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Abstract

Background: In vitro growth and development of plants in the micropropagation stages are influenced by several 
factors, including the light spectral quality, which has shown important effects on the photomorphogenesis. The 
work aimed to evaluate the photomorphogenic effect of spectral qualities on in vitro culture of Eucalyptus dunnii and 
Eucalyptus grandis × E. urophylla.

Methods: Six light spectral qualities (i.e., red, white, blue, yellow, purple, and green) on in vitro multiplication, 
elongation, and adventitious rooting stages were evaluated through analysis of variance followed by a Tukey’s test.

Results: White spectral quality was most adequate for in vitro multiplication of Eucalyptus dunnii and Eucalyptus 
grandis × E. urophylla, as it resulted in less tissue oxidation, longer shoot length, and more buds per explant. Red, 
blue and yellow spectral qualities increased the chlorophyll a, chlorophyll b, and total chlorophyll (a+b) leaf contents 
of Eucalyptus dunnii. To promote in vitro elongation, white spectral quality was most suitable for Eucalyptus dunnii, 
and yellow for Eucalyptus grandis × E. urophylla, as these resulted in more shoot length and shoots per explant. 
Red, white, blue and purple spectral qualities increased the stomatal density of Eucalyptus dunnii; while the white 
and yellow were the better for Eucalyptus grandis × E. urophylla. To promote in vitro rooting, the white and yellow 
spectral qualities caused the best results for the Eucalyptus dunnii and Eucalyptus grandis × E. urophylla, with longer 
root length and more roots per explant. Eucalyptus dunnii showed reduced adventitious rooting, regardless of 
spectral quality.

Conclusions: Light quality influence the morphophysiological responses of Eucalyptus in different stages of in vitro 
culture. Our results contribute to maximise the in vitro cloning of important eucalypts species. 
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to adverse environmental conditions and are resistant 
to biotic factors, thus ensuring greater productivity 
and fulfilment of the demand for more wood and other 
products (Abiri et al. 2020).

Among vegetative propagation techniques, 
micropropagation has been considered a tool in the 
production of clonal plants on a commercial scale, 

Introduction
Species of Eucalyptus have a great economic importance 
due to their potential to provide feedstock, fuelwood 
and wood for industrial purposes, being grown in large-
scale commercial forests (Carrillo et al. 2018). In Brazil, 
eucalypts forests are mainly made up of clonal varieties 
bred from superior genotypes that are better adapted 
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since it enables the mass multiplication of vegetative 
propagules in a short time and in a small area (Molinari 
et al. 2021; Silveira et al. 2020; Ashrafzadeh & Leung 
2021). Nevertheless, in vitro growth and development 
of different species in micropropagation stages are 
influenced by several factors (Batista et al. 2018; 
Miranda et al. 2020; Faria et al. 2021; Faria et al. 2022).

One of the important factors for the morphogenesis 
of different plant tissues is the availability of light as an 
energy source for photoassimilation, carbon partitioning 
(Kölling et al. 2015), phenology (Nord & Linch 2009) 
and other important processes, therefore, variations 
in wavelength trigger different morphophysiological 
responses. Activation is dependent on genetic and 
epigenetic factors intrinsic to the species, as well as on 
their interaction for phenotypic expression (Gilmartin 
et al., 1990; He et al. 2011), however, this activation 
begins with the stimulation of photoreceptors that 
signal metabolic pathways causing direct effects on 
tissue cell division and differentiation (Gilmartin et al. 
1990). Studies of different light spectra on the in vitro 
propagation of eucalypts species, provide important 
information to large-scale production of clones with 
high phytosanitary quality and high vigor (Souza et al. 
2020a; Souza et al. 2020b).

Eucalypt micropropagation under different light 
qualities has been extensively studied showing positive 
results in plant health, inducing the increase of shoots 
and leaves (Souza et al. 2020a; Miranda et al. 2020), 
as well as seed germination (Rokich & Bell 1995). 
Besides, the use of cellophane plastic has shown to 
be a low-cost viable alternative as a filter for incident 
fluorescent light and providing the desired wavelength 
in micropropagation protocols (Souza et al. 2020b).

Consequently, we hypothesise that: (i) clones 
of Eucalyptus dunnii and Eucalyptus grandis × E. 
urophylla would respond similarly to light spectra; and  
(ii) different light spectra would trigger large differences 
in morphophysiological features. In this context, the 
study evaluated the effect of spectral quality on in vitro 
multiplication, elongation and adventitious rooting 
stages for both clones.

Methods

Plant material and in vitro multiplication
Selected plants of Eucalyptus dunnii Maiden and 
Eucalyptus grandis W. Hill ex Maiden × Eucalyptus 
urophylla S. T. Blake (known as urograndis eucalypt) were 
used to obtain the explants. The plants were donated 
by the Institute of Forestry Research and Studies (IPEF, 
Brazil). Clusters of buds (i.e., explants), were previously 
in vitro established and maintained for 60 d in Wood Plant 
Medium (WPM) (Lloyd & McCown 1981), supplemented 
with 30 g L-1 of sucrose. Clusters with four buds  
(i.e., explant) were subcultured in glass flasks of 250 mL 
(6.0 × 7.0 cm, diameter × height) containing 50 mL of WPM 
supplemented with 0.5 mg L-1 of 6-benzylaminopurine 
(BAP), 0.05 mg L-1 of α-naphthaleneacetic acid (NAA), 
and 20 g L-1 of sucrose.

Explants were kept in a growth room at 24°C  
(± 1°C) with a 16-h photoperiod using two 0.60-m 
cool-white Philips T10 fluorescent light bulbs with 20 
W power each and 6400-6500 K colour temperature. 
The irradiance of the two light bulbs combined  
(40 μmol m-2 s-1) was measured with a photoradiometer 
model QSO-S Procheck + Sensor-PAR Photon Flux 
(Decagon Devices, Pullman, Washington, USA). Sixty days 
after inoculation, percentage of tissue oxidation (Souza 
et al. 2020b), shoot length per explant (cm), number of 
buds per explant, and photosynthetic pigment content 
[carotenoids, chlorophyll a, chlorophyll b, and total 
chlorophyll (a+b)] were evaluated.

The experiment was conducted as a completely 
randomised design with a factorial arrangement (2 × 6), 
testing two clones (i.e., Eucalyptus dunnii and Eucalyptus 
grandis × E. urophylla), and six spectral qualities (i.e., 
red, blue, green, purple, yellow, and white - control). Five 
explants were cultured per glass flask (experimental 
units), totaling twenty repetitions. Photosynthetic 
pigments analysis was performed randomly in three 
repetitions per treatment.

In vitro elongation
The in vitro elongation experiment followed the same 
protocols as the multiplication experiment, only differing 
on the number of explants per glass flask (experimental 
units), being three in the former and five in the latter. The 
in vitro elongation experiment had twelve repetitions 
per treatment.

Shoots measuring 1-cm in length (i.e., explant), from 
the multiplication stage, were inoculated in glass flasks 
of 250 mL (6.0 × 7.0 cm) containing 50 mL of WPM 
culture medium supplemented with 0.5 mg L-1 NAA,  
0.05 mg L-1 BAP, and 20 g L-1 of sucrose. Thirty-five days 
after inoculation, tissue oxidation percentage, shoot 
length per explant (cm), number of shoots per explant, 
and leaf anatomical features [i.e., adaxial and abaxial 
epidermal thickness (µm), spongy parenchyma thickness 
(µm), palisade parenchyma thickness (µm), and stomatal 
density (mm2)] were evaluated. Histological analysis was 
performed randomly in three repetitions per treatment.

In vitro adventitious rooting
Microcuttings (i.e., elongated shoots 2-cm-long) were 
inoculated in glass flasks of 250 mL (6.0 × 7.0 cm) 
containing 50 mL of WPM culture medium supplemented 
with 1.0 mg L-1 NAA, 0.5 mg L-1 of indole-3-butyric acid 
(IBA), 0.05 mg L-1 BAP, and 20 g L-1 of glucose and kept 
in a growth room. Thirty-five days after inoculation, 
rooting percentage, root length per explant (cm), and 
number of roots per explant were evaluated. Twenty 
explants considered elongated (> 3.0 cm) were selected 
and sectioned and kept per glass flask (experimental 
units), totaling twenty repetitions, and the experimental 
design was the same as in previous experiments  
(i.e., in vitro multiplication and elongation).

Culture medium preparation
The culture media used in all experiments were prepared 
with deionised water, adding 6 g L-1 of agar, and the 



pH was adjusted to 5.80 ± 0.05 with NaOH (0.1 M) or  
HCl (0.1 M) before autoclaving at 121°C (1.0 kgf cm-2) for 
20 min.

Spectral quality
Spectral qualities red, blue, yellow, purple and green 
were provided, under all growth stages, by filtering the 
light output of the fluorescent light bulbs through double 
sheets of cellophane (Souza et al. 2020a) replaced every 
cycle. The light spectra were measured using a SPECTRA 
PEN Z850 portable spectrophotometer (Qubit Systems, 
Kingston, Ontario, USA). The spectra of each light source 
used in this experiment are shown in Figures 1A-F.

Analysis of photosynthetic pigments
Contents of photosynthetic pigments [carotenoids, 
chlorophyll a, chlorophyll b, and total chlorophyll (a+b)] 
were evaluated in the in vitro multiplication stage. The 
extraction was performed according to the method 
adapted from Lichtenthaler (1987). In a partially dark 
environment, 25 mg of leaf tissue was randomly collected 
in biological triplicate from explants from different 
flasks. A volume of 2.5 mL of dimethyl sulfoxide (DMSO) 
solution was pipetted into each sample and stored in 
the dark for 48 h. The absorbance (A) of the pigment 
extracted from the leaves was read at 480 nm, 649 nm, 
and 665 nm in a spectrophotometer (ThermoScientific, 
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TABLE 1: Description of the study sites

FIGURE 1: Variations in the wavelength (nm) emitted by the fluorescent light bulbs and filtered through double sheets of 
cellophane (μW cm-2 nm-1). A = Red; B = Blue; C = Green; D = Purple; E = Yellow; F = White (no cellophane - control).



USA). Readings were performed in triplicate for each 
treatment. Chlorophyll and carotenoid contents were 
calculated following the equations described by 
Wellburn (1994): chlorophyll a = [(12.19 × A665) – (3.45 
× A649)]; chlorophyll b = [(21.99 × A649) – (5.32 × A665)]; 
and carotenoids = (1000 × A480 – 2.14 × Ca – 70.16 × 
Cb)/220. The results were expressed in µg of pigment 
per mg of leaf tissue fresh weight (µg mg-1).

Histological analysis
Anatomical variables adaxial and abaxial epidermal 
thickness, palisade parenchyma thickness, spongy 
parenchyma thickness, and stomatal density were 
evaluated. Leaf samples, randomly collected from 
different plants in the same flask, in biological triplicate, 
were fixed in 70% acetic acid formaldehyde (AAF) 
solution for 48 h and then kept in 70% ethanol. The 
samples were dehydrated using an increasing ethyl 
alcohol series (80, 90, and 100%) for 30 min in each 
solution, and then stored in a 100% ethanol:historesin 
(1:1) (Leica®) solution in a hot oven overnight. After 
this, the samples were embedded in pure hydroxyethyl 
methacrylate resin (Leica®). Using a manual rotary 
microtome and a razor, the blocks containing the samples 
were cross-sectioned at 7-µm thickness. The sections 
were stained with toluidine blue solution, mounted on 
histological slides, and coated with stained-glass varnish.
To obtain paradermal sections, the leaf samples were 
placed in a solution of sodium hypochlorite and distilled 
water (1:1) for 24 h so that tissue dissociation could 
occur. Then the tissues of the abaxial side were removed, 
stained with 1% safranin solution, and mounted on 
histological slides. The histological slides of the cross-
sections and paradermal sections were observed under 
a Zeiss® light microscope and photomicrographed with 
an AxionCam ERc5s digital camera at micrometric scale 
using 20× and 40× objective lenses.

The thickness of the adaxial and abaxial epidermis, 
palisade parenchyma, spongy parenchyma, and total leaf 
blade tissues were measured at micrometric scale using 
the programs AxioVision version 4.8 and ImageJ at three 
different points of three photomicrographs from each 
treatment, the means of which were taken for analysis. 
The thickness of the midrib was also measured in three 
photomicrographs from each treatment to obtain a 
final mean. The thickness of the polar and equatorial 
diameter of stomata was measured in the five most 
homogeneous stomata in three photomicrographs from 
each treatment, from which the mean was calculated. The 
stomatal density was calculated as the ratio between the 
mean number of stomata and the mean area of the image 
present in three photomicrographs from each treatment.

Experimental design and data analysis
Statistical analyses were performed in R software, 
version 3.0.3 (R Core Team 2018), using the ExpDes 
package, version 1.1.2 (Ferreira et al. 2013). The variables 
that did not show a normal distribution according to the 
Shapiro-Wilk’s test (p > 0.05) were arcsine-transformed. 
Heteroscedasticity was evaluated using Bartlett’s test 
(p > 0.05). Response variables to the treatments were 
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subjected to analysis of variance (ANOVA, p < 0.05) 
followed by Tukey’s test (p < 0.05).

Results

Effect of spectral quality on in vitro multiplication
In the in vitro multiplication stage, there were 
significant effects of clones and spectral quality on 
morphophysiological features, 60 d after starting the 
in vitro culture (p < 0.05) (Figures 2A-E). The results 
indicated generally high percentages of phenolic 
oxidation of tissues across all treatments, although this 
did not prevent the development of explants of Eucalyptus 
dunnii (52.5% oxidation) or Eucalyptus grandis × E. 
urophylla (56.6% oxidation) (Figure 2A). The spectral 
qualities used had different effects on explant oxidation 
(there was not an interaction between clone and spectral 
quality), and the lowest tissue oxidation was observed 
with the white spectral quality (30.0%), which differed 
significantly from the other treatments (Figure 2B).

For shoot length, explants of Eucalyptus grandis ×  
E. urophylla (1.1 cm) (Figure 2C) and explants from the 
white (1.2 cm) and blue (1.3 cm) spectral quality groups 
(Figure 2D) had the highest means, which differed 
significantly from the other groups. Explants of the 
Eucalyptus grandis × E. urophylla clone showed a higher 
number of buds than Eucalyptus dunnii under all the 
spectral qualities evaluated (Figure 2E). Regarding the 
best results obtained with the different spectral qualities, 
the white spectrum resulted in the most buds per explant 
(11.2 buds) for Eucalyptus dunnii, differing significantly 
from the green light; while the blue for Eucalyptus 
grandis × E. urophylla (25.7 buds), differing significantly 
from the red light (Figure 2E). The appearance of the 
explants of Eucalyptus dunnii and Eucalyptus grandis ×  
E. urophylla with regard to the morphological traits 
studied during their in vitro multiplication is shown in 
Figure 3.

Regarding the levels of the photosynthetic pigments 
studied, there was a difference in the response between 
Eucalyptus dunnii and the urograndis eucalypt with 
spectral qualities during the in vitro multiplication stage 
(Figures 4A-E). Only main effects were significant for 
carotenoid content, while for chlorophyll a, b, and total 
(a+b) there was clone and spectral quality interaction. 
The highest carotenoid content was observed in 
Eucalyptus dunnii (0.24 µg mg-1), which differed 
significantly from Eucalyptus grandis × E. urophylla 
(0.11 µg mg-1) (Figure 4A). The blue and yellow spectral 
qualities resulted in the highest carotenoid content  
(0.20 µg mg-1), but there was no significant difference 
from the other treatments (Figure 4B). For the 
chlorophyll a (Figure 4C), chlorophyll b (Figure 4D), 
and total chlorophyll (a+b) (Figure 4E) contents, the 
Eucalyptus dunnii also showed higher levels than 
Eucalyptus grandis × E. urophylla. Regarding the spectral 
qualities analysed, red, blue, and yellow resulted in the 
highest chlorophyll (a+b) content for Eucalyptus dunnii 
(Figure 4E), while for Eucalyptus grandis × E. urophylla, 
no difference was observed between the light sources 
(Figures 4C, 4D, and 4E).
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FIGURE 2: Morphological features measured during the in vitro multiplication stage of Eucalyptus dunnii and Eucalyptus 
grandis × E. urophylla under different spectral qualities [i.e., red (RE), white (WH), blue (BL), yellow (YE), 
purple (PU), and green (GR)] at 60 d. (A) Oxidation percentage according to clone (n = 240, p-value = 0.512); 
(B) = Oxidation percentage according to spectral quality (n = 240, p-value = 0.014); (C) Shoot length per 
explant (cm) according to clone (n = 240, p-value = 0.001); (D) Shoot length (cm) according to spectral 
quality (n = 240, p-value = 0.001); and (E) Number of buds per explant (n = 240, p-value = 0.001). (A-D) 
Means followed by the same letters do not differ significantly at p < 0.05. (E) Means followed by the different 
uppercase letters represent significant differences when comparing different clones given the same spectral 
quality, and different lowercase letters represent significant differences when comparing spectral quality 
within the same clone at p < 0.05. Error bars represent the standard error of the mean.



Effect of spectral quality on in vitro elongation
Under the experimental conditions used during the 
in vitro elongation stage, only the main effect of clone 
(Figure 5A) but not light spectra (Figure 5B) or their 
interaction were significant on tissue oxidation. However, 
the factors had different effects on shoot length (Figure 
5C) and number of shoots per explant (Figure 5D).

The oxidation percentage differed between Eucalyptus 
dunnii and the urograndis eucalypt, being the lowest 
values observed in Eucalyptus dunnii (38.0%) (Figure 
5A). There was no significant difference in oxidation 
percentage between the different spectral qualities 
(Figure 5B). Eucalyptus dunnii had the greatest shoot 
length when grown under white light (3.1 cm), differing 
significantly from the yellow, purple, and green groups 
(Figure 5C). In the Eucalyptus grandis × E. urophylla, 
the yellow spectral quality resulted in the highest mean 
shoot length (3.2 cm), significantly longer than that 
under the white, blue, and green lights (Figure 5C).

The highest number of shoots per explant (9.4 shoots) 
was observed in the white light for Eucalyptus dunnii, 
only differing with the blue light (Figure 5D). In contrast, 
in the Eucalyptus grandis × E. urophylla clone, the best 

results were observed with the green (16.3 shoots), blue 
(13.6 shoots), and yellow (13.4 shoots) lights (Figure 
5D). The appearance of the explants of Eucalyptus dunnii 
and Eucalyptus grandis × E. urophylla with regard to 
morphological traits during in vitro elongation is shown 
in Figure 6.

The two clones showed statistical difference when 
analysing the anatomical features in the histological 
sections, in response to different spectral qualities 
during the elongation stage (Figures 7A-H). The highest 
means for the adaxial (Figure 7A) and abaxial (Figure 7C) 
epidermal thickness and spongy parenchyma thickness 
(Figure 7E) were observed for the Eucalyptus dunnii 
clone (11.98, 10.69, and 64.63 µm, respectively), which 
differed significantly from the means in Eucalyptus 
grandis × E. urophylla clone (11.19, 9.46, and 51.75 µm, 
respectively). There was no significant difference in the 
variables between the spectral qualities (Figures 7B, 7D, 
and 7F).

The palisade parenchyma thickness (Figure 7G) 
and stomatal density (Figure 7H) were affected by the 
interaction between the factors (clones and spectral 
quality). Yellow light resulted in the thickest palisade 
parenchyma in Eucalyptus dunnii (41.65 µm), differing 
significantly from the red and green qualities (Figure 
7G). In contrast, there was no significant difference in 
the palisade parenchyma thickness of the Eucalyptus 
grandis × E. urophylla clone among light spectra (Figure 
7G).

Exposure to red, white, blue, and purple light 
resulted in the highest stomatal densities in Eucalyptus 
dunnii, significantly differing from those grown under 
the yellow and green qualities (Figure 7H). However, 
the highest stomatal density in Eucalyptus grandis ×  
E. urophylla was observed under white and yellow light, 
which differed significantly from red, blue, purple, and 
green (Figure 7H). The stomatal density on the abaxial 
surface of leaves of Eucalyptus dunnii and Eucalyptus 
grandis × E. urophylla explants is shown in Figures 8A-L.

Effect of spectral quality on in vitro adventitious 
rooting
There was no interaction between clones and spectral 
quality on the in vitro adventitious rooting stage of the 
Eucalyptus dunnii or Eucalyptus grandis × E. urophylla 
clones after 35 d (Figures 9A-F). The rooting percentage 
(Figure 9A), root length (Figure 9C), and number of roots 
per explant (Figure 9E) were all influenced by clones. 
It was observed that 98.0% of E. grandis x E. urophylla 
clone exhibited roots (average of 2.5 roots per explant 
measuring 4.0 cm), while E. dunnii presented 3.0% of 
explant with roots (average of 0.03 roots per explant 
measuring 0.20 cm).

Regarding the effect of spectral quality on the 
adventitious rooting percentage (Figure 9B) and number 
of roots per explant (Figure 9F), the highest values were 
observed under the yellow light (53.0% of rooting and 
1.5 roots per explant), but did not differ significantly 
from those under the other light sources. Regarding 
root length (Figure 9D), the use of white (2.4 cm) and 
yellow (2.7 cm) spectral qualities provided the highest 
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FIGURE 3: Visual characterisation of Eucalyptus dunnii 
(1) and Eucalyptus grandis × E. urophylla (2) 
explants on in vitro multiplication stage at 
60 d according to spectral quality (i.e., red, 
white, blue, yellow, purple, and green).
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FIGURE 4: Photosynthetic pigment contents measured after 60 d during the in vitro multiplication stage of Eucalyptus 
dunnii and Eucalyptus grandis × E. urophylla under different spectral qualities [i.e., red (RE), white (WH), blue 
(BL), yellow (YE), purple (PU), and green (GR)]. (A) Carotenoid content according to clone (n = 36, p-value 
= 0.001); (B) Carotenoid content according to spectral quality (n = 36, p-value = 0.222); (C) Chlorophyll a 
content (n = 36, p-value = 0.006); (D) Chlorophyll b content (n = 36, p-value = 0.007); and (E) Total chlorophyll 
(a+b) content (n = 36, p-value = 0.001). (A-B) Means followed by the same letters do not differ significantly 
by Tukey’s test at p < 0.05. (C-E) Means followed by the different uppercase letters represent significant 
differences when comparing different clones given the same spectral quality, and different lowercase letters 
represent significant differences when comparing spectral quality within the same clone at p < 0.05. Error 
bars represent the standard error of the mean.
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FIGURE 5: Morphological features measured after 35 d during the in vitro elongation stage of Eucalyptus dunnii and 
Eucalyptus grandis × E. urophylla under different spectral qualities [i.e., red (RE), white (WH), blue (BL), 
yellow (YE), purple (PU), and green (GR)]. (A) Oxidation percentage according to clone (n = 144, p-value = 
0.001); (B) Oxidation percentage according to spectral quality (n = 144, p-value = 0.329); (C) Shoot length 
per explant (cm) (n = 144, p-value = 0.003); and (D) Number of shoots per explant (n = 144, p-value = 0.001). 
(A-B) Means followed by the same letters do not differ significantly at p < 0.05. (C-D) Means followed by the 
different uppercase letters represent significant differences when comparing different clones given the same 
spectral quality, and different lowercase letters represent significant differences when comparing spectral 
quality within the same clone at p < 0.05. Error bars represent the standard error of the mean.

FIGURE 6: Visual characterization of Eucalyptus dunnii (1) and Eucalyptus grandis × E. urophylla (2) explants on in vitro 
elongation stage at 35 d according to spectral quality (i.e., red, white, blue, yellow, purple, and green).
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FIGURE 7: Anatomical features measured after 35 d during the in vitro elongation stage of Eucalyptus dunnii and 
Eucalyptus grandis × E. urophylla under different spectral qualities [i.e., red (RE), white (WH), blue (BL), 
yellow (YE), purple (PU), and green (GR)]. (A) Adaxial epidermis thickness according to clone (n = 36, p-value 
= 0.001); (B) Adaxial epidermis thickness according to spectral quality (n = 36, p-value = 0.058); (C) Abaxial 
epidermis thickness according to species (n = 36, p-value = 0.001); (D) Abaxial epidermis thickness according 
to spectral quality (n = 36, p-value = 0.061); (E) Spongy parenchyma thickness according to species (n = 36, 
p-value = 0.001); (F) Spongy parenchyma thickness according to spectral quality (n = 36, p-value = 0.070); (G) 
Palisade parenchyma thickness according to clone and spectral quality (n = 36, p-value = 0.001). (H) Stomatal 
density according to species and spectral quality (n = 36, p-value = 0.001). (A-F) Means followed by the same 
letters do not differ significantly by Tukey’s test at p < 0.05. (G-H) Means followed by the different uppercase 
letters represent significant differences when comparing different species given the same spectral quality, 
and different lowercase letters represent significant differences when comparing spectral quality within the 
same clone, by Tukey’s test at p < 0.05. Error bars represent the standard error of the mean.
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mean, differing significantly from the red and blue 
lights (Figure 9D). Thus, methods that aim to maximise 
rooting may become important strategies to be adopted 
in propagation systems. The appearance of rooted plants 
of Eucalyptus grandis × E. urophylla grown under the 
different light spectra and of Eucalyptus dunnii under the 
red spectral quality is shown in Figure 10.

Discussion

Effect of spectral quality on in vitro multiplication
Improving the micropropagation technique through 
the use for specific spectral qualities was studied in 
an attempt to establish efficient production systems 
of clonal plants for two eucalypts. Considering the 
established hypotheses, the results showed that clones 
generally responded differently to different wavelengths.
The light source used in the in vitro multiplication stage 
influenced the oxidation percentage, shoot length and 
number of buds per explant of both Eucalyptus dunnii 
and Eucalyptus grandis × E. urophylla clones, although 
with varying magnitudes (Figures 2A-E).

Lowest percentage of phenolic oxidation was 
observed under the white spectral quality for both clones 
(Figure 2B). In contrast, the use of white spectral quality 
resulted in greater oxidation in explants of Corymbia 
torelliana × C. citriodora (Souza et al. 2018). Tissue 
oxidation is a problem with the micropropagation of 
woody species, as reported in other studies (Oliveira et 
al. 2016; Souza et al. 2019; Souza et al. 2020b; Faria et al. 
2021; Faria et al. 2022; Souza et al. 2022). These results 
may be linked to internal environmental factors that 
affect the vigor of explants, where smaller flasks tend to 
have reduced carbon dioxide concentrations and high 
ethylene concentrations, and may also be affected by 
light irradiation, air temperature, and relative humidity 
(Tisarum et al. 2018; Chen et al. 2019; Souza et al. 2021).

The best result observed in Eucalyptus dunnii and 
Eucalyptus grandis × E. urophylla clones for shoot length 
was found under white and blue lights (Figure 2D). Due 
to the specificity of the wavelength, monochromatic light 
sources influence the photomorphogenic responses of 
explants grown in controlled environments, so they have 
emerged as a way to increase yield (Batista et al. 2018; 
Faria et al. 2019; Souza et al. 2022). Results described 
in the literature corroborate those found in this study, 
with spectral peaks of 450 nm in Populus euramericana 
(Kwon et al. 2015), Acer saccharum (Singh et al. 2017), 
Corymbia citriodora × C. torelliana (Souza et al. 2018), 
Eucalyptus grandis × E. urophylla (Souza et al. 2022) and 
Zingiber officinale (Gnasekaran et al. 2021) inducing 
more buds and greater shoot growth.

For the number of buds per explant, the white spectral 
quality provided the best results in the Eucalyptus dunnii 
clone, differing significantly from the green light (Figure 
2E). Many studies have shown the superiority of white 
light sources for in vitro plant development (Batista et 
al. 2018; Abiri et al. 2020), although responses vary. 
Genotypic differences in the in vitro development have 
also been reported in different clones of Eucalyptus, such 
as Eucalyptus grandis × E. urophylla (Souza et al. 2020a; 
Miranda et al. 2020), Eucalyptus benthamii (Brondani 
et al. 2018), and Eucalyptus globulus (Oliveira et al. 
2016). Thus, different results are observed for explants 
in the in vitro multiplication stage, the response varying 
according to the genotype and the culture conditions 
(e.g., spectral quality).

Eucalyptus dunnii had the highest levels of the 
photosynthetic pigments analysed [carotenoids, 
chlorophyll a and b, and total chlorophyll (a+b)] (Figures 
4A-E). The biosynthesis of carotenoids and chlorophyll 
a and b is influenced by the clones and cultivation 
conditions, and certain conditions may result in greater 
photosynthetic efficiency (Gupta & Karmakar 2017; 
Oliveira et al. 2021). In addition, the effect of different 
wavelengths on the biosynthesis of photosynthetic 
pigments may depend on the tissues of the examined 
plants (Tisarum et al. 2018; Jung et al. 2021). The red, 
blue and yellow spectral qualities resulted in higher 
chlorophyll (a+b) content in Eucalyptus dunnii, and no 
variation was observed for urograndis eucalypt (Figure 
4E). The primary photosynthetic pigments in higher 
plants, carotenoids and chlorophyll a and b, absorb 

FIGURE 8: Abaxial leaf epidermis of Eucalyptus dunnii 
(1) and Eucalyptus grandis × E. urophylla 
(2) explants after 35 d during the in vitro 
elongation stage according to spectral quality 
(i.e., red, white, blue, yellow, purple, and 
green). Bar = 50.0 µm.
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FIGURE 9: Morphological features measured on in vitro adventitious rooting of Eucalyptus dunnii and Eucalyptus grandis 
× E. urophylla under different spectral qualities [i.e., red (RE), white (WH), blue (BL), yellow (YE), purple (PU), 
and green (GR)] at 35 d. (A) Rooting percentage according to species (n = 240, p-value = 0.001); (B) Rooting 
percentage according to spectral quality (n = 240, p-value = 0.067); (C) Root length (cm) according to species 
(n = 240, p-value = 0.001); (D) Root length (cm) according to spectral quality (n = 240, p-value = 0.001); (E) 
Number of roots per explant according to species (n = 240, p-value = 0.001); Number of roots per explant 
according to spectral quality (n = 240, p-value = 0.074). Means followed by the same letters do not differ 
significantly by Tukey’s test at p < 0.05. Error bars represent the standard error of the mean.



certain wavelengths, especially blue and red, playing key 
roles in morphology control (Gupta & Karmakar 2017; 
Oliveira et al. 2021). The light absorption at specific 
wavelengths can promote a higher-energy state (Faria et 
al. 2019; Abiri et al. 2020). This excitation energy of the 
chlorophyll molecule can be used in the photochemical 
step, be lost in the form of heat, or cause damage to the 
photosynthetic apparatus, such as in the formation of 
blue free radicals (Abiri et al. 2020).

In Gerbera jamesonii, higher chlorophyll a and b 
contents have been observed under peak wavelengths of 
450 and 600 nm (Pawłowska et al. 2018), and in Stevia 
rebaudiana, the amount of carotenoids in shoots exposed 
to wavelengths of 450 and 600 nm were reportedly 
higher than those in shoots exposed to 450 nm (blue 
LED) (Ramírez-Mosqueda et al. 2017). Therefore, 
knowledge of the relationship between wavelengths and 
plant growth patterns in micropropagation can lead to a 
better understanding of the clones studied.

Effect of spectral quality on in vitro elongation
The effects of specific wavelengths on each clone are 
reflected in the photomorphological responses of 
propagules grown in controlled environments. This 
technology is emerging as a useful way to optimise shoot 
development and yield. Wavelength was found to be an 
important factor on in vitro elongation, having direct 
implications on oxidation, shoot length, and the number 
of shoots per explant in Eucalyptus dunnii and Eucalyptus 
grandis × E. urophylla (Figures 5A-D). The control of 
spectral quality is essential for plant cultivation, as it can 
optimise the photosynthetic rate and shoot development 
(Silva et al. 2017). Such optimisation was observed with 
the white light for Eucalyptus dunnii and the yellow light 
for Eucalyptus grandis × E. urophylla (Figure 5C).

Our findings are in line with the literature. Greater 
absorption of a broad light spectrum (450-600 nm) has 
induced a greater number of shoots and higher shoot 
development in Eucalyptus urophylla (Miranda et al. 

2020) and Populus euramericana (Kwon et al. 2015). The 
use of white or yellow light in crops can increase plant 
growth and yield, as it allows light to better penetrate 
the leaves, maximising the photosynthetic rate when 
compared to the use of blue and red monochromatic 
lights, as observed in Lippia rotundifolia (Hsie et al. 
2019). These studies show that plants need a broad light 
spectrum to optimise their photosynthetic processes, 
although such requirements vary by species.

On the analysed anatomical features, there was an 
influence of wavelength and clone after 35 d during 
the in vitro culture (Figures 7A-H). The highest values 
found for adaxial (Figure 7A) and abaxial (Figure 7C) 
epidermis thickness, spongy parenchyma thickness 
(Figure 7E), and palisade parenchyma thickness (Figure 
7G) were observed in Eucalyptus dunnii. However, the 
highest stomatal density was observed in the Eucalyptus 
grandis × E. urophylla (Figure 7H). The morphological, 
anatomical, and physiological responses of plants vary 
by genotype, which are translated into changes in growth 
and development to adapt to changes in environmental 
conditions (Cioć et al. 2019; Miranda et al. 2020; Souza 
et al. 2020a; Nery et al. 2021).

Among the spectral qualities used, there was a 
significant interaction effect only on the palisade 
parenchyma thickness (Figure 7G) and stomatal density 
(Figure 7H). The use of yellow light resulted in the 
highest palisade parenchyma thickness in Eucalyptus 
dunnii, differing from the red and green lights (Figure 
7G). Similar results, using a light source with a broad 
light spectrum, have been observed in Ajuga genevensis 
(Sahakyan et al. 2016), Abies × borisii-regis (Smirnakou 
et al. 2017) and Polygala paniculata (Nery et al. 2021). 
The adverse effect of red LEDs on plant development has 
been reported in Curculigo orchioides (Gupta & Sahoo 
2015). Kwon et al. (2015) observed a greater number of 
dividing parenchyma cells in Populus euramericana when 
subjected to treatment with red/blue light, resulting in 
greater shoot and leaf development. In addition, Macedo 
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FIGURE 10: In vitro rooted explants of Eucalyptus grandis × E. urophylla (left) under different spectral quality and 
Eucalyptus dunnii (right) under red light at 35 d. Bar = 1.0 cm.



et al. (2011) reported that the blue wavelength (450 nm) 
led to an increase in epidermal, mesophyll, and palisade 
parenchymal cell thickness in the in vitro culture of 
Alternanthera brasiliana.

Regarding the stomatal density in the analysed clones 
(Figure 7H), it was found that the red, white, blue, and 
purple spectral qualities provided the best results 
for Eucalyptus dunnii; and the white and yellow for 
Eucalyptus grandis × E. urophylla. Li et al. (2018) observed 
that yellow and blue LEDs were more advantageous than 
green LEDs for the morphology and anatomy of Solanum 
tuberosum plants. In plants of Capsicum chinense grown 
in pots under red light, thicker and differentiated 
epidermal and parenchymal cells were found (Santana-
Buzzy et al. 2005).

The wavelength of light influences the growth and 
development of plant cells, tissues, and organs, triggering 
different morphological and anatomical responses 
(Cioć et al. 2019; Miranda et al. 2020; Nery et al. 2021). 
Changes in the structural organisation of leaf cells can 
be observed at the anatomical level when plants are 
exposed to different environments, including different 
light spectra. These results are similar to those found by 
Souza et al. (2020b) in Eucalyptus grandis × E. urophylla 
explants under a broad light spectrum. Each spectrum 
can alter the expression levels of specific genes involved 
in the structural organisation of plant cells and in 
photosynthetic performance (Cioć et al. 2019; Silveira et 
al. 2020). In addition, studies show that exposure to red 
and green light leads to low stomatal conductance and 
that this is an ecological adaptation to avoid excessive 
leaf water loss (Aasamaa & Aphalo 2016).

Our morphological and anatomical results 
have important implications for the optimisation 
of the production of clonal plants through the 
micropropagation technique. The broad light spectrum, 
through the yellow and white light qualities, was found 
to be suitable for the in vitro elongation of explants in 
controlled environments.

Effect of spectral quality on in vitro adventitious 
rooting
Eucalyptus grandis × E. urophylla clone showed the 
best results of adventitious rooting (Figures 9A, 9C, 
and 9E). Adventitious rooting of Eucalyptus dunnii is 
a challenge in clonal propagation, varying from 3.0 to 
46.5% (Brondani et al. 2011; Oberschelp et al. 2015; 
Souza et al. 2019). In contrast, the Eucalyptus grandis × 
E. urophylla has shown 80.0 to 100.0% (Gallo et al. 2017; 
Souza et al. 2020b; Miranda et al. 2020). Some species, 
such as Hevea brasiliensis are considered difficult-to-
root because of the presence of an almost continuous 
cylinder of lignified tissue that, together with chemical 
barriers, hinder root emission (Almeida et al. 2017).

Under the different spectral qualities analysed, there 
was a significant difference between treatments only 
on the root length (Figure 9D), with the best results 
observed under the white and yellow lights. In Abies × 
borisii-regis explants, the best root development results 
were observed using a white light source (Smirnakou 
et al. 2017). In contrast, the rooting and survival 

percentages and the number of roots in Corymbia 
citriodora × C. torelliana and Corymbia torelliana × C. 
citriodora microcuttings were greatest when using the 
red/blue spectral quality (Souza et al. 2018).

Although light quality is an important factor for the 
in vitro culture, there are few studies on its effect in 
woody species. The absence of induction of adventitious 
roots is one of the main causes limiting cloning by the 
micropropagation technique (Almeida et al. 2017; Souza 
et al. 2022). Thus, because the efficiency of cultivation 
conditions in plant production varies between species, 
a broad light spectrum is often needed. Complementary 
studies are recommended to maximise the in vitro 
rooting of the Eucalyptus dunnii clone using other 
spectral qualities.

Conclusions
Light spectra triggered large and differential responses 
in morphophysiological features of Eucalyptus dunnii and 
Eucalyptus grandis × E. urophylla clones. White spectral 
quality is most suitable for in vitro multiplication of 
Eucalyptus dunnii and Eucalyptus grandis × E. urophylla. 
White spectral quality is also the most suitable for in 
vitro elongation of Eucalyptus dunnii, and the yellow 
for Eucalyptus grandis × E. urophylla. White and yellow 
spectral qualities are the most suitable for in vitro 
adventitious rooting of the Eucalyptus dunnii and 
Eucalyptus grandis × E. urophylla clones.
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