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Abstract: Michelia macclurei Dandy is a significant tree species that has extensive cultivation for forestry and horticulture purposes in southern China, owing to its economic and practical importance. Light quality influences plantlet growth and development during tissue culture. However, the growth characteristic and molecular regulation of M. macclurei under different light quality conditions are not well understood yet. In this study, we investigated the morphological, chlorophyll content, and transcriptomic responses of M. macclurei plantlets under different light-emitting diode (LED) qualities, including white, blue, and red light. The results showed that blue light significantly increased plant height (21.29%) and leaf number (18.65%), while red light decreased plant height and leaf number by 7.53% and 16.49%, respectively. In addition, the plantlets’ chlorophyll content and etiolation rate were significantly reduced by blue and red light quality compared to white light. Compared to white light, blue light had a negative effect, leading to decreased rooting rate (64.28%), root number (72.72%), and root length (75.86%). Conversely, red light had a positive effect, resulting in increased rooting rate (24.99%), root number (109.58%), and root length (72.72%). Transcriptome analysis identified 54 differentially expressed genes (DEGs) in three groups that consisted of blue light vs. white light (BL-vs-WL), red light vs. white light (RL-vs-WL), and red light vs. blue light (RL-vs-BL). Specifically, 21, 7, and 41 DEGs were identified in the three groups, respectively. The DEGs found in the RL-vs-WL and BL-vs-WL groups were involved in plant hormone signaling, nitrogen metabolism, and phenylpropanoid biosynthesis pathways, which suggests that M. macclurei plantlets adapt to the changes of light quality via modulating gene expression. Overall, our study provides valuable insights for understanding the molecular and morphological responses of M. macclurei plantlets under different light qualities.
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1  Introduction

Light is a crucial environmental factor that strongly influences the growth and development of plants, determining both the external morphology and internal structure of plant organs [1,2]. One of the most important mechanisms for light regulation of plant growth and development is the selective activation of light receptors, such as red and far-red light activate the activity of phytochrome, and blue light activates the activity of cryptochrome and phototropin [3,4]. Light quality is a key aspect of the light environment, affecting various physiological processes including photosynthesis, photomorphogenesis, and regulation of growth and development. In recent years, numerous studies have investigated the effects of different light qualities on plant growth and development, among which red and blue light are the most extensively researched [5,6]. For example, a study has demonstrated that red light inhibits shoot development in Petunia hybrida, while blue light considerably promotes the development of shoot [7]. Inversely, red light significantly stimulates plant height in tomatoes, while blue light results in the compact size of shoots [8]. Research on lettuce has shown that both fluorescent lights plus blue light and fluorescent light plus red light can improve aboveground biomass, while they are most inhibited under monochromatic blue light compared to fluorescent light [9]. Taken together, these studies suggeste that the effects of light quality on different plant species or cultivars are different [10].

The use of light-emitting diode (LED) technology in plant growth regulation has become increasingly popular due to its numerous advantages, such as its lightweight and compact design, long service lifespan, and high photosynthetically effective radiation [11]. Despite its high cost and limited irradiation angles, LED technology is still considered a suitable artificial light source for plant breeding. As a result, it has been widely applied in this field. A previous study has demonstrated that prolonged exposure to specific light conditions can indirectly influence the critical biological process of energy conversion and plant biomass accumulation by affecting the plant chloroplast properties [12]. Photosynthetic pigments including chlorophyll, reaction center pigments, and accessory pigments, play a vital role in the absorption, transmission, and conversion of light energy in plants. Research has indicated that the chlorophyll content of potato plantlets was reduced when exposed to pure red or blue LEDs, in comparison to a combination of red and blue LEDs [13]. Moreover, the study has reported that the chlorophyll content of Plectranthus scutellarioides shoots significantly increased when exposed to blue light or a combination of red, green, and blue light [14].

Michelia macclurei Dandy is an evergreen tree species of the Magnoliaceae family that is widely used for landscaping, soil improvement, and plantations in tropical and subtropical regions of China due to its economic and ecological importance [15]. M. macclurei is a valuable species for reforestation and ecological restoration because of its strong adaptability, rapid growth, ability to maintain soil fertility, and resist fire [16,17]. The in vitro breeding of M. macclurei is carried out using tissue culture and detoxification technology, which is an essential method for the propagation of noble species. To obtain robust seedlings and excellent cultivars of M. macclurei plantlets, it is necessary to artificial regulation the light conditions to promote growth.

Light quality can potentially affect plant phenotype by modifying physiological, biochemical, and molecular pathways. Recently, RNA-seq has proven to be a valuable method for investigating molecular level changes in plant growth and development under diverse light qualities [18,19]. For instance, Chen et al. observed different gene expression patterns in potatoes in response to different light qualities, which had impacts on various metabolic pathways [20]. Similarly, Huang et al. found that the primary metabolic processes of pitaya (Hylocereus undatus) seedlings were significantly affected under red and blue light quality, such as glucose metabolism and photosynthesis [21]. They observed that red light treatment reduced gene expression and metabolite accumulation in these metabolic pathways, while blue light was able to reverse this trend. In Arabidopsis seedlings exposed to dim blue light, several members of the cell wall-modifying xyloglucan endotransglucosylase/hydrolase (XTH) protein family were regulated, leading to a reduction in blue light-induced phenotypic traits, such as shoot elongation to consolidate light uptake [22,23]. However, the molecular mechanisms regulating the growth and development of M. macclurei plantlets under different light qualities are still poorly understood.

Based on the information presented above, we propose three hypotheses concerning the response of M. macclurei plantlets to various light quality treatments: (1) blue and red light qualities inhibit the growth and development of aboveground parts in comparison to white light; (2) blue and red light qualities reduce the chlorophyll content of the leaves compared to white light; (3) the expression patterns of genes closely related to the physiological metabolic pathways in the roots of M. macclurei plantlets change under different LED light quality treatments. To validate the hypotheses, the effect of different light qualities on the growth and chlorophyll characteristics of M. macclurei seedlings were investigated using red, blue, and white LED light sources. In addition, the molecular mechanisms underlying the response of M. macclurei seedlings to different light qualities were investigated utilizing RNA-seq technology. To the best of our knowledge, this study is the first to provide comprehensive data on the morphology and transcriptome of M. macclurei plantlets in response to various light quality treatments. The findings of this study have potential economic benefits and practical value by providing a reference for optimizing the cultivation conditions of M. macclurei in forestry and horticulture. Moreover, this study also contributes to our understanding of the molecular basis of woody plant responses to changes in light quality.

2  Materials and Methods

2.1 Experimental Design and Growth Conditions

These experiments were carried out at the Research Institute of Tropical Forestry, Chinese Academy of Forestry, China. M. macclurei plantlets were maintained in our laboratory. The seedlings were grown under controlled conditions using tissue culture techniques within an energy-efficient framework with LED lighting. The tissue culture frame comprised five layers, and each layer measures 130 cm × 70 cm × 35 cm (length × width × height), with two 130 cm long LED lights per layer positioned 25 cm away from the plantlets. LEDs emitted red light with wavelengths from 620 to 720 nm, blue light with wavelengths from 450 to 500 nm, and full-spectrum white light within the 390 to 780 nm wavelength range. Using a spectroradiometer (Type specification: HP350PM, Tuodapu., Dongguan, China) to assess the spectral properties of LED lamps, blue light peaks at 469.3 nm and red light peaks at 669.7 nm. Light intensity was 8500 lux, and the photosynthetic photon flux density (PPFD) was 99.5 μmol m−2 s−1. M. macclurei plantlets were cultivated on solid Murashige and Skoog (MS) medium [24] supplemented with sucrose (30 g∙L−1) and agar (7.5 g∙L−1). Starting from November 8, 2018, the plantlets were subjected to a culture room with a relative humidity of 36% for an 8-h dark period at 16°C and a 16-h light period at 25°C. A total of 315 seedlings with a plant height of 3.5 cm and three fully developed leaves. These seedlings were randomly divided into three different light quality treatments, with each treatment having 105 plants distributed among 21 bottles. Each treatment contained three replicates, with each consisting of 35 plants that were placed in seven bottles. After 47 days of treatment, three replicates per experiment were collected, immediately frozen in liquid nitrogen, and stored at −80°C until further analysis.

2.2 Measurements of Seedling Growth Traits

After 47 days of three different in vitro light treatments, 180 M. macclurei plantlets (60 plants of 12 bottles per treatment) were randomly selected to assess their growth and chlorophyll content. Plant height, leaf number, leaf length, and leaf width (the widest part of the leaves) were measured with a ruler, and the etiolation rate of leaves was calculated as follows: Leaves etiolation rate (%) = number of plant yellow leaves ÷ total number of plant leaves. Then, the main root length was measured with a ruler and the number of roots was counted. The rooting rate for each treatment was calculated as follows: 
Root rate (%)= the number of rooting plants ÷ total number of plants.
The chlorophyll content of the leaves of the M. macclurei plantlet was measured with a portable chlorophyll meter (Type specification: SPAD-502 PLUS, Konica Minolta). To ensure homogeneity, leaves were selected from uniformly growing plants, and the second leaf from the apex was chosen as the sample. One point on each side of the major vein, positioned in the central region of the leaf, was designated for assessment. Subsequently, the SPAD values were measured at each designated point and the average value for each treatment was calculated from measurements on 30 individual plants.

2.3 Total RNA Extraction and RNA-Seq Analysis

Root samples of M. macclurei from three light treatment groups (white, red, and blue) were collected after 47 days. The total RNA of each sample was extracted separately utilizing the TIANDZ Plant RNA Kit (TIANDZ column type RNAout 2.0, Beijing), and its amount and purity were evaluated by agarose gel electrophoresis and the Nanodrop 2100 (Agilent, USA). Sequencing libraries of three biological replicates per treatment were then prepared from each of the nine samples and analyzed on an Illumina HiSeq™ 4000 (150-bp, Illumina, USA) platform at Wuhan Frasergen Information Co., Ltd. (Wuhan, China). Quality control was performed by removing reads with adaptor sequences, N’s greater than 10% and some low-quality reads (Qphred ≤ 20 for >50% reads). The transcriptome was assembled using Trinity software with default parameters [25], and open reading frames (ORFs) were predicted using a trans Decoder [26]. Expression abundance was quantified and normalized to expected fragments per kilobase per million mapped reads (FPKM) of transcript sequences [27].

2.4 DEG Identification and Functional Annotation

Normalization of gene expression levels was performed by calculating FPKM [27]. Differentially expressed genes (DEGs) were identified using the edgerR package by first analyzing the Pearson correlation between samples [28], and then adjusting the resulting p-values to control for the false discovery rate (FDR) using the method of Benjamini et al. [29]. DEGs were determined by edgerR as genes with adjusted p-values less than 0.05 and log2FC (fold change) greater than 1 or less than −1. Enrichment analyses of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were then performed using the Goseq R package [30] and KOBAS software [31] for functional annotation of DEGs. Statistical significance was determined using corrected p-values less than 0.05.

2.5 qRT-PCR Validation and Expression Analysis

Quantitative real-time PCR (qRT-PCR) was performed with the same total RNA and cDNA samples (WL-1, WL-2, WL-3; BL-1, BL-2, BL-3; RL-1, RL-2, RL-3) for transcriptome sequencing. The qRT-PCR assays were performed using TB Green Premix Ex TaqTM (RR820, TaKaRa, China). The qRT-PCR reaction system and procedures were performed according to the kit requirements. All qRT-PCR amplifications were repeated three times according to the standard procedure. Beta-tubulin (TUB2, TRINITY_DN696_c0_g1) was used as an internal control. The relative abundance of transcripts was calculated using the 2-ΔΔCT method [32]. The details of the gene-specific primers used in qRT-PCR are listed in Table S1.

2.6 Statistical Analysis

Data were processed using Microsoft Excel 2016 and presented as the means along with the standard deviation (SD). All statistical analyses were performed using IBM Statistical Product and Service Solutions for Windows, version 26 (IBM SPSS26, Chicago, IL, USA). Specifically, a one-way analysis of variance (ANOVA) was performed on the data for each treatment, and the significance of mean differences was tested by applying Tukey’s test (p-values < 0.05).

3  Results and Discussion

The light quality of different wavelengths serves as an environmental signal factor, providing the main energy source for plants and greatly influencing their production status. An appropriate light environment can effectively increase plant production. However, specific light wavelengths may lead to different morphological and physiological responses in plants, with red and blue light being among the most consequential colors for plant growth and development. Red light stimulates nutrient synthesis and cell division, while blue light promotes plant development and formation [33]. During photosynthesis in plant production, chlorophyll a and chlorophyll b efficiently absorb blue and red light, respectively. Therefore, examining the alterations in plant morphology, physiology, and gene expression levels induced by red and blue light in plant production and tissue culture, and then regulating light quality according to the response of the plant, can enhance plant growth and development, as well as improve yield and quality. LED is a new type of artificial light source that can precisely modulate light quality and intensity, and plants can complete the entire growth process under LED lighting conditions. Consequently, the growth and development of M. macclurei plantlets under different LED light qualities have been extensively discussed. Nevertheless, research on how light quality affects the growth and development of M. macclurei plantlets at the phenotypic and molecular levels is still limited. In this study, we investigated the effects of three different light qualities on the morphology, physiology, and transcriptome of M. macclurei plantlets.

3.1 Effects of Light Quality on Aboveground Growth

In this study, we investigated the effects of varying light qualities on the aboveground growth of M. macclurei plantlets and found that light quality had a significant effect on their growth. Specifically, compared to white light, blue light led to a substantial increase of 21.29% in plant height and 18.65% in leaf number, while red light resulted in a decrease in plant height (7.53%) and leaf number (16.49%) (Figs. 1A and 1B). However, leaf dimensions, such as length and width, did not demonstrate any remarkable alterations under different light quality conditions (Figs. 1C and 1D). These findings demonstrated that blue light enhances the expansion of M. macclurei plantlets by increasing plant height and leaf number, while red light negatively affects morphology, making the plant shorter and thicker. In contrast, red light was found to augment plant height and leaf area in Sarcandra glabra and ramie (Boehmeria nivea), compared to blue and white light [8,34]. The difference in response to red and blue light among different plant species suggested species-specificity in the effects of light quality on plant growth and development. This specificity is further supported by the higher shoot growth of tomatoes [8] and Welsh onions [35] under blue light than other light qualities. The promotion or inhibition of shoot growth is heavily dependent on the synergistic interaction between blue and red light receptors (cryptochromes and phytochromes), so further investigation of this underlying mechanism is necessary.
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Figure 1: Aboveground part growth phenotypes and chlorophyll content of M. macclurei plantlets under white, blue, and red light quality treatments. A: plant height of M. macclurei; B: leaf number of M.macclurei; C: leaf length of M. macclurei; D: leaf width of M. macclurei; E: leaf etiolation rate of M.macclurei; F: chlorophyll content of M. macclurei leaves. WL means white light, RL means red light, and BL means blue light. The values for each column represent the means of three replicates, and the error bar in each column represents the standard deviation between repetitions. Different letters represent significant differences between groups (p-values < 0.05)

Plants respond to diverse light qualities through two systems: photoreceptors and chloroplasts [36]. Chlorophyll is an essential pigment that converts light into chemical energy and is crucial for photosynthesis. Unsuitable light quality caused plant stress with adaptive responses. Changes in the etiolation rate and chlorophyll content constitute of leaves constitute the adaptation of plants to different light qualities. Leaf etiolation rates of M. macclurei plantlets increased by 35.31% and 114.26% under blue and red light, respectively (Fig. 1E). Correspondingly, the chlorophyll content decreased by 6.47% and 35.31% under blue and red light (Fig. 1F). Compared to white light, both blue and red light led to leaf etiolation and reduced chlorophyll content, with the inhibitory effect of red light was more significant than that of blue light. These results indicated that red and blue light reduced the photosynthetic capacity of plants. Similar findings have been reported in tomato and leaf lettuce seedlings under different lighting conditions [8,34].

3.2 Effects of Light Quality on Root Growth

Light can transmit signals to the root system through aerial parts, indirectly modulating root growth. We investigated the effects of various light quality conditions on the root characteristics of M. macclurei plantlets and found that root characteristics varied significantly under different light quality conditions. Notably, compared with the white light treatment, the rooting rate (24.99%), root number (109.58%), and root length (14.90%) of the red light treatment increased significantly. In contrast, the rooting rate (64.28%), root number (72.72%), and root length (75.86%) of plantlets treated with blue light were substantially decreased, compared with those exposed to white light (Figs. 2A–2C). These results suggested that red light fosters the root growth of M. macclurei, while blue light inhibits it. For most plants, the proportion of red light in the light quality requirements for root growth was greater than that of blue light [37–39]. However, Rehmannia glutinosa responded differently to light quality, as blue LED light can enhance root growth compared with red light, revealing the species-specificity of light quality on plant development [40].
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Figure 2: Underground growth phenotypes of M. macclurei plantlets under white, blue, and red light quality treatments. A: rooting rate of M. macclurei; B: root number of M. macclurei; C: root length of M. macclurei. WL means white light, RL means red light, and BL means blue light. The values for each column represent the means of three replicates, and the error bar in each column represents the standard deviation between repetitions. Different letters represent significant differences between groups (p-values < 0.05)

3.3 RNA-Seq, de novo Transcriptome Assembly and Functional Annotation Analysis

The gene expressions can be modulated by light quality, thereby initiating specific signaling cascades mediated by photoreceptors [41]. Given the documented impacts of red and blue light on the root growth of M. macclurei plantlets, RNA-seq analysis of their root tissues was performed using the Illumina HiSeqTM 4000 platform to identify potential genes involved in the light response. As presented in Table 1, each sample generated at least 6,314,332,800 base pairs of clean data. The quality of the RNA-seq data was evidenced by the high percentage of Q20 and Q30 bases, exceeding 96.2% and 90.4%, respectively. Reads were combined and assembled into 121,201 isoforms and 83,798 uniform genes, with an average length of 977 base pairs.
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Next, we functionally annotated the unigenes using six public databases (Table 2). Specifically, we searched for matches of unigenes with an E value of 1 × e−5 in the NCBI nonredundant protein database (NR) and the Swiss-Prot database using Diamond software. Our results indicated that 14,322 (17.1%) unigenes were matched in the NCBI-NR database, while 18,068 (21.6%) unigenes were matched in the Swiss-Prot database. Furthermore, functional annotations revealed that 53,594 (64.0%) unigenes were not annotated in any database, while only 1,309 (1.6%) unigenes were annotated in all six databases. We also performed GO assignments to functionally categorize these annotated unigenes. Among the annotated unigenes, 18,079 were assigned to at least one GO term. Additionally, we used assignments from the KEGG to obtain alternative functional annotations of enzymes involved in biochemical processes and their respective Enzyme Commission (EC) numbers. Our results showed that 6,567 (7.8%) unigenes were assigned to at least one KEGG pathway.

[image: images]

3.4 Differentially Expressed Genes Analysis

We identified DEGs among different comparison groups, including blue light-treated samples compared to white light-treated samples (BL-vs-WL), red light-treated samples compared to white light-treated samples (RL-vs-WL), and red light-treated samples compared to blue light-treated samples (RL-vs-BL). A total of 54 DEGs were identified, with 21 DEGs in the BL-vs-WL comparison set, including 16 up-regulated and 5 downregulated genes (Fig. 3A and Table S2). In the RL-vs-WL comparison set, 7 DEGs were identified, including 4 upregulated and 3 downregulated genes (Fig. 3A and Table S2). Moreover, the RL-vs-BL comparison set exhibited 41 DEGs, of which 5 genes were upregulated, and 36 genes were downregulated (Fig. 3A and Table S2). Venn diagram analysis revealed that 7, 2, and 30 DEGs were uniquely expressed in the BL-vs-WL, RL-vs-WL, and RL-vs-BL comparison sets, respectively (Fig. 3B and Table S2). Notably, the RL-vs-BL comparison set exhibited more DEGs than the BL-vs-WL or RL-vs-WL comparison sets, suggesting that red and blue light treatments had distinct effects on the gene expression pattern of roots.

[image: images]

Figure 3: Differentially expressed genes (DEGs) in M. macclurei roots under different comparison groups. A: the number of upregulated and downregulated DEGs under three comparison groups; BL-vs-WL means blue light vs. white light, RL-vs-WL means red light vs. white light, and RL-vs-BL means red light vs. blue light. B: The differentially expressed genes from M. macclurei plantlets in each comparison

3.5 qRT-PCR Validation

To verify the authenticity and repeatability of the transcriptome data, ten DEGs were randomly selected and their expression profiles in WL, BL, and RL samples were analyzed using qRT-PCR. The relative expression levels obtained by qRT-PCR were compared with the RNA-Seq data. The results demonstrated that the qRT-PCR expression profiles of the selected DEGs were consistent with those obtained through high-throughput sequencing (as shown in Fig. 4), thus demonstrating the reliability of the transcriptome sequencing results in the study.
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Figure 4: qRT-PCR validation of ten differentially expressed genes (DEGs). The gene-specific primers used for qRT-PCR are listed in Table S1

3.6 Functional Annotation and Pathway Analysis

The DEGs identified from the three comparison sets (BL-vs-WL, RL-vs-WL, and RL-vs-BL) underwent gene annotation analysis to determine the function and metabolic pathways involved in regulating light quality. GO terms were interpreted in this analysis, and the results are presented in Fig. 5, Tables S3, S4, and S5. The analysis identified 20, 11, and 53 significant GO terms from the BL-vs-WL, RL-vs-WL, and RL-vs-BL, respectively (p-values < 0.05, Figs. 5A–5C). Red light and blue light treatments significantly affected transporter activity, inorganic anion transmembrane transporter activity, nitrate transmembrane transporter activity, inorganic anion transport, and nitrate transport.
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Figure 5: GO analysis of molecular function and biological process enrichment analyses for DEGs in M.macclurei roots under different comparison groups. A: BL-vs-WL means blue light vs. white light; B: RL-vs-WL means red light vs. white light; C: RL-vs-BL means red light vs. blue light

The DEGs identified from the three comparison sets (BL-vs-WL, RL-vs-WL, and RL-vs-BL) were subjected to KEGG enrichment analysis to identify the metabolic pathways associated with light quality regulation. The enrichment results are presented in Fig. 6. In the DEGs of RL-vs-BL, three KEGG pathways, plant-pathogen interaction, amino sugar and nucleotide sugar metabolism, and plant hormone signal transduction, were significantly enriched (Table S6). Two KEGG pathways, nitrogen metabolism, and phenylpropanoid biosynthesis, were significantly enriched in the DEGs of RL-vs-WL (Table S7). Furthermore, four KEGG pathways were significantly enriched including flavonoid biosynthesis, stilbenoid, diarylheptanoid and gingerol biosynthesis, nitrogen metabolism, plant hormone signal transduction, and phenylpropanoid biosynthesis were significantly enriched in the DEGs of BL-vs-WL(Table S8). These results indicated that the red and blue light treatments significantly altered the molecular functions and metabolic pathways of M. macclurei plantlets compared to the white light treatment. As a key environmental factor, light quality affected plant growth by influencing biosynthetic, metabolic, and signal transduction pathways. Furthermore, light qualities can influence the production of endogenous hormones, thereby affecting plant growth [42–44]. Research has shown that the effects of light quality on plant hormone production vary with a single light quality or a combination of different LED colors. For instance, blue light conditions can stimulate jasmonic acid biosynthesis in barley leaves more efficiently than far-red light [45]. In M. macclurei, our morphological and transcriptome sequencing results suggested that different light qualities regulated the root growth of M. macclurei plantlets by altering the expression of genes involved in brassinosteroid signaling pathways. For example, the expression of MmXTH22 (TRINITY_DN7184_c1_g1) was downregulated under blue light compared to red and white light treatments.
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Figure 6: KEGG analysis of molecular function and biological process enrichment analyses for DEGs in M.macclurei roots under different comparison groups. A: BL-vs-WL means blue light vs. white light; B: RL-vs-WL means red light vs. white light; C: RL-vs-BL means red light vs. blue light

3.7 Analysis of DEGs Related to Plant Hormone Signal Transduction, Nitrogen Metabolism, and Phenylpropanoid Biosynthesis

The regulation of plant root formation is mediated by various factors, including plant hormone signal transduction, nitrogen metabolism, and the phenylpropanoid biosynthesis pathway. Functional classification and enrichment analysis of DEGs using the GO and KEGG databases identified five DEGs associated with these pathways (Table 3). Among them, MmXTH22 (TRINITY_DN7184_c1_g1) involved in the plant hormone signal transduction pathway was upregulated under blue light compared to white light and red light. The pivotal role of MmXTH22 (TRINITY_DN7184_c1_g1) in promoting cell wall relaxation and cell elongation highlights its significance in brassinosteroid synthesis. Previous studies have shown that AtXTH22 was upregulated under green light conditions [46], while the MmXTH22 was upregulated in response to blue light qualities compared to white and red light qualities. This observation strongly suggested that the MmXTH22 plays a vital role in regulating the photoresponse signaling pathway. Furthermore, different light qualities can considerably influence the activities of key enzymes involved in nitrogen metabolism, as well as the expression of genes that control this process. Previous research has revealed that a light source consisting of purple, blue, red, and red-blue combinations can enhance nitrogen assimilation in lettuce [47]. Our study found that compared with white light, blue and red light resulted in the downregulation of high-affinity nitrate transporter (MmNRT22, TRINITY_DN13042_c0_g1), a gene involved in nitrogen metabolism. In addition, we discovered that tryptamine hydroxycinnamoyl transferase (MmTHT1, TRINITY_DN10922_c0_g1) participated in the biosynthesis pathways of various secondary metabolites, such as flavonoids, phenylpropanoids, stilbenoids, diarylheptanoids, and gingerols. The reason was that light quality is also a crucial environmental factor affecting the biosynthesis of secondary metabolite biosynthesis in plants. Numerous studies have proven that specific wavelengths of light have substantial impacts on the production of secondary metabolites, including chlorogenic acid, flavonoids, rosmarinic acid, and carotenoids, as well as on antioxidant activity and DPPH radical scavenging capacity [39,48]. For example, in Stevia rebaudiana, different combinations of LED wavelengths have been shown to increase the content of phenolics and flavonoids [49]. Similarly, in Salvia miltiorrhiza, different combinations of LED wavelengths were found to modulate the accumulation of phenolic acids and other secondary metabolites [50]. In our study, tryptamine hydroxycinnamoyl transferase (MmTHT1, TRINITY_ DN10922_c0_g1) and cinnamyl alcohol dehydrogenase (MmCADH2, TRINITY_DN15702_c0_g1) involved in phenylpropanoid biosynthesis pathway were downregulated under blue and red light compared with white light. These observations suggested that the roots of M. macclurei plantlets modulate their secondary metabolite pathways according to light quality to maintain a balance between environmental stimuli and their growth and development. These observations also underscore the importance of comprehending the molecular mechanisms underlying the regulation of plants’ secondary metabolite biosynthesis and their reaction to environmental factors, particularly light quality.
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The present study has some limitations that should be acknowledged. Firstly, our investigation on plants was limited to growth phenotype and chlorophyll content, and we did not explore the effects of different light quality treatments on the biomass and cell morphology of M. macclurei plantlets. Secondly, we only investigated the effects of three different LED qualities, namely white, blue, and red light. The impacts of other light qualities, such as pure yellow light and combinations of different proportions of red and blue light, should be explored in future studies. Lastly, this study primarily focused on the phenotype and transcriptome levels, and future research is necessary to explore the molecular mechanisms involved in regulating the observed responses.

4  Conclusions

This study aimed to investigate the effects of different light qualities, including white, red, and blue light, on M. macclurei plantlets. The study evaluated growth parameters, chlorophyll content, and transcriptomic analysis to identify the molecular mechanisms of phenotypic changes under different light quality treatments. The results demonstrated that blue light quality increased stem elongation, plant height, and leaf number, but decreased root growth, while red light treatment had the opposite effect. Both red and blue light qualities resulted in a lower chlorophyll content compared to white light quality. Additionally, the transcriptome analysis revealed that gene expression in M. macclurei roots was differentially regulated under different light conditions. Pathway analysis further indicated that plant hormone signal transduction, nitrogen metabolism, and phenylpropanoid biosynthesis were associated with different light quality responses in M. macclurei roots. In short, this result suggests that blue and red light qualities can promote the growth and development of shoot and root, respectively, and significantly alter root gene expression levels. Identifying the molecular mechanisms underlying light quality responses in M. macclurei plantlets provides valuable insights into optimizing the production processes of high-quality plants.
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Table 1: Data summary of the M. macclurei plantlet root RNA-seq analysis

Sample Clean reads pairs Clean base (bp) Q20 (%) Q30 (%) GC (%)
WL-1 21,653,494 6,496,048,200 96.5 91 47.1
WL-2 23,267,347 6,980,204,100 96.6 91.1 47.1
WL-3 27,516,475 8,254,942,500 96.6 91.3 47.1
BL-1 24,124,220 7,237,266,000 96.2 90.4 46.9
BL-2 24,148,080 7,244,424,000 96.4 90.9 47.1
BL-3 24,085,460 7,225,638,000 96.5 90.8 46.7
RL-1 22,781,055 6,834,316,500 96.7 91.3 46.9
RL-2 24,219,393 7,265,817,900 96.7 91.3 47.3
RL-3 21,047,776 6,314,332,800 96.5 91.1 47.2!

Note: 'Q20, Q30: The percentage of bases with a Phred value of >20 or 30, Phred = —10log;o(e); GC: The total number of bases G and C as a
percentage of the total number of bases. WL-1, WL-2, WL-3; BL-1, BL-2, BL-3; RL-1, RL-2, and RL-3 represent three biological replicates for
white, blue, and red light quality treatments, respectively.
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Table 3: The DEGs were involved in plant hormone signal transduction, nitrogen metabolism, and the
phenylpropanoid biosynthesis pathway

Gene ID Description BL-vs-WL RL-vs-WL RL-vs-BL
TRINITY DN7184 ¢l gl  Plant hormone signal transduction 2.34 — —2.97
TRINITY DNI1229 ¢2 gl  Plant hormone signal transduction — — —5.01
TRINITY DNI13042 c0 gl Nitrogen metabolism —2.22 -3.17 —
TRINITY DNI10922 c0 gl Phenylpropanoid biosynthesis —2.69 — —
TRINITY DNI15702 c0 gl Phenylpropanoid biosynthesis — —1.21 —
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Table 2: The statistics of the annotated unigenes in seven databases

Database Number of unigenes Percentage (%)
Total unigenes 83,798 100

Annotated in KOG 8,398 10.0
Annotated in KO 11,831 14.1

Annotated in KEGG 6,567 7.8

Annotated in NR 14,322 17.1

Annotated in GO 18,079 21.6

Annotated in Swiss-Prot 18,068 21.6

Unknown unigene 53,594 64.0

Annotated 1n all databases 1,309 1.6
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