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Abstract: The experiment evaluated the influence of different light qualities and 6-benzyladenine
(BA) concentration in a medium on the leaf response of multiplied Gerbera jamesonii Bolus ex Hook.
f.‘Big Apple’ shoots. Three different light-emitting diode (LED) spectra—100% blue (B), 100% red (R)
and red and blue mixture (7:3, RB)—were used, and a fluorescent lamp was used as a control (Fl).
Concentrations of BA in Murashige and Skoog (MS) medium were 1, 2.5 and 5 µM. Leaves developed
under 100% blue light had a lower frequency of stomata and a smaller area as compared with those
from plants exposed to light with red in spectrum. Under 100% red light, the leaf area and the
frequency of stomata increased along with growing concentration of BA in the medium. The thickest
mesophyll was spotted in the cross-section of leaves exposed to the blue LED light. Leaves developed
under the 100% red light had the thinnest mesophyll layers. Increasing concentration of BA in the
medium resulted in enhanced leaf blade thickness. The cross-section of leaf vascular bundles was
only half of that in petioles. The leaves under the LED combinations had larger vascular bundles
than those under fluorescent light. The highest level of photosynthetic pigments was noticed in the
leaves grown under LED R and RB lights. Our study demonstrated that 2.5 µM BA and a mixture of
blue and red light provided by LED improved leaf quality during multiplication of gerbera shoots.

Keywords: LED; light quality; anatomical structure; stomata; photosynthetic pigments; BA
concentration; in vitro

1. Introduction

Plants cultivated in vitro have limited photosynthetic abilities, which is why light exerts the
greatest effect on morphogenesis under these conditions. External factors of a culture, mainly the
spectral quality of light and growth regulators in the medium, affect plant growth and development
in vitro. Plant response manifests itself not only in external morphological changes at every stage
of clonal propagation but also at the anatomical level. Leaves show high phenotypic plasticity as a
response to light conditions and the modifications are easier to observe than those in stems or roots [1].
The light inside the leaf passes through the palisade and spongy mesophyll [2]. In tissue cultures, the
epidermis and other tissue layers are often less developed and thinner than in traditionally cultivated
plants, as the humidity inside the vessels is relatively high. As a result, plants experience huge water
loss during acclimatization, which is the reason for their reduced effectiveness of adaptation to ex vitro
conditions. Evaluation of structural changes in a tissue or organ formed in vitro is of great value in
establishing the actual efficiency of organogenesis and the functioning of new organs, such as leaves [3].
The anatomical structure of a leaf, affected, e.g., by the external light environment, affects the leaf
internal light environment. Many parts of a leaf can absorb light at different wavelengths—for example,
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leaf pigments mainly absorb light in the visible wavelength range (400–700 nm) and the water present
in the cells absorbs light in the infrared range (1400–2500 nm). The spectrum of the light inside the leaf
is gradually limited. For example, green light is less absorbed by chlorophyll than blue and red light,
and as a consequence, more green light reaches the lower layers of the leaf [4].

Thanks to bicellular structures—stomata—plants can respond and adapt to the conditions of the
external environment [5]. The spectral composition of light is a stimulus perceived as a signal and it
controls the opening and closing of stomata [6]. Blue light, recognized by phototropins found in guard
cells, is particularly important for this process in in vitro cultures. Stomatal opening is triggered by the
activation of a plasma membrane pump. The blue-light-activated pump provides the energy needed
to open the stomata and to accumulate ions and expand the guard cells [7]. However, in addition
to the micropore opening, the spectral quality of light also shapes the developmental parameters of
stomata, such as their number, length or width [8]. The stomata form as a result of an asymmetric
division of the meristemoid mother cell, which produces a meristemoid, a stem-cell-like triangular
cell, and a larger sister cell. Then, the meristemoid can undergo up to three asymmetric divisions or
differentiate into a round guard mother cell, a symmetric division of which generates a pair of guard
cells forming a stoma. The larger sister cell may undergo further asymmetric divisions and generate
satellite meristemoids, usually avoiding contact between new and existing stoma, or it may eventually
differentiate into an epidermal cell. The stomatal development is also affected by other environmental
factors, such as the presence of growth regulators in the medium [9]. Depending on the used plant
regulator, there may be a different number of stomata in in vitro cultures. Changes may also concern
uniform distribution, shape and structure of stomata cells [10].

Plant response to different light qualities is manifested in the internal structure of leaves. The study
involved the leaves of Gerbera jamesonii obtained using an efficient micropropagation protocol [11–13].
This allowed to assess the effect of light quality and 6-benzyladenine (BA) presence in the medium on
various parameters of the leaf, i.e., frequency and size of stomata, anatomical structure of leaf blade
and petiole and photosynthetic pigments level.

Gerbera leaf mesophyll has a diversified structure. The palisade mesophyll is located in the upper
part and the spongy mesophyll in the lower part of the blade. The anatomical structure of gerbera
leaves grown in vitro differs from that in the leaves grown in a traditional way. In vitro leaves develop
no collenchyma, the palisade mesophyll is less diverse and the spongy mesophyll has fewer cell layers.
The upper and lower epidermis consists of only one layer of cells and is thinner than in traditionally
cultivated plants [3].

The aim of the experiment was to investigate the influence of external factors in an in vitro culture
conditions—different light-emitting diode (LED) light qualities and BA concentrations in the medium
and their interactions—on leaf response during multiplication of gerbera shoots.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

The study involved leaves of axillary shoots of Gerbera jamesonii Bolus ex Hook. f. cv. Big Apple,
multiplied in vitro in Murashige and Skoog (MS) medium [14], supplemented with 30 g·dm−3 sucrose,
solidified with 0.5% BioAgar (Biocorp, Warsaw, Poland) at pH 5.7.

The medium was enriched with 1-naphthaleneacetic acid (NAA) and 6-benzyladenine (BA).
The cytokinin was tested at three concentrations: 1, 2.5 and 5 µM (Duchefa Biochemie, Haarlem, the
Netherlands). Shoot multiplication was conducted in glass jars covered with polyvinyl chloride caps
with an air orifice (MZ Forma, Łódź, Poland). The conditions in a growth chamber were as follows:
16/8 h photoperiod (day/night), temperature of 23/21 ± 1 ◦C (day/night) and 80% relative humidity.

The second experimental factor was light of different qualities provided by light-emitting diodes
(three combinations): 100% red light (670 nm) (R), 100% blue light (430 nm) (B) and a mixture of red and
blue light (7:3) (RB). Parameters were provided by a solid-state lighting (light-emitting diodes) system
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(SSL LED) and were set using a BTS256 spectrometer (Gigahertz-Optik, Türkenfeld, Germany) and a
LI-250A light meter equipped with a Q 50,604 sensor (LI-COR, Lincoln, NE, USA). The settings were
controlled using the DXM-512 digital protocol [11]. The control was a fluorescent lamp (Philips TK-D
36W/54). For all tested light qualities, photosynthetic photon flux density (PPFD) was 35 µmol m−2 s−1.

The culture of multiplied shoots involved five repetitions per treatment, with five explants each (in
total, 300 explants). After six weeks of shoot multiplication for analysis of stomata features, anatomical
structure and photosynthetic pigments level, leaves were collected with the exception of the youngest
and the oldest ones. Stomata analysis involved 100 random leaves, using which we performed 72
epidermal imprints (six representative samples from each treatment combination). Leaf anatomy
analysis covered a total of 240 representative samples (10 from each combination for both the blade
and the petiole). The content of photosynthetic pigments was assessed in a total of 48 samples from all
combination treatments.

2.2. Data Collection and Analysis

In order to assess stomata frequency on the surface of the abaxial leaf blade as well as stomata
size and the degree of stomata opening (width and length of the pore), microscopic preparations
were made using the epidermal imprint method [15]. Preparations were observed under an Axio
Observer inverted microscope (Carl Zeiss, Jena, Germany). To count the number of stomata (stomata
frequency), microscopic photographs were taken under 20x magnification, and the observable area
was 500 × 500 µm. To measure the area, width and length of the stomata, and width and length of the
pore, microscopic photographs were taken under 40x magnification (Figure 1a).Agronomy 2020, 10, x FOR PEER REVIEW 4 of 15 
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cross-section of the blade and (d) petiole; ade—adaxial epidermis; pm—palisade mesophyll; 
sm—spongy mesophyll; vt—vascular bundles; abe—abaxial epidermis. 
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homogeneous groups for the means (at p ≤ 0.05). Additionally, a correlation analysis was performed 
to determine the strength of relationships between photosynthetic pigment content and anatomical 
features (stomata features and leaf cross-sections). 

3. Results 

Treatments with lights of different qualities and BA concentrations influenced the assessed 
parameters of the gerbera leaves (Table 1). Different light qualities applied during in vitro shoot 
multiplication of gerbera changed the thickness of leaf blades and petioles (except for width of 
vascular bundles) and the level of photosynthetic pigments. Light spectrum also considerably 
affected the stomata frequency on the abaxial epidermis, their area and width. Different BA 
concentrations influenced the length and width of stomata (and pore) and the thickness of tissues 
measured in the leaf cross-section. The two-factor analysis showed significant differences in 
stomatal features and anatomical structure and no differences in the level of photosynthetic 
pigments. 

Table 1. Significant impact of light quality and 6-benzyladenine (BA) concentration in the medium 
and their interactions on the measured parameters of gerbera leaves grown in vitro. 

Main Effects: Light Quality × BA Light Quality BA 
Stomata features   

Stomata frequency *** 1 *** n.s. 
Stomata area *** *** n.s. 

Stomata length *** n.s. n.s. 
Stomata width *** *** ** 

Pore length *** n.s. ** 
Pore width *** *** ** 

Figure 1. Leaf analysis: (a) stomata measurements—A, stomata length; B, pore length; C, stomata
width; D, pore width. Abbreviations: ec—epidermal cells; gc—guard cells; p—pore. (b) The site of
sample collection for anatomical cross-section analysis—A, leaf blade; B, leaf petiole. (c) Anatomical
cross-section of the blade and (d) petiole; ade—adaxial epidermis; pm—palisade mesophyll;
sm—spongy mesophyll; vt—vascular bundles; abe—abaxial epidermis.

To examine leaf anatomy, the paraffin preparation method [16] involving leaf cross-sections was
used. In this method, the collected plant material, cut from the central part of the leaf blade and a part
of the petiole (Figure 1b), was fixed in Carnoy’s solution (60% ethanol, 30% chloroform and 10% glacial
acetic acid) overnight. Then, it was dehydrated in a graded alcohol series, followed by embedding in
paraffin (stored at 60 ◦C for a month). Eosin was used for tissue staining. The samples embedded
in paraffin were formed into blocks. They were then cut into semithin sections to obtain permanent
microscopic slides. The rotary microtome (Microm HM 325) was used. The samples were stained
with hematoxylin and fixed in Canadian balsam. Microscopic observations were made under an Axio
Observer inverted microscope (Carl Zeiss). Microscopic images were captured using an AxioCam
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MRc5, 60NC 2/3”camera, 0.63 × (Zeiss). A 20x magnification was used to measure the thickness of the
entire cross-section, of the upper and lower epidermis and of the spongy and palisade mesophyll and
the width and length of the vascular bundles of the leaf blade (Figure 1c–d). A 10x magnification was
used for the petioles. The petiole measurements involved total leaf petiole thickness, thickness of the
upper and lower epidermis and the width and length of vascular bundles on cross-sections.

To determine the level of photosynthetic pigments, the spectrophotometric method by Lichtenthaler
and Buschmann [17] was used. Tissue samples of 200-mg fresh weight from the collected plant
material (leaf blades of moderate age) were dissolved in 80% acetone. The absorbance was measured
at the following wavelengths (λmax) with a Helios Alpha UV/VIS spectrophotometer (Unicam
Ltd., Cambridge, Great Britain) to determine chlorophyll a, b and carotenoid contents: chlorophyll
a—663.2 nm; chlorophyll b—646.8 nm; carotenoids—470 nm. The contents of photosynthetic pigments
were calculated using equations of the method: chlorophyll a (ca) (µg/mL) = 12.25 A663.2 − 2.79 A646.8,
chlorophyll b (cb) (µg/mL) = 21.50 A646.8 − 5.10 A663.2, carotenoids (µg/mL) = (1000 A470 − 1.82 ca −

85.02 cb)/198 (where A is the absorption level).

2.3. Statistical Analysis

All collected data were subjected to statistical analysis using Statistica software version 13 (TIBCO
Software Inc., Palo Alto, CA, USA). The effects of the treatments were tested for significance using an
analysis of variance (ANOVA). The effects of light quality, BA content and the interactions between
them were evaluated at two levels of significance: p ≤ 0.05 and p ≤ 0.01. The Duncan post hoc multiple
range test was used to separate significantly different means and to provide homogeneous groups for
the means (at p ≤ 0.05). Additionally, a correlation analysis was performed to determine the strength
of relationships between photosynthetic pigment content and anatomical features (stomata features
and leaf cross-sections).

3. Results

Treatments with lights of different qualities and BA concentrations influenced the assessed
parameters of the gerbera leaves (Table 1). Different light qualities applied during in vitro shoot
multiplication of gerbera changed the thickness of leaf blades and petioles (except for width of
vascular bundles) and the level of photosynthetic pigments. Light spectrum also considerably affected
the stomata frequency on the abaxial epidermis, their area and width. Different BA concentrations
influenced the length and width of stomata (and pore) and the thickness of tissues measured in the
leaf cross-section. The two-factor analysis showed significant differences in stomatal features and
anatomical structure and no differences in the level of photosynthetic pigments.

Table 1. Significant impact of light quality and 6-benzyladenine (BA) concentration in the medium and
their interactions on the measured parameters of gerbera leaves grown in vitro.

Main Effects: Light Quality × BA Light Quality BA

Stomata features

Stomata frequency *** 1 *** n.s.
Stomata area *** *** n.s.

Stomata length *** n.s. n.s.
Stomata width *** *** **

Pore length *** n.s. **
Pore width *** *** **

Anatomical structure of blade

Total thickness *** *** ***
Adaxial epidermis *** *** **
Abaxial epidermis n.s. *** n.s.
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Table 1. Cont.

Main Effects: Light Quality × BA Light Quality BA

Palisade mesophyll *** *** ***
Spongy mesophyll *** *** ***

Vascular bundles width ** *** ***
Vascular bundles height n.s. *** ***

Anatomical structure of petiole

Total thickness *** *** **
Adaxial epidermis *** *** n.s.
Abaxial epidermis *** *** ***

Vascular tissues width *** n.s. ***
Vascular tissues height *** *** n.s.

Photosynthetic pigments level

Chlorophyll a n.s. *** n.s.
Chlorophyll b n.s. *** n.s.
Carotenoids n.s. *** n.s.

1 Significant effect: ** p ≤ 0.05; *** p ≤ 0.01; n.s. not significant.

3.1. Stomata Features

Blue light (100% B) reduced the stomata frequency on the abaxial side of the leaf blade as compared
with the other light qualities (Figure 2, Table 2). When a red band (R, RB, Fl) was present in the light
spectrum, the leaves developed greater stomata frequency. In addition, in the leaves of plants grown
under the fluorescent control light (Fl), the stomata had a smaller area than those formed under the
other light combinations (Table 2). Increased area of the stomata was observed in the plants multiplied
under 100% blue or 100% red light. All the light spectra emitted by the LEDs, especially 100% red light,
enhanced the width of the pores but had no effect on their length.

Table 2. Characteristics of the stomata in gerbera leaves after 6 weeks of in vitro cultivation of shoots
depending on the quality of light and the concentration of BA in the medium.

Tested Feature
Stomata Pore

Mean Number Area (µm2) Length (µm) Width (µm) Length (µm) Width (µm)

Light quality

B 1 22.00 ± 4.64 a 2 556.27 ± 114.83 bc 29.25 ± 3.14 ab 24.35 ± 3.16 b 17.08 ± 2.46 a 9.20 ± 1.84 b
RB 29.33 ± 4.12 b 513.31 ± 129.55 ab 28.36 ± 3.86 ab 23.39 ± 3.43 ab 15.92 ± 1.90 a 8.83 ± 2.38 b
R 31.33 ± 9.41 b 588.58 ± 121.20 c 30.10 ± 3.95 b 24.95 ± 2.60 b 17.21 ± 3.27 a 10.50 ± 2.54 c

Fl 1 30.44 ± 5.83 b 2 474.57 ± 56.24 a 27.88 ± 1.77 a 21.92 ± 1.84 a 16.02 ± 1.84 a 7.39 ± 1.48 a

BA concentrations (µM)

1 27.67 ± 5.25 a 563.09 ± 135.72 a 29.19 ± 3.53 a 24.78 ± 3.53 b 17.40 ± 2.26 b 9.62 ± 2.20 b
2.5 27.17 ± 6.06 a 511.21 ± 76.70 a 28.59 ± 2.41 a 23.06 ± 2.42 a 15.60 ± 1.79 a 8.13 ± 1.50 a
5 30.00 ± 9.62 a 525.25 ± 123.92 a 28.92 ± 4.00 a 23.11 ± 2.72 a 16.68 ± 2.94 ab 9.19 ± 2.94 b

1 B—100% blue LED (430 nm); RB—combination of red (70%) and blue (30%) LED; R—100% red LED (670 nm);
Fl—control, fluorescence Philips TK-D 36W/54 lamps. 2 Means ± standard deviations within a column followed by
the same letter are not significantly different according to Duncan’s multiple range test at p ≤ 0.05.

The lowest concentration of BA (1 µM) in the growth medium triggered the development of wider
stomata more than higher BA levels. The length and width of the pore were the smallest in the medium
containing 2.5 µM BA. Medium cytokinin content had no statistically important effect on the number,
area and length of the stomata.

In plants cultivated under 100% red light, the number and area (length and width) of stomata
increased along with growing concentration of BA in the medium. The highest stomata frequency was
detected in plants under 100% red light grown in the medium with 5 µM BA (Table S1). These stomata
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had also the largest surface area of all the other combinations. An inverse relationship was noted under
100% blue light, where increasing BA concentration caused the surface area of the stomata to decrease.Agronomy 2020, 10, x FOR PEER REVIEW 6 of 15 
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Figure 2. Abaxial side of a leaf blade in vitro with stomata after 6 weeks of shoot multiplication in
the medium with 5 µM BA, under different light qualities. B—100% blue light-emitting diode (LED);
RB—mixed red and blue LED (7:3); R—100% red LED; Fl—control, white fluorescent light; visible area,
500 × 500 µm; ec—epidermal cells; s—stomata; scale bar, 100 µm.

3.2. Leaf Anatomical Structure

Figures 3 and 4 and Table S2 show the effects of light quality on the anatomical parameters of the
leaves. Plants multiplied under 100% blue light and a mixture of blue and red light (7:3 RB) developed
the thickest leaf blades, while those exposed to RB LED and control (Fl) light had the thickest petioles.
The thinnest epidermis, both in the leaf blades and petioles, was detected in the leaves developing
under RB light. In the case of petioles, thin epidermis was also seen under 100% red light. Research
has shown that the spongy mesophyll is the most important factor determining total leaf thickness.
The palisade mesophyll was the thickest in the leaves exposed to B and RB light, while the spongy
mesophyll layer was the widest under 100% blue light.
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Figure 3. Anatomical structure of gerbera leaves grown under different light conditions and in the
medium containing 5 µM BA; (a) leaf blade cross-section, (b) petiole cross-section; B—100% blue LED,
RB—mixed red and blue LED (7:3); R—100% red LED; Fl—control, white fluorescent lamp; scale bar,
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3.3. Photosynthetic Pigment Content 

Different light quality affected the level of photosynthetic pigments in gerbera leaves. The 
leaves of shoots multiplied under 100% red light, and a mixture (7:3) of red and blue light featured 
the highest content of photosynthetically active pigments (chlorophyll a, b and carotenoids) (Figure 
6, Table S6). 

In addition, apart from a strong positive correlation between synthesis of chlorophyll a and b 
and a moderate positive correlation between the levels of chlorophyll a and carotenoids, we detected 
a weak negative correlation between chlorophyll a and b levels and thickness of the spongy 
mesophyll of leaf blades (Table 3). 

Figure 4. Characteristics of gerbera leaf anatomy: (a) blade and (b) petiole structure after 6 weeks of
in vitro cultivation of shoots depending on the quality of light; B—100% blue LED; RB—mixed red
and blue LED (7:3); R—100% red LED; Fl—control, white fluorescent lamp; tissue thickness in µm;
mean values are presented with standard deviation bars; columns followed by the same letter are not
significantly different according to Duncan’s multiple range test at p ≤ 0.05.

The cross-section of the leaf blade vascular bundles was usually two times smaller than that
of the petioles. We also noticed that in plants growing under LED (all combinations: R, B and RB),
the vascular bundles in the leaf blades were larger than those under the control light (Fl). A reverse
relationship was detected in the petioles, where the largest vascular bundles developed under the
control light (Fl).

Increasing BA concentration in the medium resulted in thickening the leaf blades (Figure 5
and Table S3), a pattern that was not confirmed in the petioles. Leaf blades of shoots propagated
in the medium supplemented with 5 µM BA developed palisades and spongy mesophylls of the
greatest thickness and vascular bundles with the largest cross-section as compared with lower BA
concentrations (1 and 2.5 µM).
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Figure 5. Characteristics of gerbera leaf anatomy: (a) blade and (b) petiole structure after 6 weeks of
in vitro cultivation of shoots depending on BA concentration in the medium—1, 2.5 or 5 µM; tissue
thickness in µm; mean values are presented with standard deviation bars; columns followed by the
same letter are not significantly different according to Duncan’s multiple range test at p ≤ 0.05.

Detailed analysis (Tables S4 and S5) revealed the thickest leaf blades in the plants multiplied
under blue light (100% B) in the presence of 5 µM BA (Table S4). For each tested light spectrum, the
highest concentration of BA (5 µM) increased the thickness of the leaf blade, while control fluorescent
light and 1 µM BA reduced the blade volume. Again, the pattern observed in the leaf blades was not
confirmed in the petioles. The thickest leaves developed at 2.5 µM BA, except for 100% blue light.

3.3. Photosynthetic Pigment Content

Different light quality affected the level of photosynthetic pigments in gerbera leaves. The leaves
of shoots multiplied under 100% red light, and a mixture (7:3) of red and blue light featured the highest
content of photosynthetically active pigments (chlorophyll a, b and carotenoids) (Figure 6, Table S6).

In addition, apart from a strong positive correlation between synthesis of chlorophyll a and b and
a moderate positive correlation between the levels of chlorophyll a and carotenoids, we detected a
weak negative correlation between chlorophyll a and b levels and thickness of the spongy mesophyll of
leaf blades (Table 3).

Table 3. Map of the correlations between the level of photosynthetic pigments and other investigated
parameters of gerbera leaves grown under different qualities of LED light and in the media with
different concentrations of BA.

Tested Features:
r ≥ −1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1

Chlorophyll a Chlorophyll b Carotenoids

Photosynthetic pigments
chlorophyll a 1.000000 0.888045 0.588219
chlorophyll b 0.888045 1.000000 0.711361
carotenoids 0.588219 0.711361 1.000000

Stomata features
stomata width −0.047408 0.145536 0.268465

pore width 0.142891 0.304001 0.416299
Leaf anatomical structure

blade spongy mesophyll −0.314132 −0.243908 −0.007865
blade vascular tissue hight −0.061806 0.026109 0.264615
petiole adaxial epidermis −0.299653 −0.325324 −0.324174
petiole abaxial epidermis −0.227974 −0.323510 −0.473888

petiole vascular bundles height −0.039401 −0.121789 −0.423516

Colors show the strength of correlation. Red indicates the presence of correlation; p ≤ 0.05.
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Figure 6. The level of photosynthetic pigments in gerbera leaves multiplied for 6 weeks under different
quality of light (B—100% blue LED; RB—mixed red and blue LED (7:3); R—100% red LED; Fl—control,
white fluorescent lamp) and different concentrations of BA in the medium; mean values are presented
with standard deviation bars; columns followed by the same letter are not significantly different
according to Duncan’s multiple range test at p ≤ 0.05.

4. Discussion

Our study demonstrated a complex pattern of leaf responses to different light conditions in an
in vitro culture. The responses involved morphological, anatomical (tissue and cell structure) and
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biochemical (e.g., photosynthetic pigment content) changes [11,12,18–21]. By setting specific light
conditions for a given species and development stage in an in vitro culture, it is possible to modify the
quantitative and qualitative parameters of plants, such as the number of new shoots, plant height, shape,
color and active substance content and, particularly, the features and parameters of the leaves. After
rooting the shoots multiplied in vitro, the physiological condition and proper structure of the leaves
should ensure efficient plant adaptation to the environmental conditions and its further proper growth
and development. Poor survival rates during acclimatization are often associated with inappropriate
external conditions during micropropagation. This may cause poor morphological and anatomical
development of the leaves, malfunctioning of stomata, excessive water loss and poor photosynthetic
capacity [22].

The stomata allow the plant to perform gas exchange. The greater their number, the more
effective and faster gas exchange is. Depending on the environmental conditions, the stomata vary
not only in terms of their number but also their size, shape and degree of opening [23]. All these
features affect stomatal conductance to CO2 diffusion [24]. In in vitro conditions, stomata are often
round and wide open [23]. It is also known that intensely-growing plants develop a smaller number
of larger stomata [25,26]. This was not confirmed in our study as under RB light, where gerbera
shoot multiplication rate was the highest [11], the stomata frequency was not lower than under light
combinations providing a lower multiplication rate. Similarly, stomata in the leaves developed under
RB light did not have a larger area. Some authors indicate a negative correlation between stomata
frequency and stomata size [24,25]. In our study, this correlation was not confirmed for 100% red
light. Gerbera shoots grown under 100% red LED light had an increased surface area, and those in
the medium with 5 µM BA had the highest stomata frequency on the abaxial side of the leaf blade.
Contrary to that, 100% blue light was conducive to larger and less numerous stomata. Similar results
were published for Alternanthera brasiliana [27], where blue light decreased the stomata frequency on
the abaxial side of the leaf blade. Weng et al. [8] tested stomatal frequency under different R/B ratios
for lettuce grown in the controlled environment of a hydroponic system. They found the greatest
stomata frequency in lettuce cultivated under 100% red LED light, both on the abaxial and adaxial leaf
surfaces. Kim et al. [25] reported the highest stomata frequency in Chrysanthemum exposed to LED
lights: blue + far red and 100% red. This was confirmed in our study, as the presence of red light in the
spectrum during multiplication increased the stomata frequency in gerbera leaves. This suggests the
necessity of including red light in the light spectrum employed during gerbera micropropagation. The
greater number of stomata will probably improve gas exchange and intensify photosynthesis and, thus,
facilitate acclimatization. Leaves developed under 100% R, especially in the medium supplemented
with 5 µM BA, had stomata with a larger area. The increased surface of the stomata was also observed
in plants grown under blue LED light (100% B). Heo et al. [28] found the smallest stomata in sage
leaves multiplied under blue LED light, but the quality of light had no effect on the size of stomata in
marigold. In our study, the fluorescent light reduced the surface area of stomata as compared to light
emitted by all LED combinations. Contrary to that, Kim et al. [25] reported the same size of stomata in
chrysanthemum leaves exposed to LED (R or B) lamps and fluorescent lamps. The mixed spectrum of
RB resulted in stomata of a larger diameter. The size of the stomata is important for the entire plant
performance, as their geometry, together with limitations regarding the number of stomata per leaf
area, mean that leaves with large stomata usually show lower maximum capacity of CO2 absorption.
Smaller stomata might be beneficial as they may be capable of a faster response to environmental
stimuli than the larger ones. However, this feature seems species-specific [29]. In all probability, the
size of stomata during shoot multiplication and rooting does not translate into their size at later stages
of clonal propagation. This was confirmed by our observation that subsequent rooting of shoots under
this light in acclimatized plants resulted in the formation of stomata with the smallest surface area [12].
Despite some literature reports on the relationship between stomata parameters and light quality, plant
response is, in fact, highly specific.



Agronomy 2020, 10, 1832 11 of 15

The anatomical structure of leaves grown under fluorescent lamps traditionally used in in vitro
cultures is different than that of plants growing in vitro under LED light [30,31], which indicates
another advantage of energy-saving LEDs that do not change the leaf anatomy, as compared with
plants exposed to traditional light conditions. Studies on micropropagation of gerbera revealed that
vascular bundles in the leaf blades treated with fluorescent light had a smaller diameter than those
in the leaves exposed to different LED light compositions. This enlarged diameter might be deemed
positive, as it facilitates the downstream transport of assimilates and upstream transport of water
and minerals. Additionally, the vascular bundles enhance plant robustness. There is no available
information on the effects of light quality on the size of vascular bundles, but Fryer et al. [32,33]
demonstrated their different diameters in Arabidopsis thaliana treated with lights of different intensities.
Differences in the thickness of leaf blades are usually due to the content share of mesophyll affected by
the applied light spectrum [30,31], which has the greatest impact during leaf expansion [34]. Mesophyll
structure is related to the specific light spectrum used in in vitro culture. Palisade mesophyll allows
for better penetration of light inside the chloroplasts, while spongy mesophyll enhances light capture
by scattering light [27]. Leaf blades of gerbera shoots developed under LED light that contained
blue spectrum (100% B or RB: 7/3) produced thicker palisade and spongy mesophyll. The thinnest
leaves were observed in plants developed under light containing only the red LED spectrum (100% R).
These findings were confirmed in a study by Macedo et al. [27], in which blue LED light increased the
thickness of palisade vs. spongy mesophyll in Alternanthera brasiliana L. Red light reduced the thickness
of both layers, with stronger suppression of the spongy mesophyll. In a traditional autotrophic
cultivation, this may be due to lowered photosynthetic activity, as indicated by different studies [35–38].
Development of thinner leaf blades is also attributed to enhanced sharing of red light in relation to far
red [39–41] but may be also due to reduced sharing of blue light in the applied light spectrum [42].
The lower thickness of leaf blades noted under red light can be explained as the plant response to
radiation stress [43], and perceived as a protective mechanism manifested in the reduced number and
size of cells, as determined for Pisum sativum L. [44], or as an adaptation of leaf structure to radiation,
as observed in Cucumis sativus L., Phaseolus vulgaris L. and Raphanus sativus L. [45].

During micropropagation, the thickness of the epidermis depends on the quality of light and the
content of growth regulators in the medium. By controlling these external conditions, it is possible to
balance the negative effects of high humidity inside the culture vessel on epidermal thinning. Mixed
LED RB light, applied during multiplication of axillary shoots of gerbera, reduced the thickness of both
the lower and upper epidermis of leaf blades, which is probably undesirable. However, simultaneous
reduction in BA to 1 and 2.5 µM under this light increased the thickness of the upper epidermis.
Fukuda et al. [46] demonstrated the effects of light quality on the elongation growth of epidermal
cells. Epinasty in Geranium leaves was controlled by blue light, which stimulated elongation growth of
adaxial epidermis cells.

From a practical perspective, it is essential to determine the external conditions of the culture to
obtain the best possible parameters of leaves at subsequent stages of in vitro reproduction. Gerbera
leaf blades were the thickest when the LED spectrum contained blue light (B, RB), and the thickest
petioles developed under mixed RB or control fluorescent light. Therefore, to achieve the greatest
thickness of leaf blades and petioles, it is recommended to use RB LED light. The effects of light during
micropropagation can be altered by modifying cytokinin concentration in the medium. Increasing
concentrations of BA in the medium (1, 2.5 and 5 µM) positively affected thickness of leaf blades and
negatively affected that of leaf petioles. In conclusion, axillary shoots of gerbera grew leaves (blades
and petioles) of the best quality under LED RB (7:3) in the medium containing 2.5 µM BA. Earlier
studies demonstrated the highest shoot multiplication rate under these light conditions (RB) [11].

The spectral quality of light during plant growth and development affects the synthesis and
degradation of photosynthetic pigments, which is related to plant adaptability [47]. Studies in different
plant species indicated positive effects of LED emitted light on the synthesis of photosynthetic pigments.
In gerbera cv. Big Apple and Dura, these effects were the most pronounced under RB LED [11,12], and
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in cv. Rui Kou, under 100% R and 100% B [48]. Additionally, in these experiments, gerbera reproduced
under LED containing red light spectrum (R and RB) had increased content of chlorophyll a, b and
carotenoids. A higher level of photosynthetic pigments in the leaves of in vitro cultivated plants will
facilitate their acclimatization and the switch to autotrophy.

The correlation between the levels of chlorophyll a and b and thickness of spongy mesophyll is
probably associated with localization of the pigments. They are located in the chloroplasts of spongy
mesophyll responsible for capturing light, while vertically elongated palisade cells allow for deeper
penetration of light inside the leaf [2]. This correlation is negative—in plants with a thicker layer
of spongy mesophyll, synthesis of chlorophyll a and b also does not increase. It can be assumed
that the increasing thickness of the spongy mesophyll would not translate into a higher level of
photosynthetic pigments.

5. Conclusions

Evaluation of structural changes in a tissue or organ formed in vitro is of great value in discovering
the actual efficiency of organogenesis and the functioning of a new organ. Leaves show high phenotypic
plasticity in response to light conditions. Our study demonstrated that a mixture of blue and red
light provided by LED improved leaf quality during multiplication of gerbera shoots. Leaves of the
shoots multiplied under these conditions had more and greater stomata than under fluorescent light,
and vascular bundles were of a greater diameter. The leaves also had a thicker palisade and spongy
mesophyll as blue light enhanced their development. In in vitro conditions, the epidermal layers were
thin but can be strengthened by lowering the cytokinin level. This light composition also provided the
highest content of photosynthetic pigments.
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