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Abstract

This study aimed to investigate the effects of different light-emitting diode (LED) light-
quality combinations on the growth and development of Chrysanthemum morifolium tissue-
cultured plantlets and to identify the optimal light-quality combinations for adventitious
shoot induction and rooting. Six LED light-quality combinations consisting of red (R), blue
(B), and far-red (Fr) light (80%R + 20%B, 70%R + 30%B, 60%R + 40%B, 80%R + 20%B + Fr,
70%R + 30%B + Fr, and 60%R + 40%B + Fr) were evaluated, with a fluorescent lamp serving
as the control (CK). The responses to different light-quality combinations varied markedly
between the adventitious shoot induction and rooting stages. During adventitious shoot
induction, the carotenoid content, soluble protein content, and POD activity were highest
under the 70%R + 30%B treatment, whereas chlorophyll a, chlorophyll b, total chlorophyll,
and CAT activity reached their highest levels under the 70%R + 30%B + Fr treatment. The
highest soluble sugar content and SOD activity were observed under the 60%R + 40%B + Fr
treatment. These results suggest that the incorporation of far-red light into red–blue light
combinations promoted photosynthetic pigment synthesis, photosynthate accumulation,
and antioxidant capacity, thereby facilitating adventitious shoot induction. During the
rooting stage, the greatest leaf number and SOD activity were observed under the 70%R
+ 30%B treatment, while the highest chlorophyll a, chlorophyll b, and total chlorophyll
contents were obtained under the 60%R + 40%B + Fr treatment. Plant height, leaf length,
root length, fresh mass, dry mass, carotenoid content, soluble protein content, and CAT
activity were highest under the 60%R + 40%B treatment. These findings indicate that red–
blue mixed light effectively promoted leaf and root development, photosynthetic pigment
synthesis, biomass accumulation, and maintenance of antioxidant capacity. Therefore, the
70%R + 30%B + Fr and 60%R + 40%B + Fr treatments were identified as the most suitable
light-quality combinations for adventitious shoot induction, whereas the 60%R + 40%B
treatment was the most suitable for rooting of C. morifolium tissue-cultured plantlets.
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1. Introduction
Chrysanthemum morifolium is a perennial herbaceous flowering species belonging to the

family Asteraceae. It is one of the ten traditional flowers of China and one of the four major
cut flowers worldwide, with high ornamental and economic value [1]. The traditional
propagation of chrysanthemums is based on cuttings and divisions, which are limited
by seasons and the environment, resulting in a low propagation rate and poor seedling
quality [2]. Tissue culture offers several advantages, including a short production cycle, a
high propagation coefficient, and suitability for factory-based and automated production.
It enables the rapid production of large numbers of uniform, high-quality chrysanthemum
tissue-cultured plantlets and helps overcome germplasm degeneration and yield reduction
associated with long-term vegetative propagation [2]. A previous study established a rapid
tissue culture propagation system for C. morifolium, providing a theoretical and technical
basis for its large-scale propagation [3].

Light is one of the most important environmental factors influencing plant growth and
development throughout the plant life cycle. It regulates plant morphogenesis, photosyn-
thesis, and numerous physiological processes [4]. In particular, light quality has profound
effects on plant growth and development, and different light-quality combinations often
produce distinct physiological and morphological responses [5]. Appropriate combina-
tions of red and blue light have been reported to promote plant growth and improve
root vigor, while far-red light also plays an important regulatory role in plant growth and
development. The chrysanthemum tissue-cultured plantlets treated with a high red-to-blue
light ratio exhibited higher root vigor, while far-red and blue light treatments showed
significantly lower root vigor compared with the other light treatments [6]. Studies have
shown that Solanum lycopersicum plantlets accumulated the highest levels of soluble sugars,
carbohydrates, and the carbon-to-nitrogen ratio under a red-to-blue light ratio of 3:1 [7]; the
combination of red and blue light promoted the accumulation of chlorophyll a, chlorophyll
b, total chlorophyll and carotenoids in Eucalyptus grandis × Eucalyptus urophylla leaves [8];
and Lactuca sativa had the highest total chlorophyll content and carotenoids under the red
and blue combination of light in a 3:3 treatment [9]. Far-red light plays an important role in
regulating photosynthesis, photomorphogenesis, and secondary metabolism [10]. Previ-
ous studies have shown that supplementation with far-red light (703–731 nm) improves
photochemical efficiency and promotes sugar accumulation [11].

Although the effects of light-emitting diode (LED) light quality on plant growth have
been extensively investigated, most studies have focused on a single developmental stage.
Information regarding the optimal light-quality combinations for both adventitious shoot
induction and rooting during chrysanthemum tissue culture remains limited.

In this study, different combinations of red (R), blue (B), and far-red (Fr) LED light
were applied to investigate their effects on adventitious shoot induction and rooting of C.
morifolium tissue-cultured plantlets. The objective was to identify the optimal light-quality
combinations for each developmental stage and to provide a scientific basis for optimizing
LED lighting strategies in chrysanthemum tissue culture.

2. Materials and Methods
2.1. Plant Materials and Culture Conditions

In vitro plantlets of C. morifolium HH-1 with uniform growth and morphological
characteristics were selected as experimental materials. Leaves were excised from the
plantlets and cut into approximately 0.5 × 0.5 cm segments. The explants were inocu-
lated onto semi-solid MS medium supplemented with 1.5 mg L−1 6-BA, 0.5 mg L−1 IBA,
30 g L−1 sucrose and 8 g L−1 agar (pH 5.8). Three explants were cultured in each 350 mL
culture flask containing 70 mL of medium.
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For adventitious shoot induction, leaf explants were cultured under different LED
light treatments for 40 days. After 40 days of culture, the number of regenerated ad-
ventitious shoots, as well as morphological, physiological, and biochemical parameters,
were determined.

For rooting culture, regenerated shoots with similar growth status were transferred
onto 1/2 MS semi-solid medium supplemented with 0.2 mg L−1 NAA, 30 g L−1 sucrose
and 8 g L−1 agar (pH 5.8). Three regenerated shoots were cultured in each 350 mL culture
flask containing 70 mL of medium, and 40 culture flasks were used for each light-quality
treatment. The shoots were cultured under corresponding LED light treatments for 50 days,
after which morphological and physiological parameters were evaluated.

All cultures were maintained under controlled environmental conditions at a light
intensity of 40 µmol m−2 s−1, a temperature of 24 ± 1 ◦C, and a 12 h photoperiod.

2.2. Light Treatments

LED red light (R, peak wavelength 661.2 nm), blue light (B, peak wavelength
447 nm), and far-red light (Fr, peak wavelength 734.6 nm) provided by Zhongshan
Liangfeng Lighting Appliance Co., Ltd. (Zhongshan, China) were used as light sources. Six
LED light treatments with different ratios of red, blue, and far-red light were designed, and
a fluorescent lamp was used as the control (CK). The detailed light-quality treatments are
shown in Table 1.

Table 1. Different LED light-quality treatments.

Treatment Light Quality Peak Wavelength/nm

80%R + 20%B 80% red (R) + 20% blue (B) 661.2 + 447.0
70%R + 30%B 70% red (R) + 30% blue (B) 661.2 + 447.0
60%R + 40%B 60% red (R) + 40% blue (B) 661.2 + 447.0

80%R + 20%B + Fr 80% red (R) + 20% blue (B) + Fr 661.2 + 447.0 + 734.6
70%R + 30%B + Fr 70%red (R) + 30% blue (B) + Fr 661.2 + 447.0 + 734.6
60%R + 40%B + Fr 60%red (R) + 40% blue (B) + Fr 661.2 + 447.0 + 734.6

CK Fluorescent 380–750

2.3. Determination of Morphological Parameters

The number of effective adventitious shoots induced from leaf explants was recorded
for each treatment. Morphological parameters, including plant height (cm), leaf number,
leaf length (cm), root length (cm), fresh mass (g), and dry mass (g), were measured after cul-
ture. The fresh mass and dry mass were determined using an analytical balance (FA2104B,
Shanghai Precision Scientific Instrument Co., Ltd., Shanghai, China).

2.4. Determination of Physiological and Biochemical Parameters

Leaf photosynthetic pigment contents were determined using the 80% acetone–ethanol
extraction method [12]. Root vigor was determined using the 2,3,5-triphenyltetrazolium
chloride (TTC) reduction assay. Soluble sugar content was determined by the anthrone col-
orimetric method [12], whereas soluble protein content was determined by the Coomassie
Brilliant Blue method [12]. Antioxidant enzyme activities were measured according to the
methods described by Li [13]. Superoxide dismutase (SOD) activity was determined using
the nitroblue tetrazolium assay, peroxidase (POD) activity by the guaiacol method, catalase
(CAT) activity by the potassium permanganate titration method, and malondialdehyde
(MDA) content by the thiobarbituric acid method [14].
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2.5. Data Processing and Analysis

Morphological parameters were determined using five biological replicates, whereas
photosynthetic pigment contents and the remaining physiological and biochemical param-
eters were determined using three biological replicates.

Duncan’s multiple range test (SSR) was used to evaluate significant differences among
treatments at p ≤ 0.05. DPS 19.01(IBM, Inc., Chicago, IL, USA) and Excel 2021 (Microsoft
Crop, Redmond, WA, USA) were used for statistical analysis and data processing.

3. Results
3.1. Effects of Different Light Qualities on the Number of Adventitious Shoots Induced from
C. morifolium Leaves

The number of induced adventitious shoots of chrysanthemum leaves showed an
overall decreasing trend with increasing blue light proportion under red (R) and blue (B)
light treatments. In contrast, under red, blue, and far-red light treatments, the number
of adventitious shoots generally increased as the proportion of blue light increased. The
highest numbers of adventitious shoots were obtained under the 60%R + 40%B + Fr and
80%R + 20%B treatments, whereas the lowest number was recorded in the CK treatment
(Figure 1). The morphological characteristics of the adventitious shoots under the different
light-quality treatments are shown in Figure S1.

Figure 1. Effect of different light qualities on the number of adventitious shoots induced from C.
morifolium leaves. Data are presented as means ± SE (n = 5). Different lowercase letters indicate
statistically significant differences among treatments (p ≤ 0.05).

3.2. Effects of Different Light Qualities on Photosynthetic Pigment Contents in Adventitious
Shoots Induced from C. morifolium Leaves

In adventitious shoots induced from C. morifolium leaves, the contents of chlorophyll
a, chlorophyll b, and total chlorophyll (a + b) showed an increasing trend with the rise in
blue light proportion under combined red and blue light treatment. Under red, blue, and
far-red light treatments, chlorophyll a, chlorophyll b, and total chlorophyll contents initially
increased and then decreased with increasing blue light proportion. The 70%R + 30%B + Fr
treatment produced the highest chlorophyll a, chlorophyll b, and total chlorophyll contents,
which were significantly higher than those of the other treatments. The highest carotenoid
contents were observed under the 70%R + 30%B and 70%R + 30%B + Fr treatments, with
no significant difference from that under the 60%R + 40%B treatment (Table 2).
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Table 2. Effects of different light qualities on photosynthetic pigment contents in adventitious shoots
induced from C. morifolium leaves.

Treatment (mg·g−1) Chl a (mg·g−1) Chl b (mg·g−1) Chl a + b (mg·g−1) Car

80%R + 20%B 0.307 ± 0.027 e 0.207 ± 0.011 c 0.514 ± 0.037 e 0.090 ± 0.001 d
70%R + 30%B 0.694 ± 0.025 b 0.219 ± 0.003 bc 0.914 ± 0.028 bc 0.173 ± 0.003 a
60%R + 40%B 0.679 ± 0.034 b 0.242 ± 0.015 b 0.922 ± 0.020 b 0.151 ± 0.007 ab

80%R + 20%B + Fr 0.601 ± 0.038 b 0.219 ± 0.010 bc 0.820 ± 0.028 c 0.142 ± 0.011 b
70%R + 30%B + Fr 0.912 ± 0.037 a 0.298 ± 0.014 a 1.210 ± 0.049 a 0.165 ± 0.010 a
60%R + 40%B + Fr 0.433 ± 0.005 c 0.241 ± 0.005 bc 0.674 ± 0.009 d 0.095 ± 0.005 d

CK 0.427 ± 0.004 c 0.231 ± 0.006 bc 0.658 ± 0.008 d 0.119 ± 0.002 c
Data are presented as means ± SE (n = 3). Different lowercase letters indicate statistically significant differences
among treatments (p ≤ 0.05).

3.3. Effects of Different Light Qualities on Soluble Sugar and Soluble Protein Contents in
Adventitious Shoots Induced from C. morifolium Leaves

Under red and blue light treatments, soluble sugar content first decreased and then
increased with increasing blue-light proportion, reaching the lowest value under the 70%R
+ 30%B treatment. Similarly, under red, blue, and far-red light treatments, soluble sugar
content first decreased and then increased with increasing blue-light proportion, reaching
the highest value under the 60%R + 40%B + Fr treatment. The soluble sugar content
under the 60%R + 40%B + Fr treatment was significantly higher than that under the
other treatments. In addition, the 80%R + 20%B and 60%R + 40%B treatments showed
significantly higher soluble sugar contents than the CK treatment (Figure 2A). Under
red and blue light treatments, soluble protein content first increased and then decreased
with increasing blue-light proportion, reaching the highest value under the 70%R + 30%B
treatment. By contrast, under red, blue, and far-red light treatments, soluble protein
content first decreased and then increased with increasing blue-light proportion, with
the lowest value observed under the 70%R + 30%B + Fr treatment. The soluble protein
content under the 70%R + 30%B treatment was significantly higher than that under the
other treatments. Furthermore, all LED light treatments exhibited significantly higher
soluble protein contents than the CK treatment (Figure 2B).

Figure 2. Effects of different light qualities on soluble sugar and soluble protein contents in adventi-
tious shoots induced from C. morifolium leaves. (A) Soluble sugar content, (B) soluble protein content.
Data are presented as means ± SE (n = 3). Different lowercase letters indicate statistically significant
differences among treatments (p ≤ 0.05).

3.4. Effects of Different Light Qualities on Antioxidant Enzyme Activities in Adventitious Shoots
Induced from C. morifolium Leaves

SOD activity was highest under the 60%R + 40%B + Fr treatment, which was sig-
nificantly higher than that under the other treatments. The 70%R + 30%B and 80%R +
20%B treatments showed the next highest SOD activities, whereas the lowest SOD activity
was observed under the 60%R + 40%B treatment (Figure 3A). POD activity varied among
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treatments. Under red and blue light treatments, POD activity increased initially and then
decreased as the proportion of blue light increased. The highest POD activity was observed
under the 70%R + 30%B treatment, followed by the 80%R + 20%B treatment. Under red,
blue, and far-red light treatments, POD activity decreased initially and then increased with
increasing blue light proportion, reaching its highest value under the 80%R + 20%B + Fr
treatment (Figure 3B). Under red and blue light treatments, CAT activity increased slightly
and then decreased as the proportion of blue light increased. Under red, blue, and far-red
light treatments, CAT activity increased initially and then decreased with increasing blue
light proportion. The highest CAT activity was observed under the 70%R + 30%B + Fr
treatment, followed by the 80%R + 20%B + Fr, 70%R + 30%B, and 80%R + 20%B treatments.
The lowest CAT activity was observed under the 60%R + 40%B treatment (Figure 3C). The
MDA content showed a gradual decrease with increasing blue light proportion under red
and blue light treatments. Under red, blue, and far-red light treatments, MDA content
decreased initially and then increased as the proportion of blue light increased. The highest
MDA content was observed under the 80%R + 20%B + Fr treatment, which was significantly
higher than that of the CK treatment. In contrast, the lowest MDA content was observed
under the 70%R + 30%B + Fr treatment, which was significantly lower than that of the other
treatments (Figure 3D).

Figure 3. Effects of different light qualities on antioxidant enzyme activities in adventitious
shoots induced from C. morifolium leaves. (A) Superoxide dismutase (SOD), (B) Peroxidase (POD),
(C) Catalase (CAT), and (D) Malondialdehyde (MDA). Data are presented as means ± SE (n = 3).
Different lowercase letters indicate statistically significant differences among treatments (p ≤ 0.05).

3.5. Effects of Different Light Qualities on the Growth and Morphological Characteristics of C.
morifolium Tissue-Cultured Plantlets

The morphological characteristics of chrysanthemum tissue-cultured plantlets after
50 days of rooting under different light-quality treatments are presented in Table 3, and
representative images are shown in Figure S2. Under red and blue light treatments, plant
height increased as the proportion of blue light increased. Plant height reached its maximum
under the 60%R + 40%B treatment. Under red, blue, and far-red light treatments, plant
height decreased as the proportion of blue light increased. The CK treatment showed the
overall lowest plant height. Leaf number was highest under the 70%R + 30%B treatment,
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followed by the 60%R + 40%B treatment. Leaf length was greatest under the 60%R + 40%B
treatment, followed by the 60%R + 40%B + Fr and 80%R + 20%B + Fr treatments. Leaf
length under the 60%R + 40%B treatment was significantly greater than that under most
of the other treatments. Leaf width was greatest under the 60%R + 40%B + Fr treatment
and was significantly greater than that under the remaining treatments. Root length was
greatest under the 60%R + 40%B and 70%R + 30%B treatments, both of which showed
significantly higher root lengths than the other treatments. The highest fresh and dry
mass values were observed under the 60%R + 40%B treatment, with both values being
significantly higher than those under all other treatments. Overall, the 60%R + 40%B
treatment showed superior growth performance, with greater plant height, leaf length, root
length, fresh mass, and dry mass than most of the other treatments.

Table 3. Effects of different light qualities on the growth and morphological characteristics of C.
morifolium tissue-cultured plantlets.

Treatment Plant Height/cm Leaf Number Leaf Length/cm Leaf Width/cm Root Length/cm Fresh Mass/g Dry Mass/g

80%R + 20%B 8.70 ± 0.14 c 17.60 ± 0.51 b 1.70 ± 0.04 d 1.32 ± 0.04 c 7.84 ± 0.09 d 1.26 ± 0.07 bc 0.075 ± 0.002 bc
70%R + 30%B 9.44 ± 0.06 b 20.00 ± 0.71 a 1.72 ± 0.04 d 0.98 ± 0.04 d 9.78 ± 0.12 a 1.12 ± 0.04 c 0.070 ± 0.002 c
60%R + 40%B 10.06 ± 0.19 a 19.00 ± 0.71 ab 2.40 ± 0.05 a 1.58 ± 0.04 b 9.80 ± 0.09 a 1.55 ± 0.05 a 0.101 ± 0.003 a

80%R + 20%B + Fr 9.30 ± 0.13 b 17.80 ± 0.37 b 2.12 ± 0.06 b 1.54 ± 0.05 b 8.52 ± 0.06 c 1.27 ± 0.03 bc 0.079 ± 0.002 b
70%R + 30%B + Fr 7.22 ± 0.10 d 17.80 ± 0.37 b 1.90 ± 0.03 c 1.62 ± 0.04 b 9.18 ± 0.20 b 1.42 ± 0.05 ab 0.076 ± 0.002 bc
60%R + 40%B + Fr 6.36 ± 0.05 e 15.00 ± 0.32 c 2.24 ± 0.05 ab 1.78 ± 0.04 a 7.66 ± 0.24 d 1.41 ± 0.03 ab 0.074 ± 0.001 bc

CK 6.32 ± 0.07 e 14.40 ± 0.51 c 1.60 ± 0.03 d 1.30 ± 0.04 c 6.62 ± 0.15 e 0.72 ± 0.02 d 0.062 ± 0.001 d

Data are presented as means ± SE (n = 5). Different lowercase letters indicate statistically significant differences
among treatments (p ≤ 0.05).

3.6. Effects of Different Light Qualities on Root Vigor of C. morifolium Tissue-Cultured Plantlets

As shown in Figure 4, the root vigor of chrysanthemum tissue-cultured plantlets
decreased as the proportion of blue light increased under red and blue light treatments,
reaching its highest value under the 80%R + 20%B treatment and its lowest value under
the 60%R + 40%B treatment. In contrast, under red, blue, and far-red light treatments,
root vigor increased as the proportion of blue light increased, with higher values observed
under the 60%R + 40%B + Fr and 70%R + 30%B + Fr treatments. Compared with the CK
treatment, root vigor was significantly higher under the 80%R + 20%B, 70%R + 30%B + Fr,
and 60%R + 40%B + Fr treatments, whereas it was significantly lower under the 60%R +
40%B and 80%R + 20%B + Fr treatments.

Figure 4. Effect of different light qualities on root vigor of C. morifolium tissue-cultured plantlets.
Data are presented as means ± SE (n = 3). Different lowercase letters indicate statistically significant
differences among treatments (p ≤ 0.05).

3.7. Effects of Different Light Qualities on Photosynthetic Pigment Contents of C. morifolium
Tissue-Cultured Plantlets

As shown in Table 4, under red and blue light treatments, the contents of chlorophyll
a, chlorophyll b, and total chlorophyll generally increased with increasing blue-light pro-
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portion. Among all light treatments, the highest contents of chlorophyll a, chlorophyll b,
and total chlorophyll were observed under the 60%R + 40%B + Fr treatment, followed by
the 60%R + 40%B treatment. The highest carotenoid content was observed under the 60%R
+ 40%B treatment; however, this value was not significantly different from those under the
80%R + 20%B + Fr, 60%R + 40%B + Fr and 70%R + 30%B + Fr treatments.

Table 4. Effects of different light qualities on photosynthetic pigment contents of C. morifolium
tissue-cultured plantlets.

Treatment (mg·g−1) Chl a (mg·g−1) Chl b (mg·g−1) Chl a + b (mg·g−1) Car

80%R + 20%B 0.767 ± 0.005 c 0.236 ± 0.008 d 1.002 ± 0.013 c 0.196 ± 0.014 a
70%R + 30%B 0.785 ± 0.019 c 0.236 ± 0.007 d 1.022 ± 0.015 c 0.169 ± 0.004 b
60%R + 40%B 1.069 ± 0.024 b 0.333 ± 0.013 b 1.402 ± 0.036 b 0.226 ± 0.004 a

80%R + 20%B + Fr 1.030 ± 0.058 b 0.295 ± 0.008 c 1.324 ± 0.057 b 0.223 ± 0.007 a
70%R + 30%B + Fr 1.000 ± 0.030 b 0.313 ± 0.003 bc 1.314 ± 0.032 b 0.209 ± 0.003 a
60%R + 40%B + Fr 1.395 ± 0.043 a 0.580 ± 0.009 a 1.974 ± 0.051 a 0.214 ± 0.015 a

CK 0.626 ± 0.014 d 0.184 ± 0.009 e 0.811 ± 0.018 d 0.155 ± 0.008 b
Data are presented as means ± SE (n = 3). Different lowercase letters indicate statistically significant differences
among treatments (p ≤ 0.05).

3.8. Effects of Different Light Qualities on Soluble Sugars and Soluble Proteins in C. morifolium
Tissue-Cultured Plantlets

Under red–blue light treatments, soluble sugar content first decreased and then in-
creased with increasing blue-light proportion. Far-red supplementation generally increased
soluble sugar content across different red–blue light ratios. The highest soluble sugar
contents were observed under the 80%R + 20%B + Fr and 60%R + 40%B + Fr treatments,
with no significant difference between them. Both treatments showed significantly higher
soluble sugar contents than the CK treatment (Figure 5A). Soluble protein content under
red–blue light treatments gradually increased with increasing blue-light proportion. In
contrast, under far-red supplementation, soluble protein content showed a trend of initially
increasing and subsequently decreasing with increasing blue-light proportion. The highest
soluble protein contents were observed under the 60%R + 40%B and 70%R + 30%B + Fr
treatments, with no significant difference between them. These two treatments exhibited
significantly higher soluble protein contents than the CK treatment (Figure 5B).

 

Figure 5. Effects of different light qualities on soluble sugars and soluble proteins in C. morifolium
tissue-cultured plantlets. (A) Soluble sugar content, (B) soluble protein content. Data are presented
as means ± SE (n = 3). Different lowercase letters indicate statistically significant differences among
treatments (p ≤ 0.05).
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3.9. Effects of Different Light Qualities on Antioxidant Enzyme Activities in C. morifolium
Tissue-Cultured Plantlets

As shown in Figure 6, antioxidant enzyme activities and MDA content were signifi-
cantly influenced by light quality. Under red–blue light treatments, SOD activity exhibited
a bell-shaped response to increasing blue-light proportion, reaching a maximum under
70%R + 30%B. Both 70%R + 30%B and 60%R + 40%B significantly enhanced SOD activity
compared with CK (Figure 6A). In contrast, POD activity showed a decreasing trend with
increasing blue-light proportion. CAT activity showed an increasing trend with increasing
blue-light proportion and peaked under 60%R + 40%B (Figure 6C). Meanwhile, MDA con-
tent increased with higher blue-light ratios (Figure 6D). Under far-red (Fr) supplementation,
these patterns were modified. POD activity increased with increasing blue-light proportion,
reaching its highest level under 60%R + 40%B + Fr, which was significantly higher than that
of the CK treatment (Figure 6B). CAT activity showed a non-linear response but remained
higher than CK across all treatments (Figure 6C). The MDA content was lowest under the
60%R + 40%B + Fr treatment (Figure 6D). Overall, SOD, POD, and CAT activities reached
their highest levels under 70%R + 30%B, 60%R + 40%B + Fr, and 60%R + 40%B, respectively,
whereas the lowest MDA contents were observed under 80%R + 20%B and 60%R + 40%B +
Fr treatments.

Figure 6. Effect of different light qualities on antioxidant enzyme activities in C. morifolium tissue-
cultured plantlets. (A) Superoxide dismutase (SOD), (B) Peroxidase (POD), (C) Catalase (CAT), and
(D) Malondialdehyde (MDA). Data are presented as means ± SE (n = 3). Different lowercase letters
indicate statistically significant differences among treatments (p ≤ 0.05).

4. Discussion
Light quality is a key environmental signal regulating plant photomorphogenesis

and photosynthesis. Different combinations of red (R), blue (B), and far-red (Fr) light can
differentially regulate morphogenesis, leaf expansion, root development, and biomass
accumulation, with responses being highly species- and stage-dependent [15]. In the
present study, C. morifolium tissue-cultured plantlets exhibited distinct morphological and
physiological responses under six LED light treatments during the adventitious shoot
induction stage and the rooting stage of tissue-cultured plantlets.
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During the adventitious shoot induction stage, light quality markedly affected regener-
ation efficiency. The number of induced adventitious shoots reached its highest level under
the 60%R + 40%B + Fr treatment, demonstrating that supplementation with far-red light
combined with an appropriate red-to-blue ratio can effectively promote shoot organogene-
sis. Light quality regulates not only the initiation of bud primordia but also their subsequent
development through photoreceptor-mediated signaling pathways [16]. Previous studies
have shown contrasting responses among species. Blue light increased both the induction
rate and the average number of adventitious shoots in cactus, whereas red light inhibited
shoot formation [17]. Conversely, red and white light enhanced shoot regeneration while
blue light showed inhibitory effects in other species [16]. Similar species-dependent re-
sponses have also been reported in peanut and marigold [18]. These differences indicate
that the regulatory effects of LED light treatments depend on the interaction among light
quality ratios, endogenous physiological status, and developmental stage [19]. Therefore,
the enhanced shoot regeneration observed under far-red-supplemented red–blue light in
chrysanthemum may result from optimized activation of multiple photoreceptor pathways
rather than the effect of a single wavelength.

Photosynthetic pigment accumulation was also strongly regulated by light quality.
Plant photosynthetic pigments possess characteristic absorption spectra and are closely
associated with photosynthetic efficiency, while the wavelengths regulating phytochrome
responses are referred to as action spectra [20]. Chlorophylls and carotenoids mainly absorb
light within the ranges of 400–500 nm and 630–680 nm, with relatively weak absorption
at 530–610 nm. In the present study, chlorophyll a, chlorophyll b, and total chlorophyll
contents during adventitious shoot induction were highest under the 70%R + 30%B + Fr
treatment, whereas carotenoid content reached its maximum under 70%R + 30%B. Dur-
ing the rooting stage of tissue-cultured plantlets, chlorophyll accumulation was greatest
under 60%R + 40%B + Fr, while carotenoids were highest under 60%R + 40%B. In both
developmental stages, chlorophyll and carotenoid contents increased as the proportion of
blue light increased to approximately 30–40%, followed by a decline at higher blue light
ratios, suggesting that blue light promotes pigment biosynthesis within an optimal range
but is subjected to feedback regulation beyond this threshold. Similar responses have been
reported in cucumber and lettuce [21,22]. Blue light is known to positively regulate chloro-
plast biogenesis through coordinated effects on the genome, nucleus, and plastids [23],
while simultaneously up-regulating genes involved in chlorophyll biosynthesis, thereby
enhancing chlorophyll accumulation [24]. Moreover, treatments containing 40% blue light
generally produced greater leaf length, leaf number, and chlorophyll content than corre-
sponding red–blue combinations with lower blue light proportions. Increased chlorophyll
accumulation may enhance photosynthetic efficiency, promote organic matter synthesis,
and ultimately contribute to biomass accumulation [25,26]. These results indicate that
optimizing blue-light ratios is critical for balancing pigment synthesis and photosynthetic
performance during chrysanthemum tissue culture.

Carbon and nitrogen metabolism also exhibited clear responses to different light-
quality ratios. Soluble sugars function not only as photosynthetic products but also as
signaling molecules regulating plant growth and development, and relatively high sol-
uble sugar levels are generally associated with vigorous plant growth [27]. During the
adventitious shoot induction stage, soluble sugar content was highest under the 60%R +
40%B + Fr treatment, whereas soluble protein content reached its maximum under 70%R +
30%B. During the rooting stage, soluble sugars accumulated preferentially under 80%R
+ 20%B + Fr and 60%R + 40%B + Fr, while soluble protein contents were highest under
60%R + 40%B and 70%R + 30%B + Fr. These findings indicate that far-red supplementation
favors carbohydrate accumulation, whereas red–blue combinations are more conducive
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to soluble protein synthesis. Similar increases in soluble protein content under mixed
red and blue light have previously been reported in lettuce and tomato [28]. Therefore,
appropriate coordination of red, blue, and far-red light ratios may optimize carbon and
nitrogen metabolism, thereby supporting tissue growth and regeneration.

Light quality also markedly influenced the antioxidant defense system. Oxidative
stress is closely associated with plant developmental physiology and plays an important
role in inducing embryogenic competence and activating morphogenetic pathways dur-
ing in vitro regeneration [29]. Plants maintain intracellular redox homeostasis through
endogenous antioxidant enzymes, and appropriate oxidative stress can promote tissue
regeneration by modulating the balance between reactive oxygen species (ROS) production
and scavenging [29]. Previous studies demonstrated that lettuce grown under combined red
and blue light exhibited stronger antioxidant capacity than plants grown under monochro-
matic light, suggesting that mixed red and blue light establishes a more efficient antioxidant
defense system [30]. Consistent with these findings, the activities of SOD, POD, and CAT
in chrysanthemum were generally enhanced under red–blue light combinations. During
the adventitious shoot induction stage, SOD activity was highest under 60%R + 40%B
+ Fr, POD under 70%R + 30%B, CAT under 70%R + 30%B + Fr, and MDA content was
lowest under 70%R + 30%B + Fr. During the rooting stage, SOD activity peaked under
70%R + 30%B, POD under 60%R + 40%B + Fr, CAT under 60%R + 40%B, and MDA content
was minimized under 80%R + 20%B and 60%R + 40%B + Fr. These results indicate that
moderate proportions of blue light combined with red light effectively enhance antioxi-
dant enzyme activity, reduce lipid peroxidation, and maintain ROS homeostasis [31–33].
Because excessive ROS accumulation can damage cellular structures and inhibit plant
growth, whereas efficient antioxidant systems alleviate oxidative injury, the enhanced
antioxidant capacity observed under optimized red–blue light treatments likely provides a
favorable physiological environment for adventitious shoot regeneration and subsequent
plant development [34–37].

Morphological characteristics further confirmed that plant growth was highly de-
pendent on light quality. During the rooting stage of tissue-cultured plantlets, root vigor
reached its maximum under 80%R + 20%B, whereas plant height, leaf length, root length,
fresh mass, and dry mass were highest under 60%R + 40%B. Under red–blue treatments
without far-red light, root vigor increased as the proportion of red light increased, while
plant height decreased. In contrast, under treatments supplemented with far-red light, plant
height increased, whereas root vigor decreased with increasing red light proportion. These
contrasting responses suggest that the interaction between red and far-red light regulates
stem elongation and root activity through complex physiological processes. Leaves play a
crucial role in controlling internode elongation, and direct perception of far-red light by
leaves may contribute to the regulation of stem elongation [38]. In the present study, plants
grown under 80%R + 20%B + Fr and 70%R + 30%B + Fr produced more leaves than those
under 60%R + 40%B + Fr, supporting this hypothesis. Furthermore, the superior biomass
accumulation observed under 60%R + 40%B agrees with previous reports in cucumber,
radish, and soybean, in which mixed red and blue light effectively promoted leaf expansion,
root development, and biomass accumulation [39–42].

Collectively, the present results demonstrate that optimal LED light-quality ratios are
highly stage-dependent during chrysanthemum micropropagation. Far-red-supplemented
red–blue light, particularly 60%R + 40%B + Fr and 70%R + 30%B + Fr, is more suitable
for adventitious shoot induction by promoting shoot regeneration, pigment accumulation,
carbohydrate metabolism, and antioxidant capacity. In contrast, the red–blue combination
of 60%R + 40%B without far-red light is more favorable for rooting, biomass accumulation,
and overall growth of tissue-cultured plantlets. These findings highlight the importance of
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adjusting light-quality ratios according to developmental stage to improve the efficiency of
chrysanthemum tissue culture and provide a theoretical basis for optimizing LED lighting
strategies in commercial micropropagation.

5. Conclusions
This study demonstrated that the effects of different LED light-quality ratios on C.

morifolium tissue culture are highly dependent on the developmental stage. Supplemen-
tation with far-red light promoted adventitious shoot induction, whereas a red-to-blue
ratio of 60:40 without far-red light was more favorable for rooting and subsequent plantlet
growth. These findings indicate that stage-specific optimization of light quality is more
effective than applying a single lighting strategy throughout the tissue culture process.

Collectively, these findings provide a practical basis for developing stage-specific
LED lighting strategies to improve the efficiency and quality of chrysanthemum tissue
culture. In addition, this study provides new insights into the coordinated roles of red,
blue, and far-red light in regulating morphogenesis and plant development during in vitro
culture, thereby providing a useful reference for optimizing lighting regimes in tissue
culture systems.

This study was conducted using a single chrysanthemum cultivar under controlled
culture conditions, and the molecular mechanisms underlying the differential responses
to light quality were not investigated. Therefore, future studies should evaluate the appli-
cability of the proposed lighting strategy across different chrysanthemum cultivars and
tissue culture systems and further elucidate the signaling pathways and gene regulatory
networks underlying light-quality-mediated morphogenesis and development.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae12070878/s1, Figure S1. Morphology of adventitious
shoots induced from Chrysanthemum morifolium leaves under different light-quality treatments; Figure
S2. Rooting morphology of Chrysanthemum morifolium tissue-cultured plantlets under different
light-quality treatments.
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