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Light/dark (L/D) cycle plays a crucial role in controlling the production and quality of vegetables. However, the mechanism of L/D cycle on vegetable growth and quality is scarce studied. To investigate the impact of L/D cycle on lettuce growth and quality, we designed three diel scenarios, including 16 hours of light and 8 hours of darkness (L16/D8), 12 hours of light and 6 hours of darkness (L12/D6), and 8 hours of light and 4 hours of darkness (L8/D4). By phenotypic analysis, we found that lettuce grew taller under the L8/D4 scenario than under L16/D8 light cycle scenarios. The physiological indexes showed that the lettuce leaves grown in the L8/D4 scenario exhibited greater enhancements in the levels of soluble protein, soluble sugar, and carotenoid content compared to the other scenarios. By comparing the expression levels under different diel scenarios (L16/D8 vs L12/D6, L16/D8 vs L8/D4, and L12/D6 vs L8/D4), we identified 7,209 differentially expressed genes (DEGs). Additionally, 3 gene modules that were closely related to L/D cycle of lettuce were selected by WGCNA analysis. The eigengenes of three gene modules were enriched in plant hormone signal transduction, sphingolipid metabolism, and nucleocytoplasmic transport pathways. Through network analysis, we identified six hub genes (CIP1, SCL34, ROPGEF1, ACD6, CcmB, and Rps4) in the three gene modules, which were dominant in plant circadian rhythms and greatly affected lettuce growth. qRT-PCR analysis confirmed the diurnal response patterns of the 6 hub genes in different treatments were significant. This study intensively enhanced our comprehension of the L/D cycle in the growth morphology, nutritional quality, and metabolic pathways of lettuce.
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1 Introduction

Vegetables, as high-value-added crops, are crucial for human well-being. Despite vegetables accounting for a minor proportion of overall crop production in comparison with cereals, their significant fourfold yield makes these crops of major focus (FAO online). Nevertheless, the cultivation of vegetables is still greatly hindered by inadequate water and mineral nutrient resources, a decrease in available workforce, and diminished soil fertility (Nkebiwe et al., 2016; Wang et al., 2016; Zhang and Guo, 2016). The development of plant factory has made a swift progress in the production of vegetable food. This progress is anticipated to address issues such as shortage or instability of vegetable supply, resource efficiency, and the environmental impact of agricultural activities (Kozai and Niu, 2016; Kozai, 2018). Lettuce (Lactuca sativa L.) is a main vegetable crop cultivated in plant factories. It is widely consumed because of its good taste and high nutritional value (Bian et al., 2018). Lettuce has been extensively studied as a model plant to investigate the impact of light intensity, quality, and duration on plant phenotype and physiology.

In ecosystem, the most prominent cyclic environmental cue of the day is the light/dark cycle, which directly drives the temperature cycle and influences the foraging of animals and the growth of plants. Light/dark (L/D) cycles are characterized by the length of cycle (period) and the ratio of illumination to darkness (L/D ratio). When the L/D cycle period equals the diurnal cycle period 24 h, it is considered normal; otherwise, it is considered abnormal (Bowsher et al., 1991; Cheung et al., 2014). The use of unusual or non-standard light/dark cycles is permitted in closed plant production systems since there is no externally imposed 24-hour cycle (Chen et al., 2022). It has been suggested that the abnormal L/D cycle generated by artificial light might enhance the production of valuable secondary metabolites by plant cells (Zhang et al., 2021). In cultivated wheat (Triticum aestivum), compared with a 12 h cycle, the 6 hour L/D cycle facilitated growth and development and resulted in faster ear emergence, further suggesting that 12 h darkness was excessive (Clauw et al., 2024). On solanaceae plants, plant growth, development, photosynthetic pigment concentration, anthocyanin and flavonoid content, and redox state were all impacted by extended light/dark cycles of 24/12 h, 48/24 h, 96/48 h, 120/60 h, and 360/0 h (Shibaeva et al., 2024). Long light plants (lettuce and basil, respectively) cultivated indoors could perform and yield better when exposed to a decreased photoperiod with intermittent modes of light (Avgoustaki et al., 2021; Chen, 2018). Therefore, finding plants’ appropriate light/dark cycle has a more economic, sustainable, commercial and ecological impact on the energy supply for indoor food production. The circadian clock serves as a timing mechanism within plants that enables organisms to adapt to physiological and behavioral changes in the cyclical environment, such as the L/D cycle or food availability. When the external L/D cycles were frequently reversed, the circadian rhythmic gene expression was disturbed (Yang et al., 2024). In Arabidopsis, circadian genes changed the oscillation cycle to match the total duration of the light-dark cycle, resulting in more photosynthesis and better survival (Yari Kamrani et al., 2022). In tomato, circadian genes EID1 and LNK2 had positive response to different light periods (Xiang et al., 2022). However, few studies have investigated the effects of L/D cycle on the gene expression in lettuce, especially from a perspective of transcriptome.

This study aimed to explore the effects of different light/dark cycles on the phenotype and quality of lettuce by designing different diel scenarios. Through RNA sequencing, hub genes responded to light/dark cycle were excavated These studies contributed to understand the response mechanism of L/D cycle to plant growth, and provide a basis for the development and application of LED light sources in plant factories.




2 Materials and methods



2.1 Plant materials and growth conditions

From 2 October 2022 to 28 June 2023, experiments were conducted at Zhejiang Academy of Agriculture Sciences (Latitude: 30.30°N, Longitude: 120.19°E), Hangzhou, China, within an artificial climate chamber. Roman lettuce seeds (Lactuca sativa L., “Ideal-205”; Ideal Agriculture Technology, Nanjing, China) were planted in a small flowerpot (7 cm diameter and 5 cm height) containing substrate soil (substrate: vermiculite: perlite = 3:1:1), and positioned inside an artificial climate chamber. The climate chamber measured 1,130 mm (L) x 795 mm (W) x 1920 mm (H), consisting of three microclimate chambers and a control system that regulated temperature, relative humidity and LED lighting. The growth conditions were set as a photosynthetic photon flux density (PPFD) of 204.41 ± 4.97 μmol m−2 s−1 at the upper part of the canopy, while maintaining an air temperature of 25 ± 2°C and a relative humidity of 85%.

After the second true leaf had fully unfolded, each seedling was transplanted separately into a small flowerpot with a diameter of 7 cm. The pot contains substrate soil as described above. The seedlings were then exposed to three diel scenarios. The three diel scenarios were as follows: (1) 16 hours of light and 8 hours of darkness (L16/D8); (2) 12 hours of light and 6 hours of darkness (L12/D6); (3) 8 hours of light and 4 hours of darkness (L8/D4). The light intensity for three scenarios was set to 207.88 ± 4.92 μmol m−2 s−1. The LED light devices were bought from Kesheng Experimental Instrument Co., LTD in Ningbo, China. The spectral radiometer (PLA-30, Everfine Optoelectronic Information Co., LTD., Hangzhou, China) was utilized to measure the photon flux (Supplementary Figure S1). Each scenario was tested three times. As shown in Figure 1, plants were exposed to three different light treatments for 30 days (720 hours). The control was 16 h light/8 h dark (L16/D8), which resulted in totally 30 L/D cycles in the tested period (720 h). Similarly, 12 h light/6 h dark (L12/D6) and 8 h light/4 h dark (L8/D4), which had totally 40 and 60 L/D cycles in the tested period. Following a 30-day period of transplantation, lettuce plants were sampled at a fixed initial planting time point to measure the corresponding parameters. Additional samples were promptly placed in liquid nitrogen and stored at a temperature of -80°C.




Figure 1 | The different L/D cycle in a 720-h growth period. L16/D8, lettuces experience 16 hours of light and 8 hours of darkness a cycle; L12/D6, lettuces experience 12 hours of light and 6 hours of darkness a cycle; L8/D4, lettuces experience 8 hours of light and 4 hours of darkness a cycle. There were totally 30, 40, and 60 L/D cycles in the tested period.






2.2 Phenotype measurement

After 30 days transplanting, phenotype measurements were conducted within 30 minutes of the lighting switch on. For each scenario, 18 plants randomly selected were regarded as a repetition, and there were 3 repetition in each treatment. The plant height was the linear distance between the highest point of the canopy leaf and the substrate soil, and the maximum canopy diameter was the maximum linear distance between the canopy leaf tip. The leaf was photographed with a Nikon camera, and its area was calculated using the image segmentation approach. The root shoot ratio was computed as follows:

	




2.3 Determination of physiological indexes

For analysis, plant leaves that were in good health and fully developed were selected randomly from each scenario. The determinations were performed within 30 minutes of the lighting switch on. The analysis was repeated 3 times for each physiological index.



2.3.1 Measurement of soluble sugar content

According to the method of Tang (Tang et al., 2018), 0.3 g fresh plant leaves were used to remove the outer layer and subsequently pulverized into powder using liquid nitrogen. The powder was placed into a centrifuge tube with a volume of 15 mL and mixed with 10 mL of ddH2O. The mixture was then heated in a boiling water bath for 30 min to extract the liquid. Afterward, the resulting liquid was transferred to a volumeter bottle with a capacity of 25 mL. The measurement of absorbance was conducted at a wavelength of 630 nm, and the content of soluble sugar was determined based on the established standard curve.




2.3.2 Measurement of soluble protein content

The Coomassie bright Blue G-250 method, as described by Bradford (1976), was used to determine the soluble protein content. 1.0 g fresh plant leaves were pulverized using liquid nitrogen, then mixed with 2 mL of ddH2O. After being left at room temperature (20-25°C) for 0.5-1 h, the supernatant was collected. 0.6 mL of extraction was added, followed by 5 mL of Coomassie bright blue solution. The mixture was then stirred and left for 2 min. Subsequently, the absorbance was measured at a wavelength of 595 nm, and the content of soluble protein was determined using the standard curve.




2.3.3 Measurement of free amino acid content

0.5 g plant sample were pulverized using liquid nitrogen and then mixed with 5 mL of 10% acetic acid. After that, the mixture was centrifuged and 2 mL of the supernatant was collected. The supernatant was added into acetate buffer (pH=5.4) to 25 mL. Place 2 mL of the sample extract into a test tube with a capacity of 15 mL, then boil it in a water bath for a duration of 15 minutes. The sample dilution was supplemented with 3mL of ninhydrin solution, and the absorbance was measured at a wavelength of 580 nm. The free amino acid content was then determined using the standard curve.




2.3.4 Measurement of chlorophyll content and carotenoid content

According to the method of Xu et al. (2020), 1.0 g fresh plant leaves were pulverized using liquid nitrogen and then mixed with 15 mL of 95% ethanol. Filter the grinding liquid into a 25 mL brown bottle. Transfer the carotenoids from the filter paper to the bottle using a small quantity of 95% ethanol. Next, pour 25 mL of ethanol into the bottle and shake well. The solution for extraction was poured into a colorimetric dish with an optical diameter of 1 cm, using 95% ethanol as the blank. The measurement of absorbance was conducted at the wavelengths of 665 nm, 649 nm, and 470 nm.




2.3.5 Measurement of nitrate

According to the method Cataldo et al. (1975), 2.0 g fresh plant leaves were ground into powder in liquid nitrogen, and added into 20 mL water, 1 mL ammonia buffer, shake 30 min. The homogenate was transferred into 50 mL volumetric bottle, added 0.4 mL of 150 g/L potassium ferrocyanide solution, then added 0.4 mL of 300 g/L zinc sulfate solution. The measurement of absorbance was conducted at a wavelength of 219 nm based on the established standard curve.





2.4 RNA sequencing

The same part of mature leaves of lettuce in different light cycle were collected for analysis. For each scenario, three biological samples were chosen and designated as L16/D8_1, L16/D8_2, L16/D8_3, L12/D6_1, L12/D6_2, L12/D6_3, L8/D4_1, L8/D4_2, and L8/D4_3, correspondingly. All samples were harvested within 30 minutes of the lighting switch on and stored in -80°C. TRIzol reagent (Thermo Fisher, Waltham, USA) was used to extract the entire RNA according to the manufacturer’s protocol. Nanodrop2000 (Thermo Fisher, Waltham, USA) was used to determine the quality and strength of the extracted RNA. A total of nine RNA samples were sent to Hangzhou Zhijun Technology Co., Ltd. for library preparation and RNA sequencing. RNA sequencing was performed using the illumina novaseq 6000. Sequencing data quality control involves analyzing statistics of the sequencing data, raw data and quality control data. Trimmomatic (version 0.39) (Bolger et al., 2014) software was used to filter the pair-end reads. Bwa (version 0.7.17) software is used to align the filtered FASTQ sequence to the reference genome of lettuce downloaded from NCBI (https://www.ncbi.nlm.nih.gov/genome/?term=Lactuca+sativa), and output the transcription.




2.5 Differential expression analysis and gene annotation

CoverM (version 0.6.1) (https://github.com/wwood/CoverM) software was employed to filter transcription. Using the reads_per_base and method counts functions, the fragments per kilobase of transcript sequence per millions base pairs (FPKM) and feature count were calculated from the filtered transcripts. Gene function and pathway were screened based on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa and Goto, 2000). By input feature count, the analysis of differentially expressed genes (DEGs) was carried out using DESeq2 (Love et al., 2014). The differential gene expression volcano plots and correlation coefficient heatmap for comparison were analyzed using ggplot2 package and corrplot package in R, respectively. The gene ontology (GO) annotations were assigned to each gene by GOseq package (Young et al., 2010). The software KO-Based Annotation system was used to analyze the statistical enrichment of DEGs in the KEGG pathway.




2.6 Analysis of gene co-expression network

For the detection of co-expression network and module, the R package (version 3.6) WGCNA (Weighted gene co-expression network analysis) was employed (Langfelder and Horvath, 2008). Pearson’s correlations were conducted to detected the correlations of the overall gene expression levels between biological replicates in the RNA-seq assay (R2>0.8). Clusters and heatmaps from the RNA-seq data under different light cycle were analyzed using ggplot2 package according to the FPKM value. The Cytoscape-V3.7.2 and its plugin cytohubba were used to construct the network for the modules. The top 30 core genes in connectivity were visually analyzed.




2.7 Verification of gene expression by qRT-PCR assays

The plants in each scenario will return to the same time point to enter the light cycle after going through the 72 h cycle (Figure 2). So we sampled the lettuce 2 hours before entering this light period, which is d1; When the lettuces entering this light period, we sampled the materials and remarked as l1; When the lettuces entering this light period 2 hours later, we sampled the materials and remarked as l2; And 4 hours later remarked as l3. Finally, When the lettuces of each scenario entering the subsequent dark phase 2 hours later, we sampled the materials and remarked as d2. 1.0 g fresh plant leaves of different phases were ground into powder in liquid nitrogen. The first-strand cDNA was generated by reverse transcribing total RNA extracted with TRIzol reagent and transcriptase (Takara, Kyoto, Japan). In qRT-PCR, the gene β-tubulin (LOC111880334) was used as a control. Supplementary Table S2 showed a list of the primers used in this study. The 2-ΔCt method was used to determine the relative gene expression (Livak and Schmittgen, 2001; Thomas et al., 2008). Each scenario had three replicates, and the experiments were conducted at least twice.




Figure 2 | The relative expression level of hub genes in different scenarios. The gene’s relative expression is determined using the 2-ΔCt method. d1, 2 hours before entering the light period; l1, when the lettuces entering the light period. l2, 2 hours after entering the light period; l3, 4 hours after entering the light period; d2, 2 hours after entering the dark period. The data signifies averages and the error bars indicate the standard deviations obtained from six samples that are biological replicates.






2.8 Statistical analysis

For phenotypic and physiological data, statistical analysis were conducted by one-way analysis of variance (ANOVA), using SPSS 24.0 (SPSS, Inc., Chicago, USA). 18 samples and 3 samples were collected as one repeat for phenotypic and physiological measurement, respectively, and each treatment was repeated three times. The values represented the mean ± standard error. Tukey’s multiple range test was used to determine the differences between mean values at the 0.05 level.





3 Results



3.1 Effects of different L/D cycle on phenotype of lettuce

To investigate the sensitivity of lettuce to different L/D cycle, we measured plant shoot, canopy diameter and fresh and dry weight of lettuce grown at L16/D8, L12/D6 and L8/D4. We found that the phenotype of lettuce changed significantly under different L/D cycle (Figure 3A). Lettuce that experienced diel change twice a day (L8/D4) were significantly taller than lettuce that experienced diel change only once (L16/D8) (Figure 3B), indicating that different L/D cycle could affect lettuce growth (p<0.05). Canopy diameter plays a crucial role in plant growth and fruit bearing. From the results, it was found that the diameter of the canopy of lettuce in L8/D4 scenario was significantly larger than that of lettuce in L12/D6 scenario (Figure 3C) (p<0.05). In addition, in terms of fresh weight and dry weight, lettuce in L8/D4 scenario was not much different from lettuce in L16/D8 scenario, but both were heavier than lettuce in L12/D6 scenario (Figures 3D, E) (p<0.05). By measuring the root shoot ratio and leaf area, it was found that the underground part of lettuce growing under L16/D18 was more developed (Supplementary Figure S2). These results suggested that different L/D cycle had significant impacts on the lettuce phenotype. Moreover, contrary to previous understanding of the L/D cycle of plants, lettuce grown in L8/D4 scenario grew taller.




Figure 3 | Phenotypic analysis of lettuce under different light cycles. (A) The phenotypic image of lettuce growing at L16/D8, L12/D6, and L8/D4. (B) The shoot height of lettuce growing at L16/D8, L12/D6, and L8/D4. (C) The canopy diameter of lettuce growing at L16/D8, L12/D6, and L8/D4. (D) The fresh weight of lettuce growing at L16/D8, L12/D6, and L8/D4. (E) The dry weight of lettuce growing at L16/D8, L12/D6, and L8/D4. L16/D8, lettuces experience 16 hours of light and 8 hours of darkness a cycle; L12/D6, lettuces experience 12 hours of light and 6 hours of darkness a cycle; L8/D4, lettuces experience 8 hours of light and 4 hours of darkness a cycle. The data signifies averages and the error bars indicate the standard deviations obtained from six samples that are biological replicates. *P<0.05, **P<0.01.






3.2 Lettuce physiological index by L/D cycle

To investigate the impact of different L/D cycle on lettuce quality, some physiological indexes of lettuce leaves were measured. In the lettuce leaves, the chlorophyll a, b, and a + b exhibited a greater rise in the L16/D8 and L12/D6 scenarios compared to the L8/D4 scenario (Figure 4A) (p<0.05). On the contrary, the lettuce leaves exhibited a greater rise in carotenoid content under the L8/D4 scenario compared to the L16/D8 and L12/D6 scenarios (Figure 4B) (p<0.05). Carotenoid, as auxiliary pigments in plant photosynthesis, restored the growth of lettuce mediated by chlorophyll reduction in the L8/D4 scenario by compensating for the use of visible light radiation. In addition, we found that L/D cycle increased the quality of lettuce. The contents of soluble protein and soluble sugar in lettuce leaves were notably higher under the L8/D4 scenario compared to the L12/D6 scenario, indicating an increase of 3% and 5%, respectively (Figures 4C, D) (p<0.05). Moreover, it experienced a slight decrease under the L16/D8 scenario compared to the L8/D4 scenario, yet it did not attain statistical significance. There was no significant difference in total free amino acid content among the three scenarios (Figure 4E). Nevertheless, when comparing the nitrate levels in lettuce leaves, we found that there was a significant decrease of approximately 50% in L8/D4 scenario comparing that under L16/D8 and L12/D6 scenarios (p<0.05) (Figure 4F).




Figure 4 | Effect of different L/D cycles on lettuce quality. The chlorophyll content (A), carotenoid content (B), soluble protein content (C), soluble sugar content (D), free amino acid content (E), and nitrate content (F) of lettuce in three scenarios. L16/D8, lettuces experience 16 hours of light and 8 hours of darkness a cycle; L12/D6, lettuces experience 12 hours of light and 6 hours of darkness a cycle; L8/D4, lettuces experience 8 hours of light and 4 hours of darkness a cycle. The data signifies averages and the error bars indicate the standard deviations obtained from six samples that are biological replicates. *P<0.05, **P<0.01.






3.3 Transcriptome analysis of lettuce leaves

RNA-seq analysis was conducted on the lettuce leaves to investigate the underlying mechanism behind the different phenotypes observed in lettuce grown at L16/D8, L12/D6, and L8/D4. For transcriptome sequencing, a total of 9 RNA samples were sent, with each experiment comprising three biological replicates. Biological replicates displaying a strong correlation (R2>0.8) in gene expression levels (Supplementary Figure S3). The RNA-Seq data of 9 cDNA libraries (L16/D8_1, L16/D8_2, L16/D8_3, L12/D6_1, L12/D6_2, L12/D6 _3, L8/D4_1, L8/D4_2, and L8/D4_3) were summarized in Supplementary Table S1. Following the completion of quality control, we obtained a total of 66.94 Gb of clean data. The content of Q30 reached 95.83% throughout the 9 samples. A total of 123,569 transcripts were obtained in the filtered assembly. Most of the sequence lengths were concentrated below 20000bp (Supplementary Figure S4).

There were 42,796 non-redundant high-quality unigenes annotated by searching a database of common functions. From the COG, EC, GO, KEGG, and Pfam databases, a total of 40,332 (94.24%), 9097 (21.26%), 20,882 (48.79%), 20,052 (46.85%), and 39,527 (92.36%) annotated unigenes were obtained, respectively (Supplementary Figure S5). The PCA analysis showed an obvious differentiation between the three scenarios, suggesting that the differences among the nine sample bioreplicates aligned with the anticipated experimental design (Supplementary Figure S6).




3.4 Analysis of differential expression genes responding to different L/D cycle

The fragments per kilobase of transcript per million reads mapped (FPKM) method were used to predict gene transcriptional accumulation. By comparing the expression level under different L/D cycle (L16/D8 vs L12/D6; L16/D8 vs L8/D4; L12/D6 vs L8/D4), genes that differentially up-regulated and down-regulated were screened out (Log2FoldChange > 1, adjust padj< 0.05). The results showed that 2270 DEGs were found between the L16/D8 and L12/D6 scenarios. And there were 2131 upregulated genes and 139 downregulated genes (Figure 5A). Furthermore, 3284 DEGs were found between the L16/D8 and L8/D4 scenarios; among these genes, 1338 were found to be upregulated, while 1946 were downregulated (Figure 5B). The numbers of DEGs between L12/D6 and L8/D4 scenarios were 5159. The upregulated genes were 2523, and downregulated genes were 2636 (Figure 5C). In addition, venn diagram were used to summarize DEG counts between all combinations of L16/D8, L12/D6, and L8/D4 scenarios. And there were 167 common DEGs between the three comparison scenarios (Figure 5D)




Figure 5 | The statistical analysis of DEGs in reaction to various L/D cycle. The scatter plot displays the DEGs in L12/D6 vs L16/D8 (A), L8/D4 vs L16/D8 (B), L8/D4 vs L12/D6 (C). Log2 (fold change)< −1, p- value< 0.05. Blue, down-regulated genes; red, up-regulated genes; gray, undifferentiated genes. (D) Venn diagram of DEGs among three scenarios. L16/D8, lettuces experience 16 hours of light and 8 hours of darkness a cycle; L12/D6, lettuces experience 12 hours of light and 6 hours of darkness a cycle; L8/D4, lettuces experience 8 hours of light and 4 hours of darkness a cycle.



By Go annotations, we discovered that the DEGs exhibited enrichment in the categories of “cellular process”, “cellular metabolic process”, and “metabolic process” within the GO classification of “biological process”. The DEGs were found to be enriched in terms such as “chloroplast”, “plastid”, and “intracellular membrane-bound organelle” within the “cellular component” categories. In the “molecular function” categories, the DEGs were enriched in “binding” and “catalytic activity” terms (Figure 6A). By conducting KEGG pathway analysis, we enriched the top 10 DEGs and observed their significant enrichment in various signal transduction and metabolic pathways, such as “photosynthesis”, “plant hormone signal transduction”, and “carbon metabolism” (Figure 6B). These results laid a solid foundation for the study of different L/D cycle adaptation mechanisms of lettuce.




Figure 6 | The analysis of gene function and pathway in L12/D6 vs L16/D8, L8/D4 vs L16/D8, and L8/D4 vs L12/D6. Go annotation analysis (A) and KEGG enrichment analysis (B) on the comparisons between L16/D8, L12/D6, and L8/D4. L16/D8, lettuces experience 16 hours of light and 8 hours of darkness a cycle; L12/D6, lettuces experience 12 hours of light and 6 hours of darkness a cycle; L8/D4, lettuces experience 8 hours of light and 4 hours of darkness a cycle.






3.5 Analysis of weighted gene co-expression network for genes associated with sensitivity to L/D cycles in lettuce

In order to identify the genes associated with the L/D cycle in lettuce, we performed a WGCNA analysis. When the scale-free fit index is 0.8, the minimum soft threshold for constructing scale-free networks is 9. Hence, the value of 9 can be chosen as the most suitable soft threshold for further analysis (Supplementary Figure S7). The co-expression network was constructed using the optimal soft threshold, dividing the genes into various modules, and conducting the cluster dendrogram(Figure 7A). From the results of WGCNA, 36 gene modules were identified, and marked with different colors. The member number in modules ranged from 47 to 18221 (Figure 7B). By constructing cluster tree and correlation heatmap, the interaction between modules was explored. These 36 modules could be aggregated into two clusters with a high degree of interactive connectivity (Figure 7C).




Figure 7 | WGCNA analysis for genes related to L/D cycle sensitivity. (A) The cluster dendrogram of genes according to a topological overlap matrix (1-TOM). Different colors were used to display the genes divided into various modules in the dendrogram. The dendrogram was constructed using the optimal soft threshold. (B) The member numbers in 36 gene modules, which were ranged from 47 to 18221. (C) The eigengene adjacency heatmap in modules.ME represents the modules eigengene.






3.6 Module identification and functional enrichment analysis

In order to identify the module that related to the treatments of L16/D8, L12/D6, and L8/D4, we conducted a correlation analysis between treatments and modules. From the results, we found that module in turquoise was positively correlated with L8/D4, and negatively correlated with L16/D8 and L12/D6. Module in green was positively correlated with L12/D6, and negatively correlated with L16/D8 and L8/D4. Furthermore, module in greenyellow was positively correlated with L16/D8, and negatively correlated with L12/D6 and L8/D4 (Figure 8A).




Figure 8 | Module identification and functional enrichment analysis. (A) The correlation coefficients between traits and modules. ME represents the modules eigengene. L16/D8, lettuces experience 16 hours of light and 8 hours of darkness a cycle; L12/D6, lettuces experience 12 hours of light and 6 hours of darkness a cycle; L8/D4, lettuces experience 8 hours of light and 4 hours of darkness a cycle. (B) Go annotation analysis for differentially expressed genes in 3 modules. The genes were classified into three main categories: BP, biological process; CC, cellular component; MF, molecular function. (C) KEGG enrichment analysis among three modules. p- value< 0.05.



By Go annotation, we found that the DEGs of three modules in green, greenyellow, and turquoise exhibited enrichment in the categories of “regulation of transcription”, “DNA-templated” and “translation” within the GO “biological process” terms. The DEGs were found to be enriched in the terms “cytosol” and “membrane” within the “cellular component” categories. The DEGs in the GO categories of “molecular function” were found to be enriched in terms such as “ribosome structural constituent” and “protein kinase activity” (Figure 8B). The KEGG enrichment analysis revealed that the green module was enriched in the pathway of “sphingolipid metabolism”, the greenyellow module was enriched in the pathway of “plant hormone signal transduction”, and the turquoise module was enriched in the pathway of “nucleocytoplasmic transport”(Figure 8C). These three pathways directly related to plant cell growth, differentiation and signal transduction. Overall, the eigengenes of these three modules played important roles in promoting the growth and improving the quality of lettuce.




3.7 Screening of hub genes in the related modules

In order to explore the key gene involved in lettuce’s L/D cycle, we analyzed the top 30 nodes in the green, greenyellow, and turquoise modules with the highest connectivity through cytoscape 3.7.2 version. From the results, it was found that CIP1 and SCL34 were hub genes in green module. ROPGEF1 and ACD6 were located at the center of the greenyellow network. Furthermore, CcmB and Rps4 were hub genes in turquoise module (Figure 9). As previously reported, CIP1 can be ubiquitinated by COP1, resulting in suppression of light signal transduction and light morphogenesis (Han et al., 2020). ROPGEF1 is associated with ABA-induced stomatal closure in plants (Li and Liu, 2012). In Arabidopsis, CcmB has the ability to form an ABC transporter within the mitochondria, playing a role in the maturation of cytochrome c (Rayapuram et al., 2007). Therefore, it is probable that these genes functioned as crucial switches in the alterations of plant growth and development induced by different L/D cycles.




Figure 9 | The Visual network of MEgreen, MEgreenyellow, and MEturquoise modules.



By qRT-PCR, we examined the expression levels of LsCIP1, LsSCL34, LsROPGEF1, LsACD6, LsCcmB, and LsRps4 at different time points throughout the diurnal cycle. From the results, we have found that the diurnal response patterns of the 6 hub genes in different scenarios were significant. In L12/D6 scenario, all the hub genes showed down-regulated expression after turning on the light, and the down-regulated expression trend slowed down 2 hours after the light was turned off. On the contrary, most of the hub genes (except LsCcmB in L16/D8) of lettuce grown in L16/D8 and L8/D4 scenarios were upregulated after the light was turned on, and the upregulation trend slowed down two hours after the light was turned off, while the expression trend of L8/D4 was more flat than that of L16/D8 (Figure 2). The difference of expression patterns in different scenarios indicates the difference of lettuce phenotype, and also illustrates that these six hub genes play important roles in regulating the growth and development of lettuce.





4 Discussion

Circadian rhythm acts as an internal timing mechanism in plants that helps them to anticipate and align internal biological processes with these daily rhythms (Millar, 2016). In the model plants Arabidopsis thaliana, potato and rice crop, the circadian clock has a self-dependent mechanism, and their metabolic process is also controlled by the circadian rhythm (Kim et al., 2017; Inoue et al., 2018). Circadian clocks have two main features: endogeneity and inducibility. Endogeneity is the ability of biological physiology and behavior to operate in a certain periodic rhythm even without the external environment and other timing factors (Bell-Pedersen et al., 2005; Wijnen et al., 2006). Inducibility occurs when the constant external environment changes (like L/D cycle in this study), disrupting the endogenous mechanism of plant and forcing the biological rhythm to synchronize with the new cycle of the environment (Taiz and Zeiger, 2006). In this study, abnormal L/D cycles acted as timing factors for the plant circadian clock system. As a result of the L/D signal, plants regulate growth and physiological metabolism, and synchronize with the rhythmic change of light and dark signals (Figure 10).




Figure 10 | The summary diagram for the growth and morphology, phytochemical indicators, molecular pathways, and hub gene expression under all kinds of light cycles.



From our study, the results showed that different L/D cycle had significant impacts on the lettuce phenotype (Figure 10). Lettuce experienced light cycle change twice a day (L8/D4) were significantly taller than lettuce that experienced light cycle change only once (L16/D8) (Figure 3B). The canopy diameter of lettuce in L8/D4 scenario was significantly larger than that of lettuce in L12/D6 scenario (Figure 3C). Besides, lettuce in L8/D4 scenario and L16/D8 scenario, were heavier than lettuce in L12/D6 scenario (Figure 3D). These results indicated that lettuce responded to light cues of different cycle by altering its morphological characteristics, and the change of L/D cycle in 24 h unit was more helpful to promote plant growth and increase yield. Moreover, based on the experimental results that lettuce can grow well under L8/D4 scenario, we propose to hypothesize that plants might not need such a long L/D cycle to develop, and the appropriate L/D phase is sufficient to complete their production/rest cycle. However, more mechanistic studies are needed to clarify this conclusion.

The morphological differences of lettuce in plant height, dry weight and canopy diameter under different L/D cycles may be partly regulated by metabolic pathways and genes. Understanding the regulatory function of L/D cycle in primary metabolism, holds immense importance in improving the yield and quality of agricultural products under controlled light environment such as greenhouse. In our study, compared with L12/D6, L16/D8 and L8/D4 treatments significantly improved the dry weight of lettuce, which may be partly due to the increased carbon assimilation capacity of lettuce. According to Figure 3, the soluble sugar content in L16/D8 and L8/D4 is significantly higher than L12/D6. From KEGG enrichment analysis, we also found that the top 10 DEGs were enriched in various signal transduction and metabolic pathways, such as “photosynthesis”, “plant hormone signal transduction”, and “carbon metabolism”. These results indicated that the light/dark cycle affected plants growth mainly by affecting the differential expression of genes in photosynthesis and carbon metabolism pathway. The lettuce grown under L16/D8 and L8/D4 treatment could better utilize carbon dioxide and reduce it to sugars than that under L12/D6. However, with the shortening of the L/D cycle, the pigment content of lettuce decreased (Figure 3A), which might be an adaptive regulation to reduce light energy capture and eliminate the potential photoinhibition caused by the shortened photocycle. The shortened L/D cycle obviously improved the utilization efficiency of pigment. In addition, according to de Barros Dantas et al. (2023), chloroplast activity is regulated by circadian genes, and the decrease in pigment content in shortened L/D cycle (especially L8/D4) could also be the result of circadian gene regulation, although its regulatory mechanism needed to be further revealed. Moreover, the difference of dry weight in L8/D4 might also be caused by the increase of photosynthetic area due to the increase of canopy diameter.

Through WGCNA analysis, we identified the core genes of CcmB, ROPGEF1, CIP1 (Figure 8). CcmB participates in the formation of cytochrome c (Rayapuram et al., 2007). Cytochrome c is important in the process of electron transport in respiration and photosynthesis (Swierczek et al., 2010; Sun et al., 2018). Cytochrome c plays a central role in photomixotrophy in Synechocystis sp. by regulating the photosynthetic ability of cells (Solymosi et al., 2020). In our study, In L8/D4 scenario, LsCcmb was up-regulated after the light was turned on, which was opposite to the expression pattern in the other two scenarios (Figure 9). This indicates that lettuce in L8/D4 is participating in photosynthesis through the expression of LsCcmb, thus promoting growth. We hypothesized that the differential expression of CcmB in different treatments lead to the variation of photosynthetic ability, which affected the lettuce growth.

CIP1 is a COP1 interactive protein. In the process of light signal transduction, COP1 locates downstream of the photoreceptor, playing a crucial role as the primary inhibitory factor in the transmission of light signals (Lau and Deng, 2012). COP1 is a conserved Ring-type E3 ubiquitin ligase that related to various biological processes, including plant growth and development, mammalian cell growth, and metabolism. As an interacting protein of COP1, CIP1 has a significant impact on regulating photomorphogenesis, anthocyanin synthesis and hypocotyl growth (Ren et al., 2016; Kang et al., 2021; Li et al., 2023). Taken together, we found a key gene CIP1, associated with lettuce growth. The expression of CIP1 expression was activated in a 24-h-unit light cycle, thus participating in the light signaling pathway of lettuce, and on this basis, regulated the growth and development of lettuce.

ROPGEF1 is the hub gene in greenyellow module, which mediated ABA signaling pathway. The ABA signaling pathway is closely related to the circadian clock. The circadian clock system can regulate the production and signal transduction of ABA, thus affecting the drought resistance response of plants (Baek et al., 2020; Wang et al., 2020). Plants’ responses to water deficiency vary with the light/dark cycle (Huang et al., 2019). In our study, we found that LsROPGEF1 expression was up-regulated after the light was turned on in L16/D8 and L8/D4 scenarios, while in L12/D6 scenario, it was down-regulated (Figure 9). These results indicate that LsROPGEF1 can respond to the alternation of light/dark cycle in L16/D8 and L8/D4 scenarios, so as to activate ABA signaling pathway, assist adaptive stomatal movements, establish a balance between CO2 uptake and water loss, and increase plant biomass.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Author contributions

MD: Methodology, Writing – original draft. XT: Visualization, Writing – review & editing. ZY: Writing – original draft. XC: Investigation, Writing – review & editing. YZ: Data curation, Writing – original draft. YR: Writing – review & editing. BM: Formal analysis, Writing – review & editing. DK: Data curation, Formal analysis, Investigation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by the Key R&D Program of Zhejiang Province (2022C02026, 2022C02003).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1394434/full#supplementary-material




References

 Avgoustaki, D. D., Bartzanas, T., and Xydis, G. (2021). Minimising the energy footprint of indoor food production while maintaining a high growth rate: Introducing disruptive cultivation protocols. Food Control. 130, 108290. doi: 10.1016/j.foodcont.2021.108290

 Baek, D., Kim, W. Y., Cha, J. Y., Park, H. J., Shin, G., Park, J., et al. (2020). The GIGANTEA-ENHANCED EM level complex enhances drought tolerance via regulation of abscisic acid synthesis. Plant Physiol. 184, 443–458. doi: 10.1104/pp.20.00779

 Bell-Pedersen, D., Cassone, V. M., and Earnest, D. J. (2005). Circadian rhythms from multiple oscillators: Lessons from diverse organisms. Nat. Rev. Gen. 6, 544–556. doi: 10.1038/nrg1633

 Bian, Z. H., Cheng, R. F., Wang, Y., Yang, Q. C., and Lu, C. G. (2018). Effect of green light on nitrate reduction and edible quality of hydroponically grown lettuce (Lactuca sativa L.) under short-term continuous light from red and blue light-emitting diodes. Environ. Exp. Bot. 153, 63–71. doi: 10.1016/j.envexpbot.2018.05.010

 Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics. 30, 2114–2120. doi: 10.1093/bioinformatics/btu170

 Bowsher, C. G., Long, D. M., and Rothstein, O. (1991). Effect of L/D cycles on expression of nitrate assimilatory genes in maize shoots and roots. Plant Physiol. 95, 281–285. doi: 10.1104/pp.95.1.281

 Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1006/abio.1976.9999

 Cataldo, D. A., Haroon, M., Schrader, L. E., and Youngs, V. L. (1975). Rapid colorimetric determination of nitrate in plant-tissue by nitration of salicylic acid. Commun. Soil Sci. Plant Anal. 6, 71–80. doi: 10.1080/00103627509366547

 Chen, X. (2018). Effects of intermittent light exposure with red and blue light emitting diodes on growth and carbohydrate accumulation of lettuce. Sci. Hortic. 234, 220–226. doi: 10.1016/j.scienta.2018.02.055

 Chen, X., Li, Y., Wang, L., Yang, Q., and Guo, W. (2022). Responses of butter leaf lettuce to mixed red and blue light with extended light/dark cycle period. Sci. Rep. 12, 6924. doi: 10.1038/s41598-022-10681-3

 Cheung, C. Y., Poolman, M. G., Fell, D. A., Ratcliffe, R. G., and Sweetlove, L. J. (2014). A diel flux balance model captures interactions between light and dark metabolism during day-night cycles in C3 and crassulacean acid metabolism leaves. Plant Physiol. 165, 917–929. doi: 10.1104/pp.113.234468

 Clauw, H., Van de Put, H., Sghaier, A., Kerkaert, T., Debonne, E., Eeckhout, M., et al. (2024). The impact of a six-hour light-dark cycle on wheat ear emergence, grain yield, and flour quality in future plant-growing systems. Foods 13, 750. doi: 10.3390/foods13050750

 de Barros Dantas, L. L., Eldridge, B. M., Dorling, J., Dekeya, R., Lynch, D. A., and Dodd, A. N. (2023). Circadian regulation of metabolism across photosynthetic organisms. Plant J. 116, 650–668. doi: 10.1111/tpj.16405

 FAO. Available online at: https://www.fao.org/faostat/fr/#data/ET.

 Han, X., Huang, X., and Deng, X. W. (2020). The photomorphogenic central repressor COP1: conservation and functional diversification during evolution. Plant Commun. 1, 100044. doi: 10.1016/j.xplc.2020.100044

 Huang, J., Zhao, X., and Chory, J. (2019). The Arabidopsis transcriptome responds specifically and dynamically to high light stress. Cell Rep. 29, 4186–4199. doi: 10.1016/j.celrep.2019.1

 Inoue, K., Araki, T., and Endo, M. (2018). Circadian clock during plant development. J. Plant Res. 131, 59–66. doi: 10.1007/s10265-017-0991-8

 Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

 Kang, H., Zhang, T. T., Fu, L. L., Yao, Y. X., You, C. X., Wang, X. F., et al. (2021). The apple MdCOP1-interacting protein 1 negatively regulates hypocotyl elongation and anthocyanin biosynthesis. BMC Plant Biol. 21, 15. doi: 10.1186/s12870-020-02789-3

 Kim, J. A., Kim, H. S., Choi, H. S., Jang, J. Y., Jeong, M. J., and Lee, S. I. (2017). The importance of the circadian clock in regulating plant metabolism. Int. J. Mol. Sci. 18, 2680. doi: 10.3390/ijms18122680

 Kozai, T. (2018). “Current status of plant factories with artificial lighting (PFALs) and smart PFALs,” in Smart plant factory. Ed.  T. Kozai (Springer Nature Singapore Pte Ltd, Singapore), 3–13.

 Kozai, T., and Niu, G. (2016). “Plant factory as a resource-efficient closed plant production system,” in Plant Factory: an indoor vertical farming system for efficient quality food production. Ed.  T. Kozai (Academic Press, Cambridge), 69–90.

 Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for weighted correlation network analysis. BMC Bioinf. 9, 559. doi: 10.1186/1471-2105-9-559

 Lau, O. S., and Deng, X. W. (2012). The photomorphogenic repressors COP1 and DET1: 20 years later. Trends Plant Sci. 17, 584–593. doi: 10.1016/j.tplants.2012.05.004

 Li, Z., and Liu, D. (2012). ROPGEF1 and ROPGEF4 are functional regulators of ROP11 GTPase in ABA-mediated stomatal closure in Arabidopsis. FEBS Lett. 586, 1253–1258. doi: 10.1016/j.febslet.2012.03.040

 Li, Y., Xing, M., Yang, Q., Wang, Y., Jiang, J., Zhao, Y. K., et al. (2023). SmCIP7, a COP1 interactive protein, positively regulates anthocyanin accumulation and fruit size in eggplant. Int. J. Biol. Macromol. 234, 123729. doi: 10.1016/j.ijbiomac.2023.123729

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using Real-time quantitative PCR and the 2–ΔΔct method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi: 10.1186/s13059-014-0550-8

 Millar, A. J. (2016). The intracellular dynamics of circadian clocks reach for the light of ecology and evolution. Annu. Rev. Plant Biol. 67, 595–618. doi: 10.1146/annurev-arplant-043014-115619

 Nkebiwe, P. M., Weinmann, M., Bar-Tal, A., and Müller, T. (2016). Fertilizer placement to improve crop nutrient acquisition and yield: a review and meta-analysis. Field Crops Res. 196, 389–401. doi: 10.1016/j.fcr.2016.07.018

 Rayapuram, N., Hagenmuller, J., Grienenberger, J. M., Giegé, P., and Bonnard, G. (2007). AtCCMA interacts with AtCcmB to form a novel mitochondrial ABC transporter involved in cytochrome c maturation in Arabidopsis. J. Biol. Chem. 282, 21015–21023. doi: 10.1074/jbc.M704091200

 Ren, C. X., Zhu, X. L., Zhang, P. P., and Gong, Q. Q. (2016). Arabidopsis COP1-interacting protein 1 is a positive regulator of ABA response. Biochem. Biophys. Res. Commun. 477, 847–853. doi: 10.1016/j.bbrc.2016.06.147

 Shibaeva, T. G., Sherudilo, E. G., Ikkonen, E., Rubaeva, A. A., Levkin, I. A., and Titov, A. (2024). Effects of extended light/dark cycles on solanaceae plants. Plants (Basel). 13, 244. doi: 10.3390/plants13020244

 Solymosi, D., Nikkanen, L., Muth-Pawlak, D., Fitzpatrick, D., Vasudevan, R., Howe, C. J., et al. (2020). Cytochrome cM decreases photosynthesis under photomixotrophy in Synechocystis sp. PCC 6803. Plant Physiol. 183, 700–716. doi: 10.1104/pp.20.00284

 Sun, C., Benlekbir, S., Venkatakrishnan, P., Wang, Y. H., Hong, S. J., Hosler, J., et al. (2018). Structure of the alternative complex III in a supercomplex with cytochrome oxidase. Nature 557, 123–126. doi: 10.1038/s41586-018-0061-y

 Swierczek, M., Cieluch, E., Sarewicz, M., Borek, A., Moser, C. C., Dutton, P. L., et al. (2010). An electronic bus bar lies in the core of cytochrome bc1. Science 329, 451–454. doi: 10.1126/science.1190899

 Taiz, L., and Zeiger, E. (2006). Plant Physiol. 4th Edition (Massachusetts: Sinauer Associates Inc. Publishers).

 Tang, D., Wei, F., Kashif, M., Khan, A., Li, Z. Q., Shi, Q. Q., et al. (2018). Analysis of chloroplast differences in leaves of rice isonuclear alloplasmic lines. Protoplasma 255, 863–871. doi: 10.1007/s00709-017-1189-6

 Thomas, S., Kenneth, D., and Livak, J. (2008). Analyzing real-time PCR data by comparative C(T) method. Nat. Protoc. 3, 1101–1108. doi: 10.1038/nprot.2008.73

 Wang, J., Du, Z., Huo, X., Zhou, J., Chen, Y., Zhang, J., et al. (2020). Genome-wide analysis of PRR gene family uncovers their roles in circadian rhythmic changes and response to drought stress in Gossypium hirsutum L. Peer J. 8, e9936. doi: 10.7717/peerj.9936

 Wang, H., Qiu, F., and Ruan, X. (2016). Loss or gain: A spatial regression analysis of switching land conversions between agriculture and natural land. Agric. Ecosys. Environ. 221, 222–234. doi: 10.1016/j.agee.2016.01.041

 Wijnen, H., Naef, F., Boothroyd, C., Claridge-Chang, A., and Young, M. W. (2006). Control of daily transcript oscillations in drosophila by light and the circadian clock. PloS Genet. 2, e39. doi: 10.1371/journal.pgen.0020039

 Xiang, Y., Sapir, T., Rouillard, P., Ferrand, M., and Jiménez-Gómez, J. M. (2022). Interaction between photoperiod and variation in circadian rhythms in tomato. BMC Plant Biol. 22, 187. doi: 10.1186/s12870-022-03565-1

 Xu, Y. Y., Yang, M., Cheng, F., Liu, S. N., and Liang, Y. Y. (2020). Effects of LED photoperiods and light qualities on in vitro growth and chlorophyll fluorescence of Cunninghamia lanceolata. BMC Plant Biol. 20, 269. doi: 10.1186/s12870-020-02480-7

 Yang, H., Zhao, G., Lu, Y., Ma, K., Gao, X., She, X., et al. (2024). Circadian disturbances by altering the light-dark cycle negatively affects hematopoietic function of bone marrow in mice. FASEB J. 38, e23565. doi: 10.1096/fj.202302233RR

 Yari Kamrani, Y., Shomali, A., Aliniaeifard, S., Lastochkina, O., Moosavi-Nezhad, M., Hajinajaf, N., et al. (2022). Regulatory role of circadian clocks on aba production and signaling, stomatal responses, and water-use efficiency under water-deficit conditions. Cells 11, 1154. doi: 10.3390/cells11071154

 Young, M. D., Wakefifield, M. J., Smyth, G. K., and Oshlack, A. (2010). Gene ontology analysis for RNA-seq: accounting for selection bias. Genome Biol. 11, R14. doi: 10.1186/gb-2010-11-2-r14

 Zhang, D., and Guo, P. (2016). Integrated agriculture water management optimization model for water saving potential analysis. Agric. Water Manage. 170, 5–19. doi: 10.1016/j.agwat.2015.11.004

 Zhang, S., Zhang, L., Zou, H. Y., Qiu, L., Zheng, Y. W., Yang, D. F., et al. (2021). Effects of light on secondary metabolite biosynthesis in medicinal plants. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.781236




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Dai, Tan, Ye, Chen, Zhang, Ruan, Ma and Kong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1394434-g006.jpg
Go annotation analysis

catalytic activity

binding

ion binding

tetrapurrole binding
oxidoreductase activity:
intracellular membrane-bounded organelle
plastid

chloroplast
membrane-bounded organelle:
cellular anatomical entity
cellular metabolic process
cellular process

metabolic process
photosynthesis

generation of precursor metabolites and energy-

15

20

12/D6 vs L16/D8
7 L8/D4vs L12/D6
. L8/D4vs L16/D3

Count

KEGG enrichment analysis
L12/D6 vs L16/D8

i e Metabolsm
Bt o s
| Gonetc formaton rocessing

[[———————

Ot st
P s bt b
e st

TS
i e
O Syt
0 4 8 12 16 20 24 28 32 36
o
L8/D4 vs L16/D8
Biel—F——
T sion
i
B AP
AP g oy gk |Emironmentanfomaton Processing
" | Organismal Systems
0 6 12 18 24 30 3% 42 48 54
oun
L8/D4 vs L12/D6

Metaboism

IGenetic Information Processing
[EmvironmentalInformation Processing
{Orgaisma Systems
8 16 24 32 40 48 56 64 72
Count






OEBPS/Images/fpls-15-1394434-g008.jpg
A B

MEcyan
MEgreen
MEsaddlebrown
MEviolet

MEpink
MEdarkturquoise
MEtan

MEwhite
MEdarkolivegreen
MEred

MEbrown
MEgreenyellow
MEskyblue
MEmidnightblue
MEblue
MEgrey60
MEpaleturquoise
MEsalmon
MEorange
MEyellow
MElightyellow
MElighteyan

MEmagenta
MElightgreen
MEsiennad
MEdarkmagenta
MEpurple
MEsteelblue
MEdarkred
MEblack
MEdarkgrey
MEdarkorange
MEturquoise
MEdarkgreen

GO annotation analysis

100 | mm o
- MF

0.5

80

60

Count

40

Tl-

-05

MEroyalblue

=== -
MEgrey | !
L8/D4 L12/D6 L16/D8

KEGG enrichment analysis

green module greenyellow module turquoise module

‘sphingolipid metabolism of Nucleocytoplasmic transport- o

Glycine, serine and threonine metabolism ° Soacw Valine, leucine and isoleucine degradation .
o Plant hormone signal transduction ©
07 - log10 (p-value)

Autophagy-other . L g Ribosome biogenesi
4

o, (praiue)

eukaryotes. °

Phagosome ik s mRNA surveillance pathway. [ ]

04

2
Biosynthesis of nucleotide sugars.

Spliceosome: [ ]

°
]
MAPK signaling pathway-plant °
Motor proteins. ° court count
[ ]

.2 Pyrimidine metabolism . ot

no sugar and nucleotide sugar metabolism. o ®s RNA degradation ]

mRNA surveillance pathway 1 @

@ Pyruvate metabolism{ @ @
[ X4 Ubiquitin mediated proteolysis e @

Biosynthesis of cofactors | () Biosynthesis of amino acids{@

Plant hormone signal transduction i) Ribosome {i)

2 4 e 40 45 80 12 14 16 18 20





OEBPS/Images/fpls-15-1394434-g004.jpg
A A
%, %,
) 9
Q. (&
. 2, %,
% f %
%, %,
wn o wn o v o o o (=] o V
§ 8 5 &5 8 8 3 8 3
o o =} o o o -
(M4 B/Bu) Jusjuoo plousjosed (M4 mv_\mEv JujU0D BjeIN
o w
A
o@ %,
&
0\%\» O\nvv
%0 %@
& &
e >
© < o o
> S S S S
o o o o
9>u m\ mEv EmEoo __>:noho_co (M4 6/6w) jusyuoo pioe oujwe aai4
w
A
o& s,
&
o\& %
%, %,
4 &
’ g 2 ¢ & o 7
9> ¥ m\mEv EmEoo q __an ._oEo (M4 B/6w) yusjuoo sebns a|gnjos
a

o) () X
R
& o

I ®

o ® © <+ o o

-~ ©o o ©o o o
(M4 B/6w) yusyuoo uiejold sjgnjos

w0
S > > >
o
(M4 B/6w) yusjuoo e j1Aydoliolyn
< (&)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Analysis of lettuce transcriptome reveals the mechanism of different light/dark cycle in promoting the growth and quality

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant materials and growth conditions

          



          		

            2.2 Phenotype measurement

          



          		

            2.3 Determination of physiological indexes

          

            		

              2.3.1 Measurement of soluble sugar content

            



            		

              2.3.2 Measurement of soluble protein content

            



            		

              2.3.3 Measurement of free amino acid content

            



            		

              2.3.4 Measurement of chlorophyll content and carotenoid content

            



            		

              2.3.5 Measurement of nitrate

            



          



          



          		

            2.4 RNA sequencing

          



          		

            2.5 Differential expression analysis and gene annotation

          



          		

            2.6 Analysis of gene co-expression network

          



          		

            2.7 Verification of gene expression by qRT-PCR assays

          



          		

            2.8 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Effects of different L/D cycle on phenotype of lettuce

          



          		

            3.2 Lettuce physiological index by L/D cycle

          



          		

            3.3 Transcriptome analysis of lettuce leaves

          



          		

            3.4 Analysis of differential expression genes responding to different L/D cycle

          



          		

            3.5 Analysis of weighted gene co-expression network for genes associated with sensitivity to L/D cycles in lettuce

          



          		

            3.6 Module identification and functional enrichment analysis

          



          		

            3.7 Screening of hub genes in the related modules

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2024.1394434_cover.jpg
& frontiers | Frontiers in Plant Science

Analysis of lettuce transcriptome reveals the
mechanism of different light/dark cycle in
promoting the growth and quality





OEBPS/Images/fpls-15-1394434-g002.jpg
I L16/D8 I L12/D6 e L 8/D4

 §

0.7
0.6
0.5
0.4
0.3
0.2 -

s ceanesaseesss
Jirirenny,
0.1 e T
ennageses

.

.........

d1 1" 12 13 d2

LsACD6 B L16/D8 I 12/D6 e 1 8/D4

C

0.012

0.01
0.008
0.006

fees
oooooo
feae

.
e em e e e = - -
-
-

.....
.
"""""""
.....
.

.......
ooooo

.........................

0.004 ...........

e

.
.......

............
........
......

00024  HER

—— - - —— g = = ——————

—— - ——— -

d1 1 12 13 d2

LsRPS4 I L16/D8 L 12/D6 e 1.8/D4

<

w A~ O O

N

et
L
LL

—— - -
.I

............
............................................
...................................

d1 1" 12 13 d2

LsCcmB N L16/D8 I L 12/D6 e L8/D4

0.12
0.1
0.08
0.06
0.04

0.02

d1 1 12 13 d2

B L16/D8 W L12/D6 e L8/D4

LsROPGEF1

0.016
0.014
0.012

0.01
0.008

0.006
0.004

002 [

..................

A

Y
- -
A

)

v

................................

LsSCL34 B L16/D8 W L12/D6 W L8/D4

0.05
0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

1
1
1
1
1
1
1
1
1
1
i
|
1
i






OEBPS/Images/fpls-15-1394434-g007.jpg
Member number in modules

Cluster dendrogram

ook
an
oo
avontuny
amapars
anans
cowos
wnasgoppns
onaeial
-
il ~ o
s w oo
wd = =

6
E34
4
ME31
ME:

ME16
ME19
ME18
ME12
ME32
MES
ME!
ME22
ME30
Mmi
ME3
ME33
ME:

2
ME28

asontumared
atuer

YZIN
L3N

Lzan
03w

i4=1
9l3an
63N

613N
Sean
813N
€zZan
cLan
83N

ZeIN
6zan
S3N

9zan
93n

=1

2zan
0zan
0€3an
oLan
PEIN
L3N
€3N

23N
€€3N
STIN
3N

€1an
Leanw
L3N
Zan

ELEL
8zan

naqubup
e

ewsteunnep
fasbye
weatven

15000,
10000-
s00

1equiny soque

Eigengene adjacency heatmap
| ; i ﬁﬁﬁ%ﬁm ﬁMﬁ

Value

Color Key

5L 0

Wino).






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1394434-g009.jpg
MEgreen MEgreenyellow MEturquoise






OEBPS/Images/M1.jpg
fresh weight of underground part

Root shootratie = & e aFabove — ground part





OEBPS/Images/fpls-15-1394434-g010.jpg
Material

Treatment

Hours

|

Phenotypic indicator
(Relatively)

Phytochemical indicator
(Relatively)

Molecular pathway
enrichment

hub gene
expression

=, Fresh weight
Shoot height Dry weight

Nitrate
Chicrophyll j
Carotenoid

Plant hormone signal
transduction

LsCIP1. LsSCL34,
LsROPGEF1. LsACDS, and
LsRps4 upregulated after
turning on the light

Fresh weight
Dry weight
Canopy diameter

Carotenoid
Soluble protein Chlnrophyg

Scluble sugar

Sphingolipid metabalism

LsCiPT, LaSCL34,
LsROPGEF1, LsACDE,
LsCemB, and LsRpsd

upregulated after turning on
the light

Shoot height
Fresh weight

Dry weight
Canopy diameter

I Carotencid
Chlorophyll
Soluble pro(ely

Nitrate Soluble sugar

MNucleocytopiasmic transport

LsCIP1, LsSCL34,
LsROPGEF1, LsACDE,
LsComB, and LsRps4
downregulated after urning on
the figh





OEBPS/Images/fpls-15-1394434-g005.jpg
-log,, (p-value)

40,y (p-value)

L12/D6 vs L16/D8

120

100

0
log, (fold change)

L8/D4 vs L12/D6

log, (fold change)

L8/D4 vs L12/D6

2286

B
L8/D4 vs L16/D8
40
30
& T
£ 2 . .
=
10
0
ED -0 [ 1
log, (fold change)
D

L8/D4 vs L16/D8

1616
1036

L12/D6 vs L16/D8





OEBPS/Images/fpls-15-1394434-g003.jpg
N
o

L16/D8 L12/D6 L8/D4

-
o

Shoot height(cm)
=

D E

20 * 40 o - 25
s ] 20
S 15 T S 30 T =
8 | = T C]
o = - £ 15
& 10 220 2
2 = 210
g . 8 5

T 10

5 - 05
O

o
o






OEBPS/Images/fpls-15-1394434-g001.jpg
Treatment light/dark cycle cycle number

L16/D38 16 h light + 8 h dark

L12/D6 12 h light + 6 h dark

L8/D4 8 h light + 4 h dark

720 h





