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A B S T R A C T   

In purple-fruited Capsicum genotypes, fruit anthocyanin content first increases, and later decreases upon 
ripening. In this study, the response of this transient anthocyanin accumulation as a function of light intensity 
and light spectrum was investigated. Harvested fruit at the mature purple stage were illuminated by white-red 
LED lights at a photosynthetic photon flux density of 0 (darkness), 80, 160 and 320 μmol m-2 s-1 or illumi-
nated by 24 (white light), 57%, 72% and 99% blue light (400–500 nm) at a photosynthetic photon flux density of 
80 μmol m-2 s-1 for 28 d. Total anthocyanin, chlorophyll, capsanthin and soluble sugar contents, and their related 
gene expression, were measured. Anthocyanin content was hardly affected by white-red light intensity. 
Increasing the blue light fraction increased anthocyanin levels, via enhancing anthocyanin biosynthesis. This is 
supported by kinetic modelling and higher expression levels of the anthocyanin biosynthetic genes CaMYB, 
CaCHS, CaDFR, CaANS and CaUFGT. A higher blue light fraction delayed fruit ripening. This is supported by 
delayed sugar accumulation as indicated by kinetic modelling and transcriptome analysis. Transcriptome anal-
ysis indicated that 91% of the differentially expressed genes down-regulated during ripening had a higher 
expression in the 72% compared to 24% blue light treatment. In addition, PCA analysis of transcriptomic data 
indicated fruit ripening and senescence related genes NCED1, NCED2, NOR and RIN were expressed less in fruit 
illuminated by 72% blue light. Pathways upstream of ethylene production were downregulated in fruits illu-
minated with higher blue light fractions that might result in suppressed ethylene production. Higher fractions of 
blue light during postharvest storage might be applied to improve fruit anthocyanin levels but are not suited to 
create ripe anthocyanin rich pepper fruit.   

1. Introduction 

Peppers (Capsicum spp.) are colourful fruit with abundant phyto-
chemicals such as chlorophyll, carotenoids, flavonoids and ascorbic 
acid. During development, fruit from most pepper genotypes turn from 
green to red. The main carotenoid responsible for the red colour of ripe 
pepper fruit is capsanthin (Hornero-Mendez et al., 2000; Howard et al., 
2000). There are also pepper genotypes that produce an attractive 
purple fruit due to the formation of anthocyanins during fruit develop-
ment. Anthocyanins are phytochemicals and potent antioxidants that 
form a subclass of polyphenolic flavonoids (Gould et al., 2002; Naka-
bayashi et al., 2014). Consumers prefer anthocyanin-rich food in their 
diets (Heber and Bowerman, 2001; Guidi et al., 2014) as 

anthocyanin-rich food has health-promoting properties (Sandoval-Ra-
mírez et al., 2018; Igwe et al., 2019). The fading of purple colouration is 
affected by fruit ripening as only unripe fruit are purple, and their 
anthocyanin content decreases later in fruit development (Yamada et al., 
2019). 

Anthocyanin content is the net result of anthocyanin biosynthesis 
and degradation. The anthocyanin biosynthetic pathway has been 
elucidated and is conserved in many plants (Passeri et al., 2016; Liu 
et al., 2018a,b). Anthocyanin accumulation has been demonstrated to be 
affected by both light intensity and light spectrum (Zoratti et al., 2014). 
Light intensity affects anthocyanin content in fruit of several crops. For 
example, the sunlit peel of apple fruit accumulated more anthocyanin 
than the shaded peel (Feng et al., 2013). Domesticated tomato fruit do 
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not contain anthocyanins due to incomplete activation of its flavonoid 
pathway (Colanero et al., 2020). When an anthocyanin biosynthetic 
regulatory gene BrTT8 was overexpressed in tomato (cv. Ailsa Craig), 
anthocyanins were produced in the epicarp at high light intensity, but 
not at low intensity (Zhang et al., 2019). Light spectrum may also affect 
anthocyanin content (Li and Kubota, 2009). For instance, blue light 
increased the anthocyanin content and the transcript level of anthocy-
anin biosynthetic genes more than white or red light in both attached 
and detached strawberry fruit (Kadomura-Ishikawa et al., 2013; Zhang 
et al., 2018). Several studies have shown that blue light outperforms 
other colours such as white and red lights in increasing anthocyanin 
content (Meng et al., 2004; Kadomura-Ishikawa et al., 2013; Tao et al., 
2018; Zhang et al., 2018). Anthocyanin degradation has been shown in 
various tissues during plant development (Oren-Shamir, 2009). For 
instance, anthocyanin degradation can be observed in seedlings and 
young leaves (juvenile reddening) of many plant species (Chalker-Scott, 
1999; Kubasek et al., 1992), in flowers of Brunfelsia calycina (fading) 
(Zipor et al., 2015) and in fruit of purple Capsicum annuum genotypes 
(Borovsky et al., 2004; Yamada et al., 2019). However, the mechanism 
of anthocyanin degradation is far less known. So far, peroxidases, 
polyphenol oxidases, laccases and ß-glucosidase have been reported to 
degrade anthocyanins in plants (Barbagallo et al., 2007; Fang et al., 
2015; Zipor et al., 2015; Dong et al., 2019). 

Our aim is to study the responses of pepper fruit to white-red light 
intensity and light quality of blue fraction, with regard to anthocyanin 
turnover and fruit ripening. During pepper fruit ripening, soluble sugar 
content increases (Rao et al., 2011), chlorophyll content decreases and 
carotenoid content increases (Howard et al., 2000; Russo and Howard, 
2002; Borovsky and Paran, 2008). Here, pepper fruit harvested at the 
mature purple stage were illuminated by different intensities of 
white-red LED light or different fractions of blue LED light. We quanti-
fied anthocyanin content and the expression of anthocyanin biosyn-
thetic genes during light treatments. Chlorophyll, capsanthin and 
soluble sugar contents were also measured as ripening indicators. In 
addition, we quantified transcript profiles (RNA-seq) of the two most 
contrasting white-red light intensities and of the two most contrasting 
blue light fractions. We also used kinetic modelling to test (i) whether 
anthocyanin biosynthesis or degradation was affected by the blue light 
fraction and (ii) how soluble sugar accumulation was affected by the 
blue light fraction. We show that white-red light intensity has a minor 
effect on the anthocyanin content and that the blue light fraction has a 
clear, ripening related, effect on anthocyanin biosynthesis. 

2. Materials and methods 

2.1. Fruit materials and experimental conditions 

Bell pepper fruit of a purple-fruited cultivar, Capsicum annuum 
accession #3124, were harvested at the mature purple stage (four to five 
weeks after anthesis) from Sunrise Pepper Growers (Bleiswijk, the 
Netherlands). Fruit of this purple-fruited cultivar start to accumulate 
anthocyanins five to ten days after anthesis. Two experiments were 
conducted, one for the white-red light intensity (Exp-Int from Light 
Intensity) and one for the blue light fraction (Exp-B from Blue Light) 
experiment. Pepper plants were cultivated in a greenhouse under stan-
dard Dutch commercial conditions. Fruit from batch 1 and batch 2, 
harvested on September 12th and November 6th 2018, respectively, 
were used for Exp-B. Fruit from batch 3 and batch 4, harvested on June 
21st and August 28th 2019, respectively, were used for Exp-Int. Fruit 
were harvested and transported to our lab (d 0). Fruit were visually 
sorted to eliminate damaged and shrivelled fruit, and selected based on 
colour, size and uniformity. The selected fruit were surface sterilized 
with 70% (v/v) ethanol for two seconds, washed with demineralized 
water and tissue dried. The calyx of the fruit was covered with paraffin 
to seal both the wound and stomata in order to prevent water loss. The 
calyx was covered with aluminium foil to prevent light impact. 

Afterwards, fruit of the same batch were placed randomly in a vertical 
farming set-up with eight compartments (each an experimental unit) in 
a climate chamber. The sides of each compartment were covered with 
white plastic reflection films to prevent light leakage and to increase 
light uniformity. In each compartment, fruit were stored in two trans-
parent plastic boxes (L55 *W40 *H 25 cm) covered with transmissive 
plastic lids illuminated by light emitting diodes (LEDs). To ensure that 
each fruit received the same light environment, fruit were turned upside 
down and randomized daily within each box. 

For Exp-Int, a thermal stabilizer system was installed in each box to 
prevent variation in fruit temperature caused by variation in light con-
ditions. This system consisted of a 5 cm water layer in the box, a pump 
and an aquarium heater. Thus, the air, water and fruit inside the box and 
air in the chamber were able to exchange heat flux with each other. The 
climate chamber was set to 13 ◦C with 85% relative humidity. The 
temperature setting of the aquarium heaters was based on the actual 
condition under different treatments to keep the fruit temperature be-
tween 20 and 21 ◦C. For Exp-B, the chamber temperature was set to 
18 ◦C with 85% relative humidity. Here, a 5 cm layer of water was 
sufficient to keep the fruit temperature between 20 and 21 ◦C. Fruit 
temperature was measured by dataloggers with thermocouples attached 
to fruit on the non-illuminated side (k-type on TC-08 data loggers; 
Picotechnology LTD., Cambridge, UK). The thermocouples were shiel-
ded with aluminium foil to avoid direct LED light radiation. For both 
Exp-Int and Exp-B, the relative humidity in the box was above 95% 
(HM70, Vaisala, Finland) with ambient CO2 levels. Fruit were placed in 
petri dishes on a white foam board to avoid water contact. 

2.2. Light treatments and experimental set-up 

In Exp-Int, white-red LED lighting (GreenPower LED production 
module 120 cm, DeepRedWhite, Signify, the Netherlands) was used to 
generate four light intensities, namely a photosynthetic photon flux 
density (PPFD) of 0 (darkness), 80, 160 and 320 μmol m-2 s-1. In Exp-B, 
blue LEDs (GreenPower LED production module 120 cm, Blue, Signify, 
Netherlands) and white-red GreenPower LEDs (with all red LEDs 
blocked) were used to create varying fractions of blue light (400–500 
nm; as percentage of PPFD), namely 24% (white light), 5 7%, 72% and 
99% at the PPFD of 80 μmol m-2 s-1. The PPFD was measured with a 
quantum sensor (LI-250A, LI-COR, USA) at fruit level by adjusting the 
height of the LED fixtures. The spectra were measured using a spec-
troradiometer (SS-110; Apogee Instruments, Logan, UT, United States). 
The treatments in the eight compartments (experimental units) were 
randomized for each fruit batch. The phytochrome photostationary state 
(PSS) values were calculated according to Sager et al. (1988). Both ex-
periments lasted for 28 d with 24 h illumination per day. The experi-
mental setups are summarized in Table 1. 

2.3. Fruit sampling 

Fruit were sampled at the start of the experiment (d 0) and subse-
quently every seven days until day twenty-eight. Each batch of fruit was 
sampled in the same way. At the start of the experiment, 16 fruit were 
selected randomly from one batch and pooled into eight replicates with 
two fruit per replicate. At d 7, 14, 21 and 28, four fruit per light treat-
ment were randomly selected from two light compartments (one fruit 
per box) and pooled into two replicates, each with two fruit from the 
same light compartment. As anthocyanins are located in the peel of the 
fruit (Lightbourn et al., 2008), fruit peels were manually separated, 
immediately frozen in liquid nitrogen, grounded into powder (IKA, 
Germany) and stored at − 80 ◦C. The dry matter content of each sample 
was calculated based on the weight difference of 0.3 g frozen peel 
powder before and after freeze drying for three days. 
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2.4. Anthocyanin extraction and determination 

Anthocyanins were extracted and analysed according to Wahyuni 
et al. (2011) with some modifications. In brief, 0.3 g frozen peel powder 
was mixed with 700 µL 70% methanol containing 1% formic acid, vor-
texed and shaken for 30 min (Eppendorf thermomixer compact, 
Sigma-Aldrich, Germany). After centrifugation at 20,800 g for 10 min at 
room temperature, the extracts were filtered through a 0.45 µm PTFE 
membrane filter (Minisart® SRP4 Syringe Filter 17820). All extracts 
were determined by a liquid chromatography–mass spectrometry 
(LC-MS): Waters Acquity H-class Plus UPLC coupled to eλ Photo Diode 
Array with an Acquity QDa mass detector. Anthocyanins were separated 
on a Waters HSS T3 (150 ×2.1 mm, 2.1 µm) column at 35 ◦C using water 
(0.1% formic acid) as solvent A and acetonitrile (0.1% formic acid) as 
solvent B. The gradient was initially set at 95, 5% (A, B), then gradually 
went to 65, 35% (A, B) at 17 min, to 15, 85% (A, B) at 23 min and was 
kept constant for 1 min and then went to the initial settings. Quantifi-
cation of anthocyanins was made at 520 nm using a calibration curve of 
an authentic standard of delphinidin chloride (Sigma-Aldrich). 

2.5. Chlorophyll and capsanthin extraction and determination 

Chlorophylls and carotenoids were extracted from 0.5 g frozen peel 
powder as described by Wahyuni et al. (2011) in darkness. In short, 4.5 
ml MeOH/Chloroform (in the ratio 5–4) containing 0.1% (w/v) BHT was 
added to the frozen powder, vortexed and incubated on ice for 10 min. 
Then, 2.5 ml Tris-NaCl solution (50 mM, pH 7.5) was added to the 
mixture, vortexed and incubated on ice for 10 min. Two clear phases 
were formed by centrifuging the mixture at 720 g for 10 min (4 ◦C). The 
lower phase was collected and the upper phase was extracted twice with 
1 ml chloroform containing 0.1% (w/v) BHT. The combined chloroform 
extracts were dried under a nitrogen flow. Dried extracts were stored in 
− 80 ◦C before HPLC analysis. Samples were re-dissolved in 1 ml ethyl 
acetate with 0.1% (w/v) BHT, sonicated for 10 min, centrifuged at 720 g 
for 1 min, filtered (0.45 µm PTFE membrane, Minisart® SRP4 Syringe 
Filter 17820) and transferred to dark brown vials (1.5 ml crimp neck vial 
32 *11.6 mm amber glass, GBG® 11BW). Chlorophylls and carotenoids 
were separated and identified by a Waters HPLC (Alliance® e2695 
Separations Module) coupled to a Waters 2996 photo diode array de-
tector. Chromatographic separation was performed using a YMC30 (150 
×4.6 mm, 5 µm) column (YMC Co., LTD) at 35 ◦C using the following 
solvents: solvent A (80% methanol), solvent B (100% tert-butylmethyl 
ether) and solvent C (0.2% ammonium acetate). The gradient was 
initially set to 95, 0, 5% for A, B, C, respectively, from 0 to 12 min; then 
the ratio was instantly changed to 80, 15, 5% and gradually changed to 
30, 65, 5% in 30 min and then kept constant for 10 min. Chlorophyll a, 
chlorophyll b and capsanthin were detected at 666 nm, 650 nm and 478 
nm, respectively, and quantified using authentic standards for chloro-
phyll a, chlorophyll b and capsanthin. The highest chlorophyll a +

chlorophyll b content and the highest capsanthin content of individual 
samples from each fruit batch were set to 1, respectively, and all mea-
surements were expressed as relative content. 

2.6. Carbohydrate extraction and determination 

Soluble sugars were extracted according to Min et al. (2021) with 
some modifications. Namely, 15 mg freeze-dried peel powder was mixed 
with 5 ml 80% ethanol, vortexed, shaken in a water bath at 80 ◦C for 20 
min and vortexed again. After centrifuge at 8500 g for 10 min (4 ◦C), 1 
ml supernatant was vacuum dried at 50 ◦C and 5.1 mbar for 165 min 
(Savant SpeedVac SPD2010, Thermo Fisher Inc., Waltham, MA, United 
States), and then 1 ml Milli-Q water was added to redissolve the car-
bohydrates using an ultrasonic water bath for 10 min at room temper-
ature. After centrifuging at 25,000 g for 15 min (4 ◦C), the solution was 
diluted 20 times with Milli-Q water for determination of soluble sugars 
(glucose, fructose and sucrose). Soluble sugars were quantified using a 
high-performance anion exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD; Dionex™ ICS-5000, Thermo 
Fisher Scientific) and a Dionex™ CarboPac™ PA1 column (2 ×250 mm; 
Thermo Fisher Scientific) and eluted with 100 mM NaOH at a flowrate of 
0.25 ml min-1 at 25 ◦C. 

2.7. Fruit weight loss 

Fruit fresh weight (FW) was measured at d 0 and at each sampling 
day. Fruit weight loss over time was expressed as percentage of the 
initial weight. 

2.8. RNA extraction 

Total RNA was extracted from the same peel powder as those used for 
metabolic analysis. RNA was isolated using a Plant RNA/DNA Purifi-
cation Kit (Norgen Biotek Corp; E4788 Sigma-Aldrich) following the 
manufacturers’ instructions. Any DNA contamination was removed by 
On-Column DNase I Digestion Set (Sigma-Aldrich). The purity and 
quantity of RNA was measured by a spectrophotometer (Nanodrop™ 
One Microvolume UV-Vis Spectrophotometer, Thermo Scientific™) and 
assessed by electrophoresis on a 1.5% w/v agarose gel using 200 ng of 
RNA. The A260/A280 and A260/A230 ratios of the samples were higher 
than 1.8. Samples with two clearly visible rRNA bands (1.1kB and 700 
bp band) and no mRNA smear as well as the same brightness were 
qualified. 

2.9. Quantitative real-time‑PCR analysis (qRT-PCR) 

Total RNA was reversely transcribed to cDNA using the Taqman® 
Reverse Transcription Reagent kit (Life Technologies, Applied Bio-
systems #N8080234) according to manufacturer’s guidelines. 

Table 1 
Overview of measured light conditions.  

Experiment Treatment PPFDa (µmol m-2 s-1) Blueb fractionc (%) Greenb fractionc (%) Redb fractionc (%) PSSd 

White-red light intensity (Exp-Int) Int-0 0 – – – – 
Int-80 81.3 ± 0.4 11 ± 0.5 20 ± 0.3 69 ± 0.2 0.88 
Int-160 163.2 ± 1.2 11 ± 0.1 21 ± 0.4 68 ± 0.3 0.88 
Int-320 324.5 ± 2.9 11 ± 0.0 19 ± 0.1 70 ± 0.1 0.88 

Blue light fraction (Exp-B) B-24% 78.9 ± 1.0 24 ± 0.0 48 ± 0.1 28 ± 0.1 0.82 
B-57% 79.2 ± 1.0 57 ± 0.2 27 ± 0.4 16 ± 0.2 0.77 
B-72% 79.3 ± 0.5 72 ± 0.3 18 ± 0.1 10 ± 0.1 0.72 
B-99% 78.8 ± 0.6 99 ± 0.1 1 ± 0.1 0 ± 0.1 0.49  

a PPFD, photosynthetic photon flux density (400–700 nm) measured at the fruit level. Values are the means ± s.e.m. of four light compartments of each treatment. 
The light intensity of each light compartment was based on 9 measurements equally distributed over the illuminated area in a box. 

b Spectra: blue (400–500 nm), green (500–600 nm) and red (600–700 nm). 
c Fractions are expressed as PPFD percentages. 
d PSS, phytochrome photostationary state. 
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Expression levels of anthocyanin biosynthetic genes: CaMYB 
(CA10g11690), CaCHS (CA05g17060), CaDFR (CA02g22270), CaANS 
(CA01g03670) and CaUFGT (CA10g16530) were examined by qRT-PCR. 
The qRT-PCR was performed in a C1000 Touch™ Thermal Cycler (Bio- 
Rad CFX96™ Real-Time System, USA) with an iQ™ SYBR Green 
Supermix kit (Bio-Rad, USA). Gene specific primers were designed using 
Primer3Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/pri-
mer3plus.cgi). Three ubiquitin genes (AY486137, CA07g13540 and 
CA08g18230) were used as internal reference genes to correct gene 
expression. All primers used in this study are listed in Table S1. Each 
qPCR experiment was carried out in four biological replicates, with two 
technical replicates each. The reaction efficiency of qRT-PCR and R 
values were evaluated by LinRegPCR program (Ramakers et al., 2003), 
resulting in a range of 1.8–2.1 (efficiency) and 0.99–1.00 (R value). The 
Ct values were read under default conditions, and when the amplifica-
tion signal was not detected by the qRT-PCR machine, the Ct value was 
given a value of 40 for calculation. The relative gene expression (RGE) 
level was calculated by 2-ΔCt method (Livak and Schmittgen, 2001). 

2.10. RNA-seq analysis 

RNA extraction was described above; the RNA concentration was 
measured by Qubit® 2.0 Fluorometer (Invitrogen) using Qubit™ RNA 
BR Assay Kit (Invitrogen). The RNA-seq library was constructed using 
total RNA from four replicates of Int-0, Int-320, B-24% and B-72% on 
d 21 using Next-Generation Illumina sequencing (Bioscience, Wage-
ningen University and Research, Netherlands). The clean reads were 
mapped to the C. annuum genome (Zunla v2.0, SOL Genomics Network 
database) using CLC Genomics Workbench 20 (CLC bio, Aarhus, 
Denmark) and the number of mapped reads for the genes were 
normalized to RPKM (reads per kilobase per million mapped reads). 
Genes with a highest RPKM value smaller than 5 were removed. 
Expression levels for all pepper genes were presented as RPKM + 1.9 
(percentile 0.05%) and are summarized in Table S2. Differential ex-
pressions between B-72% and B-24% and between Int-320 and Int- 
0 were analysed with a DESeq2 R package (1.26.0). The raw p-values 
were corrected according to the Benjamini-Hochberg approach to 
determine the false discovery rate (FDR) for each gene. Genes with a 
false discovery rate (FDR) < 0.05 and an absolute value of the log2 fold 
change (log2FC) > 0.5 were designated as significantly differentially 
expressed genes (DEGs). DEGs are summarized in Table S3. 

The protein sequences of the pepper DEGs were used as query to 
identify Arabidopsis thaliana homologs (TAIR10 version) by blastp. The 
Gene Ontology (GO) enrichment analysis was done by submitting ob-
tained Arabidopsis thaliana homologs to agriGO v2.0 (http://system-
sbiology.cau.edu.cn/agriGOv2/) and analysing them using Singular 
Enrichment Analysis (SEA) tool (Du et al., 2010; Tian et al., 2017). The 
Kyoto Encyclopedia of Genes and Genomes databases (KEGG) enrich-
ment analysis was conducted using up-regulated and down-regulated 
pepper DEGs, respectively, as the foregrounds and the entire Capsicum 
annuum genes as the background. The online KEGG Orthology Based 
Annotation System (KOBAS; http://kobas.cbi.pku.edu.cn/kobas3) was 
used to test the enrichment of DEGs in the KEGG pathways (Xie et al., 
2011). GO terms and KEGG pathways with corrected p-values < 0.05 
were considered significantly enriched by DEGs. 

2.11. Statistical analysis 

The Exp-Int and Exp-B were each carried out as completely ran-
domized block design. As for each fruit batch, the experiment was 
conducted with eight independent experimental units comprising two 
repetitions of four treatments in a climate chamber; a batch was 
considered as a block. In total, there are four statistical replicates in Exp- 
Int and Exp-B, with two blocks and two statistical replicates per block. A 
statistical replicate consisted of a pool of two fruit. One-way analysis of 
variance (ANOVA) was applied (P < 0.05) to test the light treatment 

effects on anthocyanin, chlorophyll, capsanthin, total soluble sugar 
(glucose, fructose and sucrose), weight loss and gene expression when 
comparing different treatments per day. Normality and homogeneity of 
residuals of the variables were tested by the Shapiro-Wilk test and the 
Bartlett’s test, respectively. When necessary, data were log-transformed 
and the tests on residuals were repeated. If log-transformed data did not 
fulfil the ANOVA assumptions, the Kruskal-Wallis test was used to 
analyse the original non-transformed data. For multiple comparison 
tests, Fisher’s protected LSD was conducted following ANOVA at the 
0.05 level. Most statistical analyses were performed using Genstat (19th 
Edition, VSN International Ltd., Hemel Hempstead, UK) and the Kruskal- 
Wallis test was performed using Rstudio (Version 1.2.5033, USA). 

2.12. Anthocyanin and total soluble sugars kinetic models 

Two kinetic models were constructed. Kinetic models decompose the 
complex behaviour into simpler constituent processes and then describe 
those in terms of differential equations (Tijskens and Schouten, 2014). 
The first model described the total anthocyanin behaviour, the second 
model described the total soluble sugar content, both to investigate blue 
light fraction effects. The anthocyanin model is based on a simplified 
consecutive mechanism assuming that anthocyanins (in mg g-1 DW) are 
produced from a pool of precursors (in mg g-1 DW) with ks (in d-1) the 
rate constant of anthocyanin synthesis (Eq. (1)). Anthocyanins are 
assumed to be completely broken down (to nil) with rate constant kd (in 
d-1) (Eq. (2)) 

Precursors̅̅→ks Anthocyanins (1)  

Anthocyanins̅̅→kd nil (2) 

The model can be presented mathematically as a set of ordinary 
differential equations, based on the rules of chemical kinetics with the 
following analytical solution (Eq. (3)), showing anthocyanin behaviour 
over time (t), expressed as a combination of rate constants (ks, kd) and 
content of precursors at start of the experiment (d 0) (Precursors0) and 
anthocyanins (Anthocyanins0), respectively. 

Anthocyanins(t) = Precursors0
ks

kd − ks

(
e− kst − e− kd t)+Anthocyanins0 e− kd t

(3) 

The sugar model is based on observed sigmoidal behaviour that is 
often described by a logistic function (Schouten et al., 2007; Tijskens 
et al., 2017) that assumes that total soluble sugars (TSS in mg g-1 DW), 
are produced over time from a minimum content (TSSmin in mg g-1 DW) 
to a maximum content (TSSmax in mg g-1 DW) with rate constant ktss (in 
d-1) and shift (in d) (Eq. (4)). shift is a variable that indicates the stage of 
development of a batch, as indicated by the number of days past the 
midpoint of the logistic function. 

TSS(t) = TSSmin +
(TSSmax − TSSmin)

1 + e(− ktss (TSSmax − TSSmin)(t+shift)) (4) 

The equations of the model formulations were developed using 
Maple 2017 (MapleSoft, Waterloo Maple Inc., Waterloo, Canada). The 
models were implemented assuming that the measured anthocyanin and 
total soluble sugar over time are directly related to Eqs. (3) and (4), 
respectively. Data were analysed using an indexed version of the nls 
(non-linear regression) procedure of R (R Development CoreTeam, 
2021) that allows assigning variation in the experimental data to specific 
sources. The variation in the data was assigned either per light treat-
ment, per batch or in common for all fruit. 
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3. Results 

3.1. White-red light intensity effects on fruit colour and metabolites 

To examine the impact of white-red light intensity on the content of 
anthocyanins and other ripening associated metabolites, purple pepper 
fruit were illuminated by 0 (Int-0), 80 (Int-80), 160 (Int-160) and 320 
(Int-320) µmol m-2 s-1 white-red LED lights for four weeks. We first 
estimated the effect of white-red light intensity on visually assessed fruit 
colour. Fruit gradually turned from dark purple to red during illumi-
nation with no clear indication of light intensity effects at each sampling 
day, except for those in Int-0 which showed shades of green after three 
weeks (Fig. 1 A). This, however, did not fully correspond with antho-
cyanin content. On d 7, the anthocyanin content was the highest in Int- 
0 fruit and the lowest in Int-160 fruit compared to both Int-80 and Int- 
320 fruit (Fig. 1B). Afterwards, the anthocyanin content did not signif-
icantly vary between different intensities, except that fruit in Int-320 
showed lower anthocyanin content at d 21 and 28 compared to the 
other treatments. The transcript abundance of anthocyanin biosynthetic 
genes were also hardly affected (Fig. S1). This indicated that the overall 
effects of white-red light intensity on anthocyanin content were rather 
small. 

Chlorophyll content decreased over time (Fig. 1C). At d 7, there was 
no significant difference in chlorophyll content among treatments. 
Later, Int-0 fruit had a significantly higher chlorophyll content than 
illuminated fruit which all showed similar chlorophyll content. Cap-
santhin and total soluble sugar contents increased over time. At d 14 and 
afterwards, there were significant differences in capsanthin content 
among treatments (Fig. 1D). Int-0 fruit had the lowest capsanthin con-
tent and Int-320 fruit had the highest capsanthin content at most sam-
pling days. Total soluble sugar content was significantly lower in Int- 
0 fruit than in illuminated fruit after d 7 and it was similar between 
illuminated fruit with different white-red intensities (Fig. 1E). Glucose 
and fructose contents dominated total soluble sugar content (97 
± 0.3%) and their trends were similar as that of total soluble sugars 
(Fig. S2A&B). The sucrose content was low (3 ± 0.3%) (Fig. S2C). Fruit 
weight loss increased over time; the higher the light intensity, the higher 
the weight loss (Fig. 1 F). 

3.2. Blue light effects on fruit colour and metabolites 

3.2.1. Fruit colour and metabolite contents 
To study the effect of blue light on anthocyanin content of purple 

pepper fruit, purple pepper fruit were illuminated by 24 (B-24%), 57 (B- 

Fig. 1. Effects of illuminating pepper fruit by 
four white-red light intensities (0, 80, 160 and 
320 µmol m-2 s-1 white-red LED lighting) on (A) 
fruit peel colour, (B) total anthocyanin content 
(mg g-1 DW), (C) relative chlorophyll content; 
(D) relative capsanthin content, (E) total solu-
ble sugar content (mg g-1 DW) (glucose +
fructose + sucrose) and (F) weight loss (in %) 
that were measured every seven days over a 
period of twenty-eight days. Error bars repre-
sent standard error of d 0 (n = 16) and standard 
error of means of d 7–28 (two batches as block 
with each two replicates, in total n = 4) from 
one-way ANOVA. ANOVA is not performed for 
data of d 0 because there is no treatment. 
Different letters indicate significant differences 
(P < 0.05) on the same day according to 
Fisher’s Protected LSD; n.s. represents no sig-
nificant differences.   
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57%), 72 (B-72%) and 99% (B-99%) blue light (400–500 nm) at 
80 µmol m-2 s-1 for four weeks (Exp-B). Pepper fruit gradually turned 
from dark purple to red over time. The higher the blue light fraction was, 
the slower the fruit lost purple colour (Fig. 2 A). Anthocyanin content of 
B-24% fruit continuously decreased. Anthocyanin content of the other 
treatments first increased until d 7 and then gradually decreased after-
wards (Fig. 2B). The anthocyanin content of B-72% fruit was the highest 
at d 7 and d 14. Anthocyanin content of B-99% fruit was the highest at 
the end of the experiment. Chlorophyll content of B-24% decreased 
continuously over time. Chlorophyll content of B-57%, B-72% and B- 
99% fruit first increased until d 7 and then gradually decreased 
(Fig. 2 C), similar to the trend in the anthocyanin accumulation. Cap-
santhin content increased as time progressed without showing signifi-
cant differences between treatments (Fig. 2D). Total soluble sugar 
contents (glucose + fructose + sucrose) over time showed sigmoid 
behaviour. Total soluble sugar content of B-24% fruit was higher than 
that of fruit in other three treatments at d 14. Total soluble sugar content 
of B-72% and B-99% fruit was lower at d 21 compared to B-57% fruit. 
Glucose and fructose contents dominated total soluble sugar content 
(96 ± 0.3%) and their trends were similar to that of total soluble sugars 
(Fig. S3A&B). Sucrose content was low (4 ± 0.3%) and not influenced 
by the blue light fraction (Fig. S3C). Fruit gradually showed increasing 

weight loss over time without showing significant differences between 
treatments (Fig. 2 F). 

3.2.2. Modelling anthocyanin content 
The anthocyanin analytical solution (Eq. 3) was applied to describe 

all measured anthocyanin data for Exp-B to investigate whether blue 
light fraction affects the anthocyanin production; i.e. the rate constant of 
anthocyanin synthesis (ks), the anthocyanin degradation; i.e. the rate 
constant of anthocyanin degradation (kd), or both, in one joint param-
eter estimation. Initial and kinetic parameters were estimated with small 
standard deviations and highest variance explained for (R2

adj) when ks 
was estimated per blue light treatment, and kd in common. A lower 
model performance was reached when other options (kd estimated per 
light treatment with ks in common, or both ks and kd estimated per light 
treatment) were explored. The variation in the parameter values esti-
mations declined drastically when the initial parameters were estimated 
per fruit batch. The model was able to fit the data with a percentage 
variation accounted for (R2

adj) of 90.5%. Anthocyanin content over time 
per batch is shown in Fig. 3 with the corresponding simulations calcu-
lated from the estimated parameters listed in Table 2. The results from 
this modelling approach indicate that the blue light fraction affects the 
anthocyanin synthesis rate, with the highest anthocyanin synthesis rate 

Fig. 2. Effects of illuminating pepper fruit by 
24, 57%, 72% and 99% of blue lights 
(400–500 nm) at a total intensity of 80 µmol m- 

2 s-1 on (A) fruit peel colour, (B) total antho-
cyanin content (mg g-1 DW), (C) relative chlo-
rophyll content; (D) relative capsanthin 
content, (E) total soluble sugar content (mg g-1 

DW) (glucose + fructose + sucrose) and (F) 
weight loss (in %) that were measured every 
seven days for twenty-eight days. Error bars 
represent standard error of d 0 (n = 16) and 
standard error of means of d 7–28 (two batches 
as block with each two replicates, in total 
n = 4) from one-way ANOVA. ANOVA is not 
performed for data of d 0 because there is no 
treatment. Different letters indicate significant 
differences (P < 0.05) on the same day ac-
cording to Fisher’s Protected LSD; n.s. repre-
sents no significant differences.   
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(ks) for fruit in B-72%, but does not affect the degradation rate (kd). 

3.3. The effect of blue light fraction on the expression of anthocyanin 
biosynthetic genes 

Anthocyanin biosynthesis was quantified by measuring the relative 
gene expression levels of anthocyanin biosynthetic genes. CaMYB 
(CA10g11690, homolog of tomato SlAN2(SlMYB75) (Kiferle et al., 2015; 
Jian et al., 2019)) encodes an R2R3-MYB transcription factor that acti-
vates the expression of anthocyanin structural genes. CaCHS 
(CA05g17060) is an early structural gene that belongs to the common 
flavonoid pathway. CaDFR (CA02g22270), CaANS (CA01g03670) and 
CaUFGT (CA10g16530) are three late structural genes. CaDFR diverts 
the common flavonoid pathway towards the anthocyanin biosynthetic 
pathway (Liu et al., 2020), where CaANS and CaUFGT are included. 
Although the expression level of CaMYB continuously declined in four 
treatments, it was significantly higher expressed in B-72% and B-99% 

fruit than in B-24% and B-57% fruit at d 7 (Fig. 4 A). CaCHS in B-72% or 
B-99% fruit had the highest expression level at d 7 and 21 (Fig. 4B). The 
expression levels over time of CaDFR, CaANS and CaUFGT showed 
similar trends to that of CaMYB (Fig. 4C-E). In addition, the expression 
levels of all anthocyanin biosynthetic genes from four treatments were 
significantly correlated at d 7 (Fig. S5). Thus, the longer retention of 
anthocyanins in fruit exposed to higher fractions of blue light might be 
due to a higher expression of the anthocyanin biosynthetic genes. This, 
however, does not exclude the possibility that hypothetical anthocyanin 
breakdown genes could also be downregulated by higher blue fractions. 
Since no anthocyanin degradative gene has been identified in pepper 
yet, a targeted gene expression analysis was not feasible. Therefore, a 
transcriptomic analysis of fruit from B-24% and B-72% on d 21 was 
performed using RNA-seq to further explore the transcriptional effect of 
blue light fractions. These fruit were selected based on their clear dif-
ferences in anthocyanin content and ripening status. In total, 384 
significantly differentially expressed genes (DEGs) were obtained, 
including 238 up-regulated DEGs and 146 down-regulated DEGs in 
B-72% fruit compared to B-24% fruit. Volcano plots for all genes and a 
hierarchical clustering heatmap for DEGs are shown in Fig. S4. A GO 
enrichment analysis was performed for all DEGs, and a KEGG pathway 
enrichment analysis was performed for up- or down-regulated DEGs, 
respectively. Among the top 10 enriched Biological Process GO terms, 
three GO terms relevant to anthocyanin biosynthesis were significantly 
enriched, namely the “phenylpropanoid biosynthetic process”, the 
“flavonoid biosynthetic process” and the “phenylpropanoid metabolic 
process”(Fig. 5 A). Among the top 20 enriched KEGG pathways, 
“flavonoid biosynthesis” and “phenylpropanoid biosynthesis” were 
significantly up-regulated in B-72% fruit compared to B-24% fruit, with 
“flavonoid biosynthesis” the greatest enriched pathway (Fig. 5B). Most 
of the down-regulated KEGG pathways were related to primary meta-
bolism of amino acids, sugars and lipids. 

Fig. 3. Total anthocyanin content over time either as measured values (symbols) or with simulated model behaviour (lines) per fruit batch per light treatment: (A) 
24% blue light, (B) 57% blue light, (C) 72% blue light and (D) 99% blue light. 

Table 2 
Overview of initial parameter estimates per fruit batch and estimated common 
kinetic parameters with indicated standard deviation of the anthocyanin model 
(Eq. 3).   

Units Batch Estimate St.dev. 

ks B-24% d-1  0.018 0.001 
ks B-57% d-1  0.029 0.002 
ks B-72% d-1  0.040 0.004 
ks B-99% d-1  0.032 0.003 
kd d-1  0.30 0.09 
Precursor0 mg g-1 DW 1 53 20  

mg g-1 DW 2 69 26 
Anthocyanin0 mg g-1 DW 1 4.43 0.06  

mg g-1 DW 2 4.85 0.06  
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3.4. The effect of blue light fraction on fruit ripening 

3.4.1. Modelling total sugar content 
The sugar model (Eq. (4)) was applied to describe the total soluble 

sugar (TSS) content for Exp-B to investigate whether blue light fraction 
affected the sugar accumulation, either by the rate constant ktss, the 
minimum TSS content (TSSmin), the maximum TSS content (TSSmax) or 
the stage of development (shift). All scenarios were tested, assigning 
light treatment effects to ktss, TSSmin, TSSmax or shift, separately or in 
combination. The highest percentage explained variation (R2

adj = 83.5%) 
was achieved when the light treatments were assigned to shift and 
estimated per batch. TSS content over time per batch is shown in Fig. 6A- 
B with the corresponding simulations calculated from the estimated 
parameters listed in Fig. 6 C. The results from this modelling approach 

showed that blue light illumination affected the shift parameter similarly 
per batch, indicating that blue light illumination affected the stage of 
fruit development. Fruit in B-72% consistently started later with sugar 
accumulation, i.e. were less ripe, while fruit in B-24% started earlier 
with sugar accumulation, i.e. were more ripe. Positive correlations be-
tween anthocyanin biosynthetic rate ks and shift per batch were 
observed, indicating that fruit with a higher rate of anthocyanin syn-
thesis were less ripe (Fig. 6D). 

3.4.2. Transcriptome analysis for the effects of different blue light fractions 
on ripening related genes 

Ripening correlation coefficients (RCC) were calculated by corre-
lating the FPKM (Fragments Per Kilobase Million) of RNA-seq data from 
PepperHub (Liu et al., 2017) with days after flowering (Table S6). Genes 

Fig. 4. The relative gene expression (RGE) 
level of (A) CaMYB, (B) CaCHS, (C) CaDFR, (D) 
CaANS and (E) CaUFGT in pepper fruit illumi-
nated by 24, 57%, 72% and 99% blue light in 
Exp-B measured every seven days over twenty- 
eight days. Error bars represent standard error 
of d 0 (n = 16) and d 7 - d 28 (n = 4). One-way 
ANOVA is performed based on log2RGE values 
per day, from d 7 to d 28 (two batches as block 
with each two replicates, in total n = 4). 
ANOVA is not performed for data of d 0 because 
there is no treatment. Different letters indicate 
significant differences (P < 0.05) on the same 
day according to Fisher’s Protected LSD; n.s. 
represents no significant differences.   
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with RCC < − 0.5 and > 0.5 were considered as ripening dependent: 
RCC < − 0.5 down-regulated during ripening and RCC > 0.5 
up-regulated during ripening. The expression of 63% of DEGs were 
considered as ripening dependent. To estimate the effect of blue light 
fractions on the expressions of the ripening dependent DEGs, the log2FC 
of all DEGs were plotted versus their corresponding RCCs (Fig. 7). 
Among the DEGs that were considered down-regulated during ripening 
based on their RCC, 91% had a higher expression in B-72% fruit 
compared to B-24% fruit (Fig. 7). About 68% of ripening induced DEGs 
had lower expression levels in B-72% fruit compared to B-24% fruit. 

3.5. Blue light fraction differentially affected the expression of flavonoid 
and ripening related genes 

Principal component analysis (PCA) was applied to the RNA-seq 
transcripts of all genes from Exp-B (B-24% and B-72%) and Exp-Int 

(Int-0 and Int-320). The four selected treatments were separated 
mostly along PC1 (42.8% of the total variation) which seemed to 
describe the variation caused by light intensity, and along PC2 (17.4%), 
which described the variation caused by the blue light fraction (Fig. 8). 
Several flavonoid pathway genes had the highest loadings in PC2, closer 
to B-72%, whereas most of the ripening related genes (Ogasawara et al., 
2007; Borovsky and Paran, 2008; Kim et al., 2014; Cheng et al., 2017; 
Hou et al., 2018) ( Table S7) were located in the middle of the PCA plot, 
closer to B-24%. A few genes related to the regulation of ripening and 
senescence in pepper fruit (NCED1, NCED2, NOR and RIN) and red fruit 
pigmentation (CCS, PDS, LCY) showed negative loadings in PC2 indi-
cating their lower expression levels in the B-72% fruit, which together 
with the results in Fig. 7 suggested that the higher blue light fraction 
delays some ripening related processes. The effect of B-72% on 
up-regulating the flavonoid genes, however, seemed to be the strongest 
which also suggested the high blue light fraction may have a specific 

Fig. 5. Gene ontology (GO) enrichment anal-
ysis and KEGG pathway enrichment analysis. 
(A) Top 10 enriched biological process GO 
terms for all DEGs when comparing B-72% to B- 
24% at d 21. (B) KEGG enrichment analysis of 
up- and down-regulated DEGs in B-72% fruit 
compared to B-24% fruit at d 21, respectively. 
The vertical coordinate shows the significantly 
enriched GO terms/KEGG pathways, and the 
horizontal coordinate shows the enrichment 
factors (functionally-related groups of the genes 
in DEGs relative to in the genome background). 
The size of each point represents the number of 
genes in the pathway, and the colour of the 
point represents the adjusted p-value. A com-
plete list of enriched GO terms and KEGG 
pathways is available in Tables S4 and S5.   
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regulatory effect on the flavonoid/anthocyanin pathway. 

4. Discussion 

4.1. The response of anthocyanin accumulation to light intensity is 
minimal 

Our study showed that anthocyanin content in pepper fruit was 

hardly affected by light intensity, including darkness (Fig. 1B). Prior 
studies have shown the necessity of light, and the effects of high light 
intensity on enhancing anthocyanin accumulation in fruit and vegeta-
tive tissues of several species (Lightbourn et al., 2007; Albert et al., 
2009; Page et al., 2012; Feng et al., 2013). For example, dark-stored 
strawberries and Chinese bayberries had lower anthocyanin contents 
than illuminated fruit after several hours or days (Kadomura-Ishikawa 
et al., 2013; Shi et al., 2014; Xu et al., 2014). Anthocyanins did not 
accumulate in Pro35S:BrTT8 tomato fruit at low-light intensity (50 – 100 
μmol m-2 s-1) (Zhang et al., 2019). Additionally, high-light-triggered 
anthocyanin accumulation in Pro35S:BrTT8 tomato fruit was caused 
by increased expression of SlAN2 (MYB) and anthocyanin structural 
genes. Albert et al. (2009) suggested that expression of MYB was the 
restricting component for producing anthocyanins under shade condi-
tions. In our study, the slight increase of anthocyanin content of fruit 
from d 0 to d 7 showed that anthocyanin biosynthesis occurred during 
this period (Fig. 1B). However, CaMYB was only significantly higher 
expressed in darkness (Int-0) at d 7 and showed no difference among the 
other treatments (Fig. S1). The expression of subsequent structural genes 
(CaDFR and CaANS) was not influenced by light intensity (Fig. S1). 
Likely, light intensity only affected anthocyanin biosynthesis before d 7. 
Afterwards, anthocyanin biosynthesis stopped in fruit in all treatments, 
as inferred from the low and similar transcription levels of CaMYB, 
CaDFR and CaANS. The decrease of anthocyanin content is thus likely 
due to anthocyanin degradation. The anthocyanin degradation pathway 
could not be directly quantified because there is no identified antho-
cyanin degradation gene in pepper. 

The highest light intensity (320 μmol m-2 s-1) resulted in the lowest 
anthocyanin content during the last two weeks (Fig. 1B). This light in-
tensity might be considered excessive. Anthurium andraeanum ‘Sonate’ 
leaves showed a lower anthocyanin content under excessive light (400 
μmol m-2 s-1) compared to 100 μmol m-2 s-1 (Wang et al., 2018). 
Excessive light may cause photodamage and oxidative stress, such as the 

Fig. 6. Total sugar content over time either as 
measured values (symbols) or with simulated 
model behaviour (lines) for fruit in (A) batch 1 
and (B) batch 2 per light treatment. (C) 
Parameter estimates with indicated standard 
deviation of the sugar model, explaining 83.5% 
(R2

adj) of the variation (Eq. (4)). (D) The link 
between the anthocyanin biosynthetic rates (ks) 
(Eq. (3)) and the shift factor, the time when the 
logistic curve reaches halfway the minimum 
and maximum TSS levels (Eq. (4)) with the 
explained variance per batch.   

Fig. 7. The correlation between log2 FC of DEGs of B-72% to B-24% (y-axis) at 
d 21 and ripening correlation coefficient (RCC) of these genes. Log2 FC = log2 
(transcript level of genes in B-72% to B-24%). Positive Log2 FC values indicate 
that genes are up-regulated in B-72% fruit whereas negative Log2 FC values 
indicate that genes are down-regulated. A positive RCC values indicates genes 
having a high expression level in ripe fruit whereas negative RCC values indi-
cate a high expression level in unripe fruit. 
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decay of photopigments and the creation of free radicals (Lazzarin et al., 
2021). In addition, water loss in fruit illuminated by 320 μmol m-2 s-1 

(Fig. 1 F) reduced fruit quality and likely accelerated fruit senescence 
and thus indicated a potentially higher production of free radicals (Luo 
et al., 2014). Anthocyanins are antioxidants that help to eliminate free 
radicals (Li et al., 2012) and resulting in anthocyanin breakdown, this 
may explain the lower anthocyanin content in fruit illuminated by 320 
μmol m-2 s-1. 

4.2. Higher blue light fractions enhance anthocyanin biosynthesis 

Our results showed that fruit illuminated with higher fractions of 
blue light, especially B-72%, increased anthocyanin levels in pepper 
fruit compared to B-24% fruit (Fig. 2 A&B). This result is in line with the 
findings of Hoffmann et al. (2016) and Hernández et al. (2016) that the 
anthocyanin content increased with increasing fraction of blue light in 
pepper leaves and tomato seedlings. The anthocyanin kinetic model 
suggested that particularly B-72% fruit showed significantly enhanced 
anthocyanin biosynthesis with no effect on anthocyanin degradation 
(Fig. 3, Table 2). This focused our attention on anthocyanin biosyn-
thesis. Higher expression levels of several anthocyanin biosynthetic 
genes (CaMYB, CaDFR, CaANS and CaUFGT) in B-72% and B-99% fruit 
compared to B-24% fruit showed that the anthocyanin biosynthetic 
pathway was enhanced with increasing fractions of blue light only 
during the first week (Fig. 4 A, C, D & E, Fig. S5) via stimulating the 
flavonoid biosynthetic pathway. The flavonoid early biosynthetic gene 
CaCHS was continuously expressed, but at varying levels, during 28 
d (Fig. 4B). In addition, a transcriptomic analysis comparing fruit at 
B-72% to B-24% on d 21 showed that the Go term “flavonoid biosyn-
thesis process” was enriched in the DEGs (Fig. 5 A), and that the KEGG 
pathway term “flavonoid biosynthesis” was enriched in B-72% 
up-regulated DEGs (Fig. 5B). These results demonstrated that the 
flavonoid biosynthetic pathway is enhanced by higher blue light frac-
tions and it appears to be active longer than its anthocyanin branch. In 

addition, PCA analysis showed that early flavonoid biosynthetic genes 
were plotted close to fruit illuminated by 72% blue light (B-72%) but not 
to fruit either stored in darkness (Int-0) or illuminated by 320 μmol m-2 

s-1 (Int-320) (Fig. 8). This suggests that flavonoid biosynthesis was more 
influenced by blue light fraction rather than by light intensity. We hy-
pothesize that the blue light fraction affects anthocyanin biosynthesis by 
increasing the flux through the flavonoid pathway, leading to increased 
levels of anthocyanins as well as other flavonoids. 

4.3. Higher blue light fractions delay pepper fruit ripening 

In our study, fruit ripening was not much influenced by light in-
tensity, unless fruit were kept in complete darkness (Fig. 1 A, C, D & E). 
Higher blue light fractions delayed several ripening-related processes in 
pepper fruit. This indicated pepper fruit ripening is more influenced by 
spectrum than intensity. For instance, higher blue light fractions slowed 
down chlorophyll breakdown and slowed down red fruit colour forma-
tion (Fig. 2 A & C). The latter was mainly due to retention of chloro-
phylls and anthocyanins rather than to a reduction in the red pigments 
as capsanthin content was not significantly affected by blue light 
(Fig. 2D), contrary to previous studies (Gangadhar et al., 2012; Pola 
et al., 2020). The sugar model indicated that the blue light fraction 
affected the time before sugar accumulation started, with a longer delay 
for fruit illuminated by higher blue light fractions (Fig. 6A-C). Soluble 
sugar accumulation over time in pepper fruit has been observed in 
pepper before (Rao et al., 2011). Likely, sugar accumulation was due to 
photosynthetically active chlorophyll (Cocaliadis et al., 2014; Simkin 
et al., 2020). Interestingly, the fastest chlorophyll breakdown was 
encountered in B-24% fruit (Fig. 2 C) that showed the shortest delay in 
sugar accumulation (Fig. 6). Furthermore, the expression pattern of 
ripening associated DEGs also indicated that B-72% fruit were less ripe 
than B-24% fruit (Fig. 7). In addition, PCA analysis showed that ripening 
related genes were plotted closer to fruit illuminated by 24% blue light 
(B-24%) than 72% blue light (B-72%) (Fig. 8). We also found that the 

Fig. 8. Principal component analysis (PCA) of four light treatments, Int-0, Int-320, B-24% and B-72%, based on RNA-seq transcript profile (in total 9637 genes). For 
clarity, only the flavonoid genes and ripening related genes are displayed in this PCA plot. The PC value of each displayed gene is multiplied by 150 for easier 
observation. Genes with the same annotation are distinguished by their number at the end of the annotation with details provided in the Table S7. 
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anthocyanin biosynthetic rate was positively correlated with the delay 
before total soluble sugar accumulation started (Fig. 6D), suggesting a 
higher anthocyanin biosynthetic rate in less ripe fruit. Thus, anthocy-
anin biosynthesis is strongly related to fruit ripening under varying 
fractions of blue light. This limits the possibility of creating ripe 
anthocyanin-rich fruit using light intensity or blue light treatments. One 
option to increase anthocyanin levels could be to use End-of-Production 
illumination, either ultraviolet or blue radiation, a few days before 
harvest as has been applied in lettuce (Gómez and Jiménez, 2020). 
Another option would be to apply blue or ultraviolet postharvest illu-
mination, not continuously as was done here, but only for a few days 
after harvest. How this would affect the ripening characteristics of 
pepper fruit is currently unknown. 

4.4. Higher blue fractions delay pepper ripening by lowering ethylene 
production? 

Among enriched KEGG pathways, “sulfur metabolism” and “cysteine 
and methionine metabolism” were down-regulated in B-72% fruit 
compared to B-24% fruit (Fig. 5B). The “sulfur metabolism” was also 
enriched in strawberry fruit under similar conditions (Zhang et al., 
2018). The “sulfur metabolism” and “cysteine and methionine meta-
bolism” pathways are linked and present upstream of ethylene produc-
tion (De Kok, 2012). Capsicum fruit is considered non-climacteric but 
climacteric behaviour has been reported in some cultivars during fruit 
ripening, indicating parts of the ethylene pathway may be functional 
(Dubey et al., 2019). For instance, cysteine and methionine, two com-
pounds involved in the ethylene production, gradually increased during 
fruit ripening of bell pepper (C. annuum L.cv. Aries) (Aizat et al., 2014). 
Sole blue LED light delayed tomato fruit ripening by reducing ethylene 
production, compared to sole red LED light as well as mixed red and blue 
(R:B = 3:1) illumination (Li et al., 2021). Therefore, we hypothesize that 
higher blue light fraction delays pepper fruit ripening by down-
regulating ethylene production. Nevertheless, the effect of blue light on 
fruit ripening is controversial. Ethylene production in non-climacteric 
fruit, such as strawberries and citrus, increased by sole blue LED illu-
mination (Xu et al., 2014; Ballester and Lafuente, 2017). The contro-
versial nature of the effects of blue light on ripening is also present in 
climacteric fruit. Sole or supplemental blue LED light illumination 
accelerated ripening of tomato, banana and peach (Gong et al., 2015; 
Huang et al., 2018; Xie et al., 2019) but slowed down ripening of tomato 
(Dhakal and Baek, 2014; Li et al., 2021), or did not influence ripening of 
tomato and blueberry (Ntagkas et al., 2020; Wang et al., 2020). 

5. Conclusions 

The response of purple pepper fruit to different white-red light in-
tensities is limited with regard to anthocyanin accumulation. High blue 
light fractions increased anthocyanin levels via directly up-regulating 
anthocyanin biosynthesis and by slowing down several fruit ripening- 
related processes, as indicated by kinetic modelling of the sugar accu-
mulation and transcriptome analysis, likely due to suppressed ethylene 
production. Higher fractions of blue light during postharvest storage can 
be applied to improve fruit anthocyanin levels. However, white-red light 
intensity or blue light treatments are not suited to create ripe anthocy-
anin rich pepper fruit. For future study, we suggest to apply higher 
fraction of blue light at the early postharvest stage or as End-of- 
Production illumination. 
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