incorporated into in vitro plant systems [10]. LEDs represent an
alternative lighting source to regular fluorescent bulbs, increasing the quality of in vitro
plantlets and minimizing the per plant production costs. LEDs provide selective light
intensity and quality, are suitable for commercial micropropagation, and also allow the
control of photosynthetically active radiation (PAR), providing optimal conditions for
plant growth and development, including improved morphology and metabolism [11].
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Additional advantages of LEDs include the longer life and smaller size of light-emitting
diodes compared to fluorescent bulbs, with very little heat generation [3]. In addition,
LEDs may influence the growth and production of secondary metabolites in plants, such as
those reported for Pfaffia glomerata [12]. The spectral distribution of the light affects plant
growth mainly via photosynthesis, and it affects plant morphology. Plant morphology
is also affected by photon flux density; therefore, there may be an interaction between
these effects. Understanding these effects and these interactions is required to control plant
growth and morphology using LEDs [13].

Because of the high sterility and polyploidy of cultivated or domesticated banana
varieties and hybrids [14], asexual propagation methods are the primary means for banana
production. However, many diseases, such as black sigatoka, fusarium wilt, banana
bunchy top virus, burrowing nematodes, and banana weevil borer [15], are associated
with traditional propagation techniques [16–18]. Therefore, micropropagation has become
a common practice for the production of bananas, thus assisting with the production of
clean, disease-free plant material [16,19,20]. The tissue culture of bananas also allows
large-scale mass in vitro clonal propagation of elite banana varieties, free of diseases. The
use of LEDs in micropropagation could provide higher-quality banana plants with the
benefit of reduced energy costs. LEDs have been studied previously for banana in vitro
cultures [21–23] with a focus either on specific wavelengths, LED ratios, or lower intensities
(45 to 75 µmol m−2 s−1 PPFD).

Therefore, the main objective of this study was to evaluate the growth and develop-
ment of in vitro ornamental bananas as affected by different light sources, including simple
LED and traditional fluorescent lighting. In addition to the growth and development
parameters of two in vitro ornamental banana varieties, relative chlorophyll content, leaf
stomata, and anatomy characteristics were also evaluated.

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

Two varieties of ornamental bananas, Musa ‘Little Prince’ and Musa ‘Truly Tiny’,
were obtained from AgriStarts, Inc. (Apopka, FL, USA). They are dwarf varieties of dwarf
Cavendish, with a compact habit and thick dark green leaves. Musa ‘Little Prince’ has thick
trunks and is generally used as an ornamental indoors or as a landscape plant outdoors.
Musa ‘Truly Tiny’ is extremely dwarf and produces the smallest edible fruits in the world.
Both are desirable as ornamental plants and commonly produced via tissue culture, and
have similar growth rates. In vitro plantlets were established in Murashige and Skoog
(MS) culture medium [24] supplemented with benzylaminopurine (BAP; 8.8 µM) and
sucrose (30 g L−1). The pH was adjusted to 5.8, and the medium was solidified with agar
(agar–agar, Sigma Aldrich Inc., St. Louis, MO, USA) at 8 g L−1. A volume of 50 mL of
medium was dispensed into baby food jars, and the medium was autoclaved at 121 ◦C
and 20 psi for 20 min. In vitro banana plantlets measuring about 5 cm in height had
their leaves and roots trimmed to 2 cm shoot-tips, which were used as explants. Baby
food jars with polypropylene lids were sealed with parafilm, and cultures were placed
in a growth chamber under controlled environmental conditions of 27 ± 2 ◦C and a 16 h
photoperiod at 100 µmol m−2 s−1 PPFD. In vitro shoots were subcultured to fresh MS
medium at four-week intervals.

2.2. Light Sources

Three different light sources were evaluated: two provided by LED lighting, LED-1 at
116 µmol m−2 s−1 (Philips GreenPower DR/B 3:1 150 43W) and LED-2 at 90 µmol m−2 s−1

(Philips GreenPower DR/W 3:1 150 33W); and one provided by fluorescent lighting (Philips
9A fluorescent bulbs 40W) at 100 µmol m−2 s−1 (FL). Photoperiod was 16/8 h (light/dark).
The spectral energy distribution for the lighting used in this study is shown in Figure 1:
LED-1 showed peak emissions at 440 nm and 650 nm (Figure 1A), LED-2 showed peak
emissions at 440 nm and 670 nm (Figure 1B); and fluorescent lighting (FL) showed a broader
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spectrum with peaks in the green (550 nm), blue (440 nm), and some additional peaks in
between (490 nm, 590 nm, 610 nm, and 710 nm) (Figure 1C). The intensity and composition
of all light sources were measured using an LI-180 Li-Cor spectrometer (Li-Cor, Lincoln,
NE, USA).
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Figure 1. Intensity and composition of lighting as photosynthetically active radiation (PAR) for the
different light treatments in this study: (A) LED-1 = 116 µmol m−2 s−1; (B) LED-2 = 90 µmol m−2 s−1;
and (C) fluorescent light (FL) = 100 µmol m−2 s−1. While both LED lights peak in the red range
(660–670 nm) with some blue peaks (440–470 nm), fluorescent light has a broader distribution with
peaks in the green (550 nm), blue (440 nm), and some additional peaks in between (490 nm, 590 nm,
610 nm, and 710 nm). Maximum irradiance (mW m−2) is shown for each spectrum. Measurements
were obtained with an LI-180 Li-Cor spectrometer.

2.3. In Vitro Growth and Development

Explants from all treatments were evaluated four weeks after in vitro establishment
for shoot length, root length and number, plantlet fresh and dry weight, shoot fresh and
dry weight, root fresh and dry weight, root length, and number determined. Dry weight
was determined by oven-drying plantlets at 70 ◦C until they reached constant weight. Five
random plants were selected per treatment.



Horticulturae 2022, 8, 92 4 of 12

2.4. Relative Chlorophyll Content

Relative chlorophyll content was evaluated as SPAD value by placing the third ex-
panded leaf of each plantlet, counted from top downwards, in a portable SPAD-502 chloro-
phyll meter (SPAD-502, Minolta Co., Ltd., Tokyo, Japan). Five random plantlets were
selected per treatment.

2.5. Stomata Analysis

The middle third portion of the third and fourth fully expanded leaves were cut into
approximately 1 cm × 1 cm sections. Impressions of the leaves were obtained by placing
leaf sections on top of a thin layer of super glue (Elmer’s Products, Inc., Westerville, OH,
USA), spread over microscope glass slides, and removing the leaf after drying. Impressions
were obtained for both the adaxial and abaxial surfaces of the leaves. Stomata observations
were performed under an optical Leica DMLB microscope (Leica microsystems, Buffalo,
NY, USA) at 200× magnification. Images were recorded using a SPOT 4.7 digital camera
coupled to the microscope and analyzed using the SPOT basic software (SPOT Imaging,
Diagnostic Instruments, Inc., Sterling Heights, MI, USA). The number of stomata was
counted under the microscope for both the abaxial and adaxial surfaces of leaves. Three
different areas of 5 mm in diameter were selected as replicates for observations for each
light treatment. Results were expressed as a means of counts of the three areas per mm2.
The length and width of three randomly selected stomata were measured for both the
adaxial and abaxial surfaces of each leaf in three different sections of each selected leaf.
Five random plantlets were selected per treatment.

2.6. Anatomical Observations

Anatomical studies were conducted using the middle-third section of the second
completely developed leaf. Leaf cross-sections were obtained by freehand sectioning using
a steel blade, fixed in 70% FAA (formaldehyde-acetic acid-ethyl alcohol 70%) for 48 h,
and then preserved in ethanol 70% (v/v). Following discoloration in sodium hypochlorite
(1–1.25% active chlorine), triple-rinsing in distilled water, and staining in toluidine blue
(0.05% w/v), leaf sections were subsequently fixed on semi-permanent slides with glyceri-
nated water [25]. The slides were examined and photographed under the same light Leica
DMLB microscope and the SPOT 4.7 idea digital camera and software, as described earlier.
The images were evaluated by assessing five fields per repetition for each variable analyzed.
The thickness of the abaxial surface epidermis (ASE), adaxial epidermis (ABE), abaxial
hypodermis (AH), adaxial hypodermis (AbH), palisade parenchyma (PP), and spongy
parenchyma (SP) were determined. Five random plants were selected per treatment.

2.7. Experimental Design and Statistical Analysis

The experimental design was completely randomized and consisted of six treatments
(three light sources × two banana varieties), with five replications per treatment. Each
replication consisted of 3 baby food flasks containing 1 in vitro plantlet per flask for a
total of 90 experimental units. Data were collected and submitted to analysis of variance
(ANOVA) using the R statistical analysis program, with means compared by LSD (Least
Significant Difference) test at the 5% level of significance.

3. Results
3.1. In Vitro Growth and Development

The light source had no significant effect on most in vitro growth and development
parameters evaluated for both banana varieties, including stem diameter, shoot and root
fresh weight, leaf number, shoot and root length, and shoot and root dry weight (Table 1).
However, ‘Little Prince’ plantlets produced under LED-1 and LED-2 showed larger overall
plantlet fresh weight and shoot length compared to plantlets under fluorescent lights, while
‘Truly Tiny’ plantlets showed higher fresh weight only under LED-1, but no differences in
shoot length.
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Table 1. Evaluation of light quality and light level effects on in vitro growth and development parameters for two ornamental banana varieties; Musa ‘Little Prince’
and Musa ‘Truly Tiny’. LED-1 = 116 µmol m−2 s−1; LED-2 = 90 µmol m−2 s−1; fluorescent light (FL) = 100 µmol m−2 s−1.

Banana
Variety

Light
Source

Stem
Diameter *

(mm)

Plant Fresh
Weight

(g)

Shoot Fresh
Weight

(g)

Root Fresh
Weight

(g)

Number
of Leaves

Shoot Length
(cm)

Root Length
(cm)

Number of
Roots

Shoot Dry
Weight

(g)

Root Dry
Weight

(g)

Little Prince
LED-1 5.32 ± 0.50 a 2.84 ± 0.14 a 1.63 ± 0.25 a 0.19 ± 0.08 a 3.6 ± 0.89 a 7.45 ± 0.67 a 3.02 ± 0.30 a 6.4 ± 2.07 a 0.24 ± 0.03 a 0.01 ± 0.01 a
LED-2 5.24 ± 0.44 a 2.62 ± 0.42 ab 1.94 ± 0.54 a 0.34 ± 0.09 a 4.0 ± 1.00 a 7.33 ± 0.76 a 3.70 ± 0.82 a 8.2 ± 2.17 a 0.28 ± 0.07 a 0.03 ± 0.01 a

FL 5.08 ± 0.71 a 2.21 ± 0.39 c 1.44 ± 0.05 a 0.16 ± 0.07 a 4.2 ± 0.84 a 5.87 ± 0.82 b 3.21 ± 0.25 a 7.8 ± 3.19 a 0.24 ± 0.02 a 0.02 ± 0.01 a

Truly Tiny
LED-1 4.28 ± 0.55 a 2.31 ± 0.16 bc 1.27 ± 0.19 a 0.25 ± 0.10 a 3.6 ± 0.89 a 6.67 ± 0.30 ab 4.21 ± 0.34 a 5.6 ± 1.52 a 0.18 ± 0.03 a 0.02 ± 0.01 a
LED-2 3.94 ± 0.37 a 1.79 ±0.21 d 1.01 ± 0.27 a 0.27 ± 0.07 a 3.6 ± 1.14 a 6.46 ± 0.67 b 4.38 ± 0.92 a 5.2 ± 1.79 a 0.12 ± 0.03 a 0.02 ± 0.01 a

FL 4.36 ± 0.92 a 1.91 ± 0.38 cd 1.39 ± 0.62 a 0.34 ± 0.16 a 4.0 ± 1.00 a 6.02 ± 0.47 b 4.60 ± 0.36 a 6.0 ± 2.12 a 0.21 ± 0.10 a 0.02 ± 0.01 a

* Means within columns followed by the same letter are not significantly different at p ≤ 0.05 according to the LSD (Least Significance Difference) test. The tests were conducted
separately for each parameter evaluated.
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3.2. Relative Chlorophyll Content

Significant differences were shown in relative chlorophyll content among the different
light sources and banana varieties (Figure 2). In general, the relative chlorophyll content
of plants under LED lighting showed greater SPAD values compared to plantlets under
fluorescent lamps. SPAD values were 36.84 for ‘Little Prince’ and 41.54 for ‘Truly Tiny’ under
LED-1, 31.62 for ‘Truly Tiny’ and 40.92 for ‘Little Prince’ under LED-2, and 24.12 for ‘Little
Prince’ and 24.56 for ‘Truly Tiny’ under fluorescent lamps (Figure 2). However, relative
chlorophyll content was not significantly different between plantlets of both varieties under
LED-1 and LED-2, but higher than FL, with the exception of ‘Truly Tiny’ under LED-2,
which had similar values to both varieties under FL. The leaves of plantlets under LED-
1 and LED-2 showed a dark green color, while the leaves of plantlets under FL had a
yellowish-green color.
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Figure 2. Relative chlorophyll content of two banana varieties, Musa Little Prince (LP) and Musa Truly
Tiny (TT) after 4 weeks of in vitro culture under different light sources, LED-1 (116 µmol m−2 s−1)
LED-2 (90 µmol m−2 s−1) and FL (100 µmol m−2 s−1). Values with the same letter are not significantly
different at α = 0.05 level based on LSD mean separation. Bars represent standard error.

3.3. Stomata Analysis

In this study, stomata were present in both adaxial and abaxial leaf surfaces of both
banana varieties under the different light sources, thus characterizing them as amphistom-
atic (Figure 3). Light source influenced stomata number of both banana varieties (Table 2).
Some significant differences were observed between lighting treatments, following the
same pattern observed for relative chlorophyll content. Overall, there were no significant
differences in the effect of light sources on the adaxial number of stomata (AdSN) for both
banana varieties, except for LED-2 and FL, which were slightly higher than LED-1 (Table 2).
For the adaxial surface, plantlets had an average leaf stomata number per mm2 of 22.8 and
24.4 under LED-1, 28.4 and 25.8 for LED-2, and 30.0 and 32.0 under FL for Musa ‘Little
Prince’ and Musa ‘Truly Tiny’, respectively (Table 2). A similar trend was observed for the
abaxial number of stomata per mm2 (AbSN) for both varieties with 75.4 and 92.0 under
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LED-1, 67.6 and 94.2 under LED-2 and 83.6 and 101.6 under FL for Musa ‘Little Prince’ and
Musa ‘Truly Tiny’, respectively (Table 2). The size of the stomata evaluated by length and
width showed some variation for both adaxial and abaxial surfaces under the different
light sources and for both varieties. The length of the adaxial surface stomata (AdSL) was
higher for ‘Little Prince’ under FL but not significantly different for ‘Truly Tiny’ under
LED-2 and FL (Table 2). The length of the abaxial surface stomata (AbSL) was higher for
both varieties under LED-2 and FL (Table 2). The width of the adaxial surface stomata
(AdSW) was higher for both varieties under FL, but for the abaxial surface stomata (AbSW),
width showed no significant differences (Table 2).
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Figure 3. Stomatal prints of abaxial and adaxial leaf surfaces of in vitro banana leaves (Musa
‘Little Prince’ and ‘Truly Tiny’) under different light sources. LED-1 = 116 µmol m−2 s−1; LED-
2 = 90 µmol m−2 s−1, fluorescent lighting (FL) = 100 µmol m−2 s−1. Bars = 50 µm.

Table 2. Effects of light sources on stomata number (per mm2) and size (µm) in leaves of two ornamen-
tal banana varieties grown in vitro; Musa ‘Little Prince’ and ‘Truly Tiny’. LED-1 = 116 µmol m−2 s−1;
LED-2 = 90 µmol m−2 s−1; fluorescent light (FL) = 100 µmol m−2 s−1.

Banana
Variety

Light
Source

AdSN *
(per mm2)

AbSN
(per mm2)

AdSL
(µm)

AbSL
(µm)

AdSW
(µm)

AbSW
(µm)

Little
Prince

LED-1 22.8 ± 7.40 b 75.4 ± 14.08 cd 25.18 ± 2.57 b 21.41 ± 3.19 c 10.13 ± 0.94 c 10.35 ± 1.25 a
LED-2 28.4 ± 7.67 ab 67.6 ± 12.03 d 25.63 ± 1.11 b 27.08 ± 2.47 ab 11.13 ± 0.91 bc 11.35 ± 1.08 a

FL 30.0 ± 6.20 ab 83.6 ± 11.35 bcd 28.51 ± 3.08 a 27.16 ± 1.15 ab 12.87 ± 0.97 a 11.47 ± 1.58 a

Truly
Tiny

LED-1 24.4 ± 2.51 b 92.0 ± 5.74 abc 25.00 ± 1.89 b 24.81 ± 1.65 b 10.16 ± 0.61 b 10.11 ± 1.72 a
LED-2 25.8 ± 4.66 ab 94.2 ± 4.32 ab 27.72 ± 2.19 ab 27.68 ± 2.46 a 10.00 ± 1.79 c 11.05 ± 0.68 a

FL 32.0 ± 3.54 a 101.6 ± 21.55 a 28.45 ± 0.98 a 25.64 ± 1.44 ab 12.02 ± 1.20 ab 9.97 ± 1.18 a

* Means within columns followed by the same letter are not significantly different at p ≤ 0.05 according to the LSD
(Least Significance Difference) test. The tests were conducted independently within each parameter (adaxial and
abaxial stomata number, adaxial and abaxial stomata size). AdSN = Adaxial Stomata Number; AbSN = Abaxial
Stomata Number; AdSL = Adaxial Stomata Length; AbSL = Abaxial Stomata Length; AdSW = Adaxial Stomata
Width; AbSW = Abaxial Stomata Width.

3.4. Anatomical Observations

Some parameters of leaf anatomy of in vitro plantlets were significantly affected
by the light source, including abaxial epidermis (AbE), and abaxial (AbH) and adaxial
(AdH) hypodermis for both varieties (Table 3). However, no significant differences were
observed for adaxial epidermis (AdE) and for palisade (PP) and spongy (SP) parenchyma
for both varieties (Table 3). The abaxial epidermis (AbE) was significantly thinner than
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the adaxial epidermis (AdE) (Table 3). As for the organization of mesophyll, the banana
is dorsiventral or bifacial, with the palisade parenchyma oriented towards the adaxial
epidermis and immediately below the adaxial hypodermis and the spongy parenchyma
facing the abaxial epidermis (Figure 4). The palisade parenchyma was comprised of closely
packed cylindrical cells, exhibiting one to two layers of cells, while the spongy parenchyma
was comprised of two to three layers of spongy mesophyll cells, packed with inconspicuous
air spaces (Figure 4). The cells were not well defined and had more or less a round shape
under FL (Figure 4). However, no statistical differences were observed between most
parameters evaluated.

Table 3. Effects of light source on leaf anatomy of two ornamental banana varieties grown in vitro;
Musa ‘Little Prince’ and ‘Truly Tiny’. LED-1 = 116 µmol m−2 s−1; LED-2 = 90 µmol m−2 s−1;
fluorescent light (FL) = 100 µmol m−2 s−1.

Banana
Variety

Light
Source AbE (µm) AdE (µm) AbH (µm) AdH (µm) PP (µm) SP (µm)

Little
Prince

LED-1 15.53 ± 4.89 b 17.63 ± 5.89 a 59.02 ± 14.25 ab 59.17 ± 5.69 c 35.87 ± 9.23 a 38.91 ± 9.38 ab
LED-2 17.70 ± 2.79 b 16.40 ± 5.92 a 52.38 ± 39.51 b 69.31 ± 13.52 abc 39.63 ± 10.75 a 41.12 ± 10.29 b

FL 20.66 ± 6.31 ab 20.55 ± 5.28 a 59.82 ± 4.46 ab 64.33 ± 7.75 bc 42.71 ± 11.53 a 38.40 ± 11.25 ab

Truly
Tiny

LED-1 19.68 ± 7.05 ab 15.07 ± 2.39 a 61.61 ± 7.71 ab 82.90 ± 14.51 a 43.71 ± 11.57 a 42.10 ± 8.66 ab
LED-2 17.73 ± 5.80 b 15.08 ± 4.37 a 69.01 ± 18.48 ab 78.79 ± 20.14 ab 35.39 ± 7.94 a 33.88 ± 9.39 ab

FL 25.10 ± 5.54 a 18.15 ± 3.82 a 62.76 ± 14.47 a 69.96 ± 15.37 abc 47.95 ± 13.36 a 52.33 ± 17.81 a

* Means within columns followed by the same letter are not significantly different at p ≤ 0.05 according to the LSD
(Least Significance Difference) test. The tests were conduct independently within each parameter (adaxial surface
epidermis, abaxial surface epidermis, adaxial hypodermis, abaxial hypodermis, palisade parenchyma, spongy
parenchyma). AbE = Abaxial Epidermis; AdE = Adaxial Epidermis; AbH = Abaxial Hypodermis, AdH = Adaxial
Hypodermis; PP = Palisade Parenchyma; SP = Spongy Parenchyma.
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Figure 4. Cross-section of in vitro banana leaves (Musa ‘Little Prince’ and ‘Truly Tiny’) under
different light sources. LED-1 = 116 µmol m−2 s−1; LED-2 = 90 µmol m−2 s−1, fluorescent light-
ing (FL) = 100 µmol m−2 s−1. AdE = adaxial epidermis; AbE = abaxial epidermis; AdH = adaxial
hypodermis; AbH = abaxial hypodermis; PP = palisade parenchyma; SP = spongy parenchyma.
Bar = 50 µm.

4. Discussion

The maintenance of the quality of in vitro plantlets requires an environment that
provides optimum conditions for growth and development [26]. Light is among some of
the main factors influencing the growth and development of in vitro plantlets, including
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light quality, intensity, and the photoperiod [27]. In this study, our goal was to evaluate
the effect of different light sources on in vitro growth and development of two ornamental
banana varieties. However, for most parameters evaluated, no significant differences were
observed. The stem diameter of in vitro banana plantlets in our study was not significantly
affected by the light source. This contrasts with similar studies showing an increase in stem
diameter of in vitro banana plantlets under LED lighting (45, 60, and 75 µmol m−2 s−1

PPF) compared to fluorescent lights (45 µmol m−2 s−1 PPF) [22], although light intensities
evaluated were lower as compared to the light intensities evaluated in our study [22]. This
could indicate that lower light levels are more desirable to induce a larger stem diameter in
in vitro banana plantlets. Another aspect was the spectral distribution evaluated [22], where
LED lighting had a 9:1 = red:blue ratio and FL had an 8:2 = red:blue ratio. Our study had
similar red:blue ratios for both LEDs compared to FL, which had almost an inverse red:blue
ratio and a peak in the green (Figure 1), indicating that the light spectral distribution
might have influenced the results observed. Similar results were reported in rapeseed
in vitro plantlets under LED lighting [28]. In contrast, the stem diameter of Cymbidium
in vitro plantlets was not affected by different light sources [29], thus showing similarities
to our study. In our study, however, stem diameter had a correlation with banana varieties,
whereas ‘Little Prince’ showed a larger average diameter than ‘Truly Tiny’, suggesting a
genotype effect. Such differences in responses confirm that the influences and mechanisms
related to light quality, intensity, and photoperiod in plants are rather specific to plant
species or cultivars. A similar genotype effect has been shown for two annatto (Bixa orellana)
cultivars grown under different irradiance and light quality [2].

Banana in vitro plantlet fresh weight was slightly greater under LEDs compared to
FL, but differences were not statistically significant between LED-1 and LED-2 for both
varieties. This trend was observed when banana in vitro plantlets were cultured under LED
lighting [22] as well as in rapeseed [28], where no significant differences in fresh weight of
plantlets under different LED lighting were observed.

Shoot fresh and dry weight of banana in vitro plantlets were not significantly different
under different light sources. Similarly, no significant differences were observed for root
fresh and dry weight for both banana varieties. However, similar studies with in vitro
banana [30] and Doritaenopsis [31] plantlets under LED reported higher shoot and root
fresh weight.

Because the spectral energy distribution of red and blue lights aligns with chlorophyll
absorption, it is generally accepted that LED lighting improves plant growth and develop-
ment by enhancing the net photosynthetic rate [32–34]. However, in our study, the effect
of LED lighting on shoot length was significantly different from FL only for one banana
variety, ‘Little Prince’, reinforcing the concept of a genotype effect, as previously indicated.

There were no statistically significant differences among plantlets for root length
under the different light sources evaluated in our study. These results contrast with those
on banana [23] and rapeseed [28], where root length was significantly different between
different light sources. However, these studies showed no significant differences among
plantlet stem lengths under different light treatments, thus showing similarities with
our study.

In our study, the relative chlorophyll content of banana in vitro plantlets grown under
LED lighting was higher compared to fluorescent lighting. Similar results for in vitro
banana plantlets were reported [35], showing that higher chlorophyll values were obtained
when banana plantlets were cultured under LED lights. Similar behavior has been reported
for other species, including chrysanthemum [11], Doritaenopsis [32], and rapeseed [28].

The general morphology of plantlets proved quite homogeneous under all lighting
treatments evaluated. No differences were observed for leaf number among the different
light treatments, and our results are similar to those reported in bananas [35] and Cym-
bidium. However, in similar studies with banana and Anacardium othonianum plantlets,
a higher number of leaves was observed under fluorescent lamps [15,30,36]. However,
strawberry in vitro plantlets showed a higher number of leaves in plantlets cultured under
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LED compared to fluorescent lighting [37]. The great diversity in responses in vitro among
different species as affected by light intensity and quality illustrates the complexity of the
topic and the need for continued studies to narrow down the best parameters for proper
growth and development of plants in vitro.

Light sources influenced leaf stomata in our study. The number of stomata was
generally higher on the abaxial than the adaxial leaf surface. Stomata of plantlets grown
under the LED lighting were ellipsoid and closed, compared to open stomata and guard
cells with round shapes in plantlets under FL (Figure 3). In general, banana plantlets grown
under FL had larger numbers of stomata in both adaxial and abaxial leaf surfaces and similar
higher values for length and width of stomata in adaxial leaf surfaces (Figure 3). However,
for the abaxial leaf surfaces, while the length was slightly higher for FL, no differences were
observed for width. Comparable results were reported in chrysanthemums [11]. However,
another study with bananas [35] indicated the increased formation of stomata on both leaf
surfaces (adaxial and abaxial) when banana plantlets were grown under LED compared to
FL lighting.

In the present study, the epidermis of the adaxial leaf surface was thicker than the
abaxial epidermis. These results corroborate a similar study of bananas in vitro [38], where
the adaxial surface was thicker than the abaxial surface in leaves of in vitro-derived bananas
under acclimatization. However, most of the anatomical leaf features measured in the
current study were similar among the different light sources regardless of the banana variety.
Similar results have been reported in pepper, showing a similar thickness in anatomical
leaf features [39]. High light intensity also affected the anatomic structure in sugarcane
leaves, including both adaxial and abaxial sides, and in the mesophyll and bulliform cell
number [40]. However, no differences were observed in anatomic structures for ornamental
bananas in our study, except for the thickness of adaxial compared to abaxial leaf surfaces.

5. Conclusions

Our results revealed that shoot mass and length could be promoted by controlling
light quality and intensity. However, the effect of light quality and intensity related to plant
growth and development (stem diameter, shoot and root fresh weight, shoot and root dry
weight, root length, root number, and leaf number) were not evident despite contrasting
reports from other studies cited here. This leaves additional work to be performed to
better address the effects of light sources, intensity, and quality on the in vitro growth and
development of different banana varieties. Although not directly evaluated in this study, the
number of in vitro shoots produced per explant were higher for some of the cultures grown
under the LED lightings, with multiple shoots produced, while no shoots were formed
in cultures grown under FL. Subsequent studies will address such parameters. Different
responses as demonstrated between the two banana varieties (Musa ‘Little Prince’ and
Musa ‘Truly Tiny’) indicated a genotype effect as affected by different light environments.
LED lighting affected the relative chlorophyll content as well as stomata size in banana
in vitro plantlets. Based on the responses for both banana varieties to the different light
sources evaluated in this study, we suggest that LEDs at 90 µmol m−2 s−1 could be a
suitable selection for the micropropagation of ornamental bananas.
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