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Abstract: Red and blue light have great effects on physiological processes and growth of plants. In this
experiment, we investigated the physiological and growth response of pepper (Capsicum annuum L.)
to supplementary red:blue (4:1) light for 1 h (T1), 3 h (T2), and 5 h (T3), and the full-spectrum
light-emitting diodes, LEDs, as control (CK). Thirty-day-old seedlings were grown under these
treatments for 20 days in a climate-controlled room before data measurement. The results showed
that the light treatments significantly (p < 0.05) affected the photosynthesis and growth indexes as
well as gene expression in the pepper seedlings. Plants under T2 generally had better performance in
terms of seedling growth. A total of 124, 1283, and 1091 differentially expressed genes were found in
CKvs. T1, CK vs. T2, and CK vs. T3, respectively. Among the treatments, T2 in comparison with
CK had 705 upregulated and 578 downregulated differentially expressed genes (DEGs). We also
found that CPRF2, Paggis, HLIPS, GIGANTEA, LSH1, and FTSH genes were expressed differently
under the various light treatments. Based on GeneOntology (GO) enrichment analysis, DEGs were
significantly enriched on 15 GO terms of which xyloglucan:xyloglucosyl transferase activity and
apoplastic, cellular polysaccharide metabolic, and cellular carbohydrate metabolic processes were
closely related to light responses. A total of 96 genes that are related to plant-pathogen interaction,
zeatin biosynthesis, plant hormone signal transduction, and wax/cutin/suberine biosynthesis which
are involved in the pathway of light reaction in plants were significantly enriched in T2 plants
compared with plants under CK. The application of red:blue light at 4:1 for 3 h improved the growth
of pepper seedlings better than the other treatments and this can be tested under the Chinese Solar
Greenhouse condition.

Keywords: pepper seedlings; supplementary light; physiological response; plant growth

1. Introduction

In recent years, many studies have been conducted on the effect of light quality on plant
growth and development. Fukuda et al. studied the effect of red light (R), blue light (B), and white
light (W) provided by light-emitting diodes on Petunia hybrid, and found that red light inhibited
shoot elongation whiles blue light greatly increased it [1]. However, exposure of plants to a high
proportion of blue light has also been shown to be effective in suppressing stem elongation [2—4].
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The exposure of ‘Green Oak Leaf” lettuce plants to fluorescent lamps with blue or red LEDs increased
stem diameter, leaf area, leaf number, and dry biomass of shoot [5]. Brown et al. indicated that
red LEDs in combination with other wavelengths of light may be suitable for the culture of plants
under climate-controlled environments [6]. The application of red and blue light also affected biomass
accumulation, pigment synthesis, antioxidants, and phenolic compounds. Moreover, chlorophyll
contents increased significantly with increasing blue light in tomato, cucumber, radish, and pepper as
compared with control plants [7]. Kosvancova-Zitova et al. reported that irradiance with high B:R ratio
(3:1) increased the rate of photosynthesis in Fagus sylvatica better than irradiance with low B:R (1:3)
ratio [8]. In another experiment, Son et al. reported that the total antioxidant phenolic concentrations
of lettuce plants increased as the proportion of blue light was increased [9].

Furthermore, different proportions of red and blue light have different effects on plant growth.
A study showed that photosynthesis and yield of plants treated with LED-A (R:B = 6:3) were improved
as compared to the control plants [10]. The fresh and dry weights of pepper fruits produced under
LED-A were also greater than those of the control plants. Moreover, the light quantum yield of PSII,
electron transfer rate, and the proportion of the open fraction of PSII centers of plants grown under the
LED-A were greater than the control plants. The LED-B (R:B = 8:1) increased plant height and stem
diameter of the pepper plants more than the LED-A [10].

With the progress of “next-generation” sequencing technology, transcriptome technology has
been widely used to study the response of plants to the environment [11]. In grape plantlets under
blue and red light treatments, the blue light induced the upregulation of genes related to microtubules,
serine carboxypeptidase, and chlorophyll synthesis, but downregulated auxin-repressed protein and
resistance-related genes [12], whereas red and green light promoted the expression of the auxin
inhibitor protein gene, suggesting that the auxin concentrations are low in plants treated with red
and green light, a condition that is suitable for plant stem and root length growth. Transcriptome
sequencing of Saccharina japonica under blue light (notation by Swissprot, Nr, GO, KEGG, and COG
databases) found that unigenes are putative BL photoreceptors; these genes are involved in processes
of circadian rhythm, flavonoid biosynthesis, photo-reactivation, and photo-morphogenesis [13].

Several authors have reported that the application of supplementary light improves the growth
and development of vegetables, fruits, and ornamental plants under greenhouse conditions [14-16].
Fierro et al. found that increasing CO; and supplementary lighting for about three weeks
increased shoot and root dry matter accumulation in tomato and pepper seedlings under greenhouse
conditions [17]. In another experiment, the application of supplementary lighting alone increased net
photosynthesis and water use efficiency and these led to increased fruit yield and quality of pepper,
though the combination of supplementary lighting and CO, improved these parameters better than
supplementary lighting [18]. Naing et al. also reported that the application of supplementary lighting
alone or in combination with CO; significantly improved plant growth through increased plant height,
stem diameter, and number of axillary shoots, as well as flower stem diameter, fresh weight, and
number of petals per flower in rose plants under greenhouse conditions [19].

In the northwestern part of China, the Chinese Solar Greenhouse (CSG) is widely utilized for
vegetable cultivation during the winter period. The natural light available to the plants during
the peak of winter is usually for a short period of about 7 h. To improve the growth of plants
under the CSG, the application of supplementary light could be an option. The significance of
supplementary lighting and the significant role of the combined effect of red:blue light on the growth
and development of horticultural plants have been reported [15,16,20,21]. However, there is little
research on the effect of duration of supplementary red:blue lighting on vegetable crops. We therefore
conducted this experiment with the hypothesis that appropriate duration of supplementary red:blue
light will enhance photosynthesis, improve plant growth, and influence gene expression in pepper
seedlings. The experiment was therefore conducted to determine the effect of durations of red:blue
supplementary light on photosynthesis, growth, and gene expression in pepper seedlings. The results
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of this experiment could provide the basis for the utilization of supplementary red:blue light for
improved plant growth in the CSG.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

Pepper seeds (Capsicum annum L. “Longjiao NO. 5”) purchased from the Gansu Academy of
Agricultural Sciences, Lanzhou, China, were soaked in distilled water at 25 °C for 15 min, and then
transferred into distilled water at 55 °C~60 °C for 15 min and stirred continuously to promote uniform
germination. The seeds were allowed in the distilled water for 12 h before being exposed to suitable
conditions for germination in petri dishes placed in a climate box with a constant temperature of 28 °C.
The germinated seeds were sown in seedling trays containing substrate (Zhongqing Agricultural
Technology co. LTD, Yinchuan, China) and the seedlings were grown in a climate-controlled room
(temperature, 28 °C/22 °C; light intensity, 300 pumol-m~2-s~!; photoperiod, 12 h; relative humidity
during photoperiod, about 80%) for 30 days. The 30-day-old seedlings were subjected to four
supplementary light treatments in the climate-controlled room.

2.2. Treatments and Experimental Design

Two light sources were used to treat the seedlings: full-spectrum white LED (W) and red:blue
LED light source with a 4:1 ratio (R4:B1). The wavelength of the red LED light was 660 nm =+ 5 nm,
while that of the blue LED was 460 nm =+ 5 nm (Figure la,b). The £5 nm standard deviation of
the wavelengths was given by the company that supplied the light sources (VANQ Technology
Co. Ltd., Shenzhen, China). The light intensity of both the white LED and red:blue LED was
maintained at 300 pumol-m~2-s~! throughout the experiment. Figure 1 shows the spectral qualities
of the full-spectrum white LED and supplementary red:blue light sources used in the experiment.
The seedlings were exposed to the light treatments for 20 days in the climate-controlled room.
The seedlings under each treatment were screened with thick ash tarpaulin material to prevent
the interference of light from the other treatments. In each day (24 h), all the seedlings under the
control (CK) treatment and T1, T2, and T3 were supplied with 7 h white LED light. After the 7 h,
seedlings under T1 were supplied with 1 h additional R4:B1 light, seedlings under T2 were supplied
with 3 h additional R4:B1 light, and seedlings under T3 were supplied with 5 h additional R4:B1 light.
Thus, seedlings under CK were exposed to 7 h white LED light and remained under dark conditions
for 17 h. Seedlings under T2 were exposed to 7 h white LED light + 1 h R4:B1 light and remained
under dark conditions for 16 h. The seedlings under T2 were exposed to 7 h white LED + 3 h R4:B1
light and remained under dark conditions for 14 h. The seedlings under T3 were exposed to 7 h white
LED + 5 h R4:B1 light and remained under dark conditions for 12 h. The treatments were arranged in a
complete randomized design with three replications. Each experimental unit consisted of 50 seedlings,
giving a total of 150 seedlings per treatment. At 20 days after treatment application, five plants were
randomly collected per treatment per replication for the growth and physiological data. Another set of
five plants per treatment per replications was randomly collected for the gene analysis. Table 1 shows
a summary description of the light treatments applied.

Table 1. The different supplementary light designs used in the experiment.

Treatments Description
CK (Control) 7 h white LED + no supplementary R4B1
T1 7 h white LED + 1 h supplementary R4B1
T2 7 h white LED + 3 h supplementary R4B1
T3 7 h white LED + 5 h supplementary R4B1

Note: The photosynthetic photon flux density (PPFD) was 300 pmol-m~2-s~! and it was maintained at this level by
adjusting the distance of the LEDs above the plants relative to the light source. The PPFD was measured using a
plant illumination analyzer (PLA-20, Everfine Corporation, Hangzhou, China).
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Figure 1. Spectral qualities of the supplementary light sources used in the experiment: (a) full-spectrum
white LEDs (W); (b) red /blue LED light source with a 4:1 ratio (R4:B1).

2.3. Measurement of Plant Growth and Physiological Parameters

All the growth and physiological data were measured at 20 days after the application of the
supplementary red:blue light treatments. Plant height was measured from the base of the stem to the
tip of the terminal bud with a meter rule. The stem diameter was measured from about 1 cm above
the root color using vernier calipers. Photosynthetic indexes, including net photosynthesis, stomata
conductance, intercellular CO,, and transpiration rate, were measured using a portable photosynthesis
systems machine (CIRAS-2, PP System Inc., Amesbury, MA 01913, USA) within the hours of 9:00-11:00
a.m. The conditions in the assimilation chamber of the CIRAS-2 equipment were relative humidity 75%,
CO; concentration 400 ppm, temperature 25 °C, and VPD 21.0 mb. The third fully opened leaf below
the terminal bud of each sampled plant was used for the data on the photosynthetic indexes. For fresh
and dry biomass, sampled seedlings were gently uprooted and separated into leaves, stems, and roots,
then the fresh biomass was immediately measured with a digital balance. Before this measurement,
the substrate particles attached to the roots were washed gently in distilled water. Leaf surface area
and root indexes, including total root length, root surface area, and root volume, were scanned with a
root scanner (STD 4800, EPSON, Quebec, QC, Canada) to obtain a digital image and the measurements
conducted with the aid of the WinRHIZO software (Regent Instruments Inc., Quebec, QC, Canada).
The various plant parts were dried at 105 °C for 15 min and then at 80 °C until constant weights were
attained. The dry biomass of roots, stems, and leaves was measured using the digital scale. Chlorophyll
(Chl a and Chl b) and total carotenoid contents were measured spectrophotometrically using 100 mg
FW of leaf tissue ground in the presence of 8 mL of acetone 80% (v/v). After complete extraction,
the mixture was filtered and the volume made up to 10 mL by adding cold acetone. The absorbance of
the extract was read at 663.2, 646.8, and 470 nm and pigment contents were calculated according to
Lichtenthaler (1987) [22,23].

2.4. RNA Extraction and RNA-Seq

The extraction of total RNA from leaves was done with Trizol reagent (Invitrogen, Carlsbad, CA,
USA) following the method described by Hu et al. [14]. The total RNA extraction was divided into two
aliquots; one was used for RNA-sequencing, and the other was utilized for real-time PCR. The RNA
sequencing was done at Beijing Novogene Technology Co. Ltd., Beijing, China, using the illumine
HiSeq 4000 platform (Illumina, San Diego, CA, USA). Each sample produced more than 6 gigabytes of
data. The clean reads were filtered from raw sequencing data and the low-quality reads containing
unknown nucleotides or adaptor sequences were removed [24]. The filtered clean reads were aligned
to C. annuum reference genome (http:/ /peppersequence.genomics.cn/page/species/download.jsp).
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2.5. Analysis of Differentially Expressed Genes (DEGs)

Differential gene expression analysis was conducted for all four treatments based on the DESeq R
package. This package allows for statistical analysis by the negative binomial distribution model [25].
To check the false discovery rate, the resulting p-values were adjusted according to Benjamini and
Hochberg’s approach, where an adjusted p < 0.05 is accepted to represent differentially expressed
genes (DEGs) [26]. The gene ontology (GO) enrichment analysis of the DEGs was conducted according
to the goSeq R package, and GO terms which had g < 0.05 were regarded as significantly enriched [27].
The statistical enrichment of the differential expression genes was performed in Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways using the KOBAS software [28].

2.6. Validation of DEGs by Real-Time Quantitative PCR

Twenty transcript genes were selected for the gqRT-PCR assay. The genes and gene-specific primers
which were used are presented in the Supplementary Material (Table S1). U6 was used as an internal
reference control. The qRT-PCR was conducted using SYBR-Green on an ABI 7900 Fast Real-Time
PCR Detection System (Applied Bio-systems, Carlsbad, USA). A real-time RT-PCR reaction (20 pL)
included 10 pL of 2x super real premix Plus, 2 uL. cDNA, 1 pL of each primer, and 6 pL ddH,O, and it
proceeded for 40 cycles (ABI-Invitrogen, Carlsbad, CA, USA). The relative expression levels of the 20
selected genes normalized to the expression level of U6 were calculated from cycle threshold values
using the 2~ AACT method [29].

2.7. Statistical Analysis

The data collected were subjected to analysis of variance (ANOVA) with the aid of SPSS (Statistical
Product and Service Solutions, Version 22, IBM, Armonk, NY, USA) software. The Duncan’s multiple
range test (p < 0.01) was used for the separation of treatment means and the results were presented as
mean = standard error of mean (SEM) of three replicates.

3. Results

3.1. Effect of Light Durations on Growth Indexes

The results showed that with the exception of stem diameter, the light treatments significantly
(p < 0.05) affected all the growth indexes that were measured (Table 2). Plants under T2 had higher
values for plant height, total root length, root volume, root surface area, fresh plant biomass, dry root
weight, dry stem weight, and dry leaf weight. The least values for all these indexes were recorded
in the CK plants. However, the fresh plant biomass, dry leaf weight, and dry stem weight were not
statistically different among T1, T2, and T3 plants but these were significantly greater than the CK
plants. Moreover, the total root length, root surface area, root volume, and dry root weight of T1 and
CK plants were statistically the same. Similarly, root surface area, plant height, and root volume were
statically not different between T2 and T3 plants.

3.2. Effect of Light Durations on Plant Physiological Indexes

Table 3 shows that with the exception of contents of chlorophyll b and carotenoid, which were not
affected (p > 0.05) by the light treatments, other photosynthetic indexes including stomatal conductance,
intercellular CO;, transpiration rate, chlorophyll a, and total chlorophyll were all affected (p < 0.05)
by the light treatments. Plants exposed to T1 and T2 generally had higher values for most of the
photosynthetic indexes, including net photosynthesis, rate of transpiration, and stomatal conductance.
However, the net photosynthesis of the plants under T1 and T2 were statistically similar to those under
CK while the plants under T3 had the lowest net photosynthetic rate.
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Table 2. Effect of supplementary light treatments on growth traits of pepper seedlings.
Light Plant Height S tem Leaf Area Total Length of Root Surface Root Fresh Dry Weight of  Dry Weight  Dry Weight
Treatment (cm) Diameter (cm?) Root (cm) Area (cm?) Volume Biomass Root of Stem of Leaf

(mm) (cm®) (g-plant™") (g-plant™1) (g-plant™)  (g-plant™)

CK 10.33 £0.19¢ 345+011a 3348+1.52b 44451 +£3249 ¢ 67.81 =4.69b 0.83+£0.10b 9.62+0.30b 0.14 £0.02b 010£0.01b 0.49 £0.08 b

T1 14.97 £ 0.29b 354 +0.08a 39.81+256a 502.40 = 32.28 ¢ 80.37 £7.04b 1.00£0.06b 11.12+0.15a 0.20 £ 0.01 ab 017£00la 071+001a

T2 17.37 £ 091 a 365+010a 4379+£079a 963.94 £ 21.90 a 155.76 =1.81a 201+006a 1248+0.61a 0.21 £0.01 ab 0224+003a 079 +0.02a

T3 16.73 £096ab 378+ 0.10a 33.67+096b 803.07 +=27.87 b 137.23 £13.67 a 1.87£037a 12.03+0.51a 0.27 £0.01 a 019 +0.02a 0.74+0.03a

Data are shown as treatment means + Standard error of means of three replicates.; mean values followed by different letters in the same column indicate significant differences by the
Duncan’s multiple range test at p < 0.05.

Table 3. Effect of supplementary light treatments on photosynthetic parameters and photosynthetic pigments of pepper seedlings.

. Net Photosynthetic Stomatal Intercellular CO, o Chlorophyll a Chlorophyll b Carotenoid Total Chlorophyll
Light . Transpiration Rate
Treatment Rate Conductance Concentration (T,/mmol-m—2-s—1) Content Content Content Content

(P,/umol-m~2-s71)  (Gs/mmol-m~2.s~1)  (C;/umol-mol~1) r (mg-gFW—1) (mg-gFW—1) (mg-gFW—1) (mg-gFW—1)

CK 85+031a 402 +850Db 396 +3.10a 3.07+0.11b 1.79+£0.03 b 0.69 +£0.02a 024+001a 248 +£0.05¢

T1 91+£022a 473 +8.07 a 389 +045a 34+£0.19ab 1.89 £ 0.05b 0.74+0.05a 0.31+0.04a 2.63+0.04c

T2 9.8+£047a 488 £9.62a 365+ 8.06 b 38+£013a 238+ 0.09a 0.81+0.09a 0.31+0.04a 319+£0.08b

T3 6.6 £021b 3324+19.74 ¢ 393 +293a 32+0.18ab 249+0.09a 0.90+0.09a 0.33+0.04a 3.39+0.03a

Data are shown as treatment means + Standard error of means of three replicates; mean values followed by different letters in the same column indicate significant differences by the
Duncan’s multiple range test at p < 0.05.
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3.3. Effects of Light Durations on the Transcriptome of Pepper Plantlets

3.3.1. Statistics and Sequencing Quality Assessment of the RNA-Seq Data

Transcriptome analysis was performed to test the hypothesis that supplementary application
of red:blue light can improve growth and influence the expression of genes responsible for seedling
growth in pepper. Out of the 12 sequencing samples (each treatment contained three samples),
an average of 55 million total sequencing reads of approximately 8.13 Gb for each sample were
obtained. HISAT software filtered sequences were selected to perform genomic positioning analysis.
An average of 49.6 million reads were matched to the genome in each group. Each library that produced
the clean reads was aligned to the recently released C. annuum reference genome, release_2.0 [30].
An average of 91.48% of clean reads was aligned to the reference genome. Correlation tests of gene
expression levels between samples showed that the square of the Pearson correlation coefficient (R?)
was greater than 0.92 and the lowest was 0.929.

3.3.2. Results of the Screen for the DEGs between Treatments

The 43,705 genes from the mapped libraries were normalized = using the reads per kilobases per
million reads (FPKMs) method [31]. The values of FPKM which were obtained were used to analyze
the differences in gene expression associated with each group and these were compared with the
gene expression in the control (CK) plants. The standard for screening DEGs is log2 (fold change)
| > 2&g-value < 0.005. There were 124 differential genes between CK and T1, with 82 upregulated
genes and 42 downregulated genes. There were 1283 differential genes between CK and T2, of which
705 genes were upregulated while 578 genes were downregulated. There were 1091 differentially
expressed genes between CK and T3, of which 553 were upregulated and 538 were downregulated.

3.3.3. GO Analysis of DEGs in Plants That Received Light Duration Treatments

DEGs enrichment analysis was performed to investigate the distribution of molecular functions,
biological processes, and cellular components in order to elucidate the manifestations of DEGs.
Since the T2 group (Figure 2) had the greatest effect on the growth and physiological processes
of the seedlings, we analyzed the data from the CK vs. T2 group. We found that 356 DEGs were
significantly enriched on 15 GO terms. Molecular function was mainly enriched in the following
six pathways: xyloglucan:xyloglucosyl transferase activity (GO:0016762), hydrolase activity, acting
on glycosyl bonds (GO:0016798), nucleic acid binding transcription factor activity (GO:0001071),
transcription factor activity, sequence-specific DNA binding (GO:0003700), transferase activity,
transferring hexosyl groups (GO:0016758), and hydrolase activity, hydrolyzing O-glycosyl compounds
(GO:0004553). The components of the cell mainly focused on the following two pathways: apoplast
(GO:0048046) and external encapsulating structure (GO:0030312), while the biological process mainly
concentrated on the following seven pathways: cellular polysaccharide metabolic process (GO:0044264),
polysaccharide metabolism (GO:0005976), the process of cellular glucan metabolism (GO:0006073),
the process of glucan metabolism (GO:0044042), the process of cell wall macromolecule catabolism
(GO:0016998), the process of cellular carbohydrate metabolism (GO:0044262), and the process of cell
wall macromolecule metabolism (GO:0044036).
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Figure 2. GO enrichment analysis of DEGs between T2 and CK treatments. The 30 most enriched GO
terms including upregulation and downregulation are shown. Asterisks indicate significantly enriched
GO terms (g < 0.05).

3.3.4. KEGG Pathway Analysis of DEGs in the Light Duration Treatments

A total of 378 genes in CK vs. T2 were enriched in 84 pathways, of which 96 genes were
significantly (p < 0.05) enriched in 9 pathways (Figure 3). These included the following: interaction
between plant and pathogen, zeatin biosynthesis, endogenous plant hormone signal transduction,
cutin, biosynthesis of suberine and wax, biosynthesis of phenylpropanoid, alanine, aspartate,
and glutamate metabolism, sesquiterpenoid and triterpenoid biosynthesis, diterpenoid biosynthesis,
phenylalanine metabolism.
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Figure 3. KEGG pathway enrichment analysis of DEGs T2 and CK treatments. The left Y-axis shows
the KEGG pathway. The X-axis shows the Rich factor. A high g-value is represented by blue and a low
g-value is represented by red (g < 0.05).

3.3.5. Venn Diagram Analysis and Cluster Analysis of DEGs among the Treatments

Figure 4 shows the specific expression of genes. Sixteen overlapped genes were identified in
the following comparisons: CK vs. T1, CK vs. T2, and CK vs. T3; these genes may be linked to
primary processes that are controlled by light duration. Among them, six genes were upregulated,
gene id: 107839749, 107863290, 107878304, 107879369, Novel00285, Novel01800. The other 10 genes
were downregulated, gene id: 107851308, 107853885, 107854168, 107855063, 107856574, 107857219,
107859144, 107863290, 107865651, 107877347 .
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Figure 4. Venn diagram and cluster analyses of DEGs in CK vs. T1, CK vs. T2, and CK vs. T3. (A) Venn
diagram showing the overlapped DEGs in three comparison groups. (B) Clustered heat maps on the

right show the differential expression levels of overlapped DEGs in these groups.

3.3.6. Confirmation of the RNA-Seq Results Using qRT-PCR

As shown in Figure 5, qRT-PCR analysis was performed to confirm the RNA-Seq results of the
20 DEGs which were randomly selected. In RNA-Seq and qRT-PCR data, the relative expression of
these genes was different, but the trend in expression of these genes was similar, and this confirms the

accuracy of the RNA-Seq results.
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Figure 5. Real-time quantitative PCR (qRT-PCR) validation of 20 randomly selected DEGs identified
by RNA-Seq in pepper grown under CK, T1, T2, and T3 light condition. The red histograms denote the
RNA-Seq results. The blue line denotes the mean value of q-PCR results.
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The quality of light has a significant effect on the physiological processes and growth and
development of plants [32]. In this experiment, the exposure of pepper seedlings to red:blue (4:1) light
for 3 h or 5 h resulted in improved physiological processes and plant growth. The plants under these
treatments generally had improved photosynthesis which resulted in higher plant biomass compared
with the plants under normal LED light without supplementary red:blue lighting. The increased
biomass in the plants grown under the red:blue (4:1) light for 3 h or 5 h could be attributed to enhanced
photosynthesis as a result of the increased contents of chlorophyll a and total chlorophyll in the
plants. Higher level of chlorophyll has been associated with improvement in photosynthesis since
the chlorophyll is largely responsible for absorption of light energy needed for photosynthesis in
green plants [33]. Although the effect of the supplementary application of 3 h or 5 h red:blue light in
this experiment was in most cases not significantly different in terms of photosynthetic parameters,
the use of 3 h supplementary lighting could be most preferable. This is because the application of 5 h
supplementary lighting in a greenhouse is more likely to increase the cost of production due to the
supply of two more hours of light energy. Naznin and Lefsrud compared the effect of red:blue (5:1, 10:1,
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and 19:1) light with 100% red LED on tomato plants and found that the highest photosynthetic rate of
the plants was attained with red:blue lighting at 10:1 but this was not significantly different from the 5:1
ratio [34]. The influence of light quality on photosynthetic rate, dark respiration, intracellular carbon
and nitrogen content, and accumulation of photosynthetic pigments and cell-wall polysaccharides
during short-term incubation of the red alga Gelidium sesquipedale was investigated [35]. It was
shown that blue light induced photosynthesis, dark respiration, and chlorophyll and biliproteins
synthesis, particularly phycoerythrin. The synthesis of internal carbon and nitrogen was greatest with
blue light treatment, while the proportion of cell-wall polysaccharides decreased during incubation
under all light treatments except red light. The function of a nonphotosynthetic photoreceptor in the
synthesis of cell-wall polysaccharides which was suggested to depend on the accumulation of cell-wall
polysaccharides was not correlated with net photosynthesis as compared with carbon, chlorophyll,
and phycoerythrin accumulation [35].

We analyzed DEGs data and found that there were 124 differential genes in CK vs. T1, of which 82
and 42 genes were up- and downregulated, respectively; 1283 differential genes in CK vs. T2, of which
705 were upregulated and 578 downregulated; and in CK vs. T3, there were 1091 differentially
expressed genes, of which 553 were upregulated and 538 were downregulated. Thus, our results
demonstrated that many genes were upregulated in the seedlings under the influence of supplementary
red:blue light. We found that a total of 96 genes that are related to plant—pathogen interaction, zeatin
biosynthesis, plant hormone signal transduction, and wax/cutin/suberine biosynthesis which are
involved in the pathway of light reaction in plants were significantly enriched in T2 plants compared
with plants under CK. This suggests that these genes which were significantly upregulated in the
seedlings that were exposed to 3 h supplementary red:blue lighting contributed to the enhancement
of photosynthesis in the plants. In a genetic screening of Arabidopsis populations for loci potentially
involved in phytochrome (PHy) signaling, a mutant exhibited reduced seedling de-etiolation under
the influence of continuous red light, but little if any change in response to the application of
continuous far-red light. This suggested that the gene played a role in PHy signaling [36]. In another
study, blue-light-related transcriptome showed that FKF1 were BL response-relevant genes, which
constitute essential components in the physiological processes of circadian rhythm [13]. Moreover,
Harari-Steinberg et al. reported that red, far-red, and blue lights regulated expression of the Elip
genes, and phytochrome A and B were also involved in this signaling [37]. In another report, the
overexpression of LSH1, which is a member of an uncharacterized gene family, enhanced light
regulation of seedling development [38]. We found the 107873637 gene expressed at lower levels in
T3 vs. CK. Another research found it encoded in the chloroplastic protein fluorescent in blue light;
it regulated chlorophyll biosynthesis and could be a negative regulator of tetrapyrrole biosynthesis
in chloroplasts [39]. The thylakoid ftsh Protease plays a role in the light-induced turnover of the
photosystem II D1 protein [40]. Light signaling in Arabidopsis showed that the red, far-red, and blue
lights regulated expression of the Elip genes [41]. The original function of lhcs and elips was to disperse
the light energy absorbed in the form of heat [42]. In our study, these metabolically related genes
differed significantly in the different groups and this therefore suggested they had great relationships
with the light reaction.

Several studies have shown that supplementary lighting improves the growth and development
of horticultural plants [18,19]. The significance of a combination of red:blue light in promoting the
growth and development of horticultural plants has also been reported [34]. However, the results of
our experiment have shown that the duration of exposure of plants to supplementary red:blue light is
also important. Thus, this experiment has demonstrated that the application of 3 h supplementary
red:blue (4:1) lighting is optimum for the growth of pepper seedlings under greenhouse conditions.
The application of 3 h supplementary red:blue (4:1) lighting can be tested under the CSG condition for
a possible adoption for commercial pepper seedling production during winter in northwest China.
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5. Conclusions

This study analyzed the growth and physiological response of pepper (cv. “Longjiao NO. 5”)
seedlings grown under different LED supplementary lights with red:blue (4:1) combination for 1
h, 3 h or 5 h durations in a climate-controlled room. We found that supplementing 7 h LED white
light with red:blue (4:1) light for 3 h improved the physiological processes and growth of pepper
seedlings better than the other light treatments. Furthermore, the transcriptome analysis revealed a lot
of differentially expressed genes in CK vs. the other treatments, including T1, T2, and T3. Thus, CPRF2,
Paggis, HLIPS, GIGANTEA, LSH1, and FtsH were expressed differently in the seedlings under the
different light treatments. Based on GO enrichment analysis, DEGs were significantly upenriched on
15 GOs, of which xyloglucan:xyloglucosyl transferase activity and apoplastic, cellular polysaccharide
metabolic, and cellular carbohydrate metabolic processes were closely related to the light reaction
of plants. For a long time, research on LED supplementary light only focused on different light
qualities and many studies have shown that the combined application of red and blue light at near
4:1 ratios is suitable for improved plant growth. However, there are relatively few transcriptome
studies on plants under LED red:blue light supplementation. The results of this study give some
clues about the molecular mechanism of pepper seedling growth under different durations of red:blue
LED light, and also provide theoretical basis for effective use of red:blue LED light source under the
CSG condition. In conclusion, although several studies utilized supplementary red:blue lighting at
near 4:1 ratio to promote the growth and yield of plants under greenhouse conditions, the present
study indicates that the duration of the supplementary light is important. Whereas the application
of 1 h additional red:blue light was insufficient for significant increase in seedling growth, the 5 h
supplementary light, which can increase the cost of production, gave a negligible increase in seedling
growth. The application of supplementary red:blue light at 4:1 ratio for 3 h was the most appropriate
duration for improved growth of pepper seedlings under greenhouse conditions. The results of this
research provide important information on the use of red:blue supplementary lighting for commercial
pepper seedling production under the CSG condition.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4395/9/3/139/s1,
Table S1: Sequences of primers used in this study.
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