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Abstract

Background New vegetable production systems, such as vertical farming, but also well-established in-door
production methods led to the implementation of light emitting diodes (LEDs). LEDs are the most important light
sources in modern indoor-production systems and offer the possibility for enhancing growth and specific metabolites
in planta. Even though the number of studies investigating the effects of LED lighting on vegetable quality has
increased, the knowledge about genus variability is limited. In the present study, the effect of different LED spectra

on the metabolic and transcriptional level of the carotenoid metabolism in five different Brassica sprouts was
investigated. Cruciferous vegetables are one of the main food crops worldwide. Pak choi (Brassica rapa ssp. chinensis),
cauliflower (Brassica oleracea var. botrytis), Chinese cabbage (Brassica rapa ssp. pekinensis), green kale (Brassica oleracea
ssp. sabellica) and turnip cabbage (Brassica oleracea spp. gongylodes) sprouts were grown under a combination of blue
& white LEDs, red & white LEDs or only white LEDs to elucidate the genus-specific carotenoid metabolism.

Results Genus-specific changes in plant weight and on the photosynthetic pigment levels as well as transcript
levels have been detected. Interestingly, the transcript levels of the three investigated carotenoid biosynthesis
genes phytoene synthase (PSY), B-cyclase (BLCY) and 3-carotene hydroxylase (BOHASET) were increased under the
combination of blue & white LEDs in the majority of the Brassica sprouts. However, only in pak choi, the combination
of blue & white LEDs enhanced the carotenoid levels by 14% in comparison to only white LEDs and by ~19% in
comparison to red & white LEDs.

Conclusions The effects of light quality differ within a genus which leads to the conclusion that production
strategies have to be developed for individual species and cultivars to fully benefit from LED technology.

Keywords Brassica sprouts, Carotenoids, LEDs, Light quality

*Correspondence:

Katja Frede

frede@igzev.de

'Leibniz Institute of Vegetable and Ornamental Crops, Plant Quality and
Food Security, Theodor-Echtermeyer-Weg 1, 14979 Grof3beeren, Germany
“University of Bayreuth; Faculty of Life Sciences: Food, Nutrition & Health;
Professorship for Food Metabolome, Fritz-Hornschuch-Stral3e 13,

95326 Kulmbach, Germany

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://orcid.org/0000-0002-7989-6983
http://orcid.org/0000-0002-1501-4320
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-023-04326-4&domain=pdf&date_stamp=2023-6-20

Frede et al. BMIC Plant Biology (2023) 23:328

Background

The consumer demand for high quality vegetables con-
taining health-promoting compounds, but also current
and future challenges such as climate change or land and
water shortage, led to the development of new vegetable
production systems, such as vertical farming. These sys-
tems need artificial lighting due to a limited access to
natural light. Light emitting diodes (LEDs), which are
considered the future of greenhouse lighting [1], offer
the advantage of the availability of LEDs emitting spe-
cific wavelengths that can optimize the quantum yield
of photosynthesis [2], and in addition, can enhance the
vegetable quality by influencing the contents of second-
ary plant compounds determining flavour, colour and
health-promoting properties [3]. However, many studies
focus on metabolite profiles, whereas the effects and reg-
ulatory mechanisms by which specific wavelength affect
secondary compounds in various vegetables are not well
understood.

Carotenoids are plant pigments belonging to the sec-
ondary plant compounds [4], have health-promoting
effects in humans [5], and thus, are important for veg-
etable quality. Carotenoid intake and their concentra-
tions in the body have been correlated with the reduced
incidence of chronic diseases, such as type 2 diabetes,
cardiovascular diseases and several types of cancer [6]. A
major source for carotenoids are green leafy vegetables
[6]. The carotenoid biosynthesis is well-known (Fig. 1),
however, the regulatory mechanisms determining the
contents in vegetables are insufficiently described. In
green tissues, carotenoids play a crucial role in photosyn-
thesis [4]. Besides a manipulation of temperature, light
regimes during vegetable growth can lead to altered lev-
els [7]. There is only limited knowledge about the under-
lying mechanisms which specific wavelengths influence
the carotenoid biosynthesis pathway in green tissues.
Different photo-regulatory mechanisms by photorecep-
tors [8, 9], the circadian clock [10-12] and an imbalance
in the excitation of the photosystems which activates
redox control mechanisms [13, 14] are involved in the
regulation of the carotenoid metabolism. Light-activated
cryptochromes (regulated by blue light) inhibit the
COP1-based ubiquitin-ligase and thus rescue the HY5
transcription factor from proteolysis and phytochromes
(regulated by red light) inhibit PIF1 transcription factor.
Both processes regulate the phytoene synthase (PSY),
the first and main rate-determining enzyme in the carot-
enoid biosynthesis pathway. The excitation of the photo-
systems by light intensity and quality is regulated through
changes of pH-values inside the lumen and the balance
of the ratio of reduced and oxidised plastoquinones [15].
This regulates the upper part of the carotenoid biosyn-
thetic pathway and enhances the biosynthesis under blue
light as well as the B-carotene hydroxylase (BOHASE) in
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pak choi [16]. Even though the regulation mechanism are
poorly understood the transcripts of the B-cyclase BLCY
and the carotenoid cleavage dioxygenase 4 (CCD4) are
enhanced by blue light in pak choi too [16].

There have been some studies investigating the effect of
specific wavelengths on carotenoids in green, leafy veg-
etables. In lettuce (Lactuca sativa ‘Banchu Red Fire’ or
‘Red Cross’) and sprouting broccoli, blue light increased
the carotenoid levels [17-19]. In another study, total
carotenoid levels were highest under blue fluorescent
lamps in spinach (Spinacia oleracea ‘Okame’), but they
were enhanced under white and red fluorescent lamps in
lettuce (Lactuca sativa ‘Redfire’) and under white fluores-
cent lamps in Komatsuna (Brassica campestris ‘Komat-
suna’) [20]. On the other hand, slightly higher carotenoid
quantities were measured under only white LEDs in com-
parison to only blue LED or only red LEDs [10], whereas
the combination of blue & white LEDs led to significant
higher carotenoid levels in pak choi [16].This is inter-
esting since it demonstrates that blue light alone is not
sufficient to increase carotenoid levels and shows that
other wavelengths of the visual light spectrum in addi-
tion to blue light are essential for carotenoid enrichment
in pak choi. Thus, the influence of different light quali-
ties on carotenoid concentrations differs between veg-
etables. Hence, the question arises if wavelength effects
are conserved within the same genus. The genus Brassica
contains economically important crops such as cabbage,
cauliflower, broccoli, kale or pak choi leading to a world-
wide production of 71 million tonnes Brassica vegetables
in 2020 [21]. In this study, sprouts of five Brassica vegeta-
bles were further investigated. Sprouts are harvested and
consumed in a stage of expanded cotyledons, are rich in
health-beneficial micronutrients and are culinary appre-
ciated because of their taste and colour [22].

In summary, for the production of vegetables rich in
carotenoids, the effect of specific wavelength during the
growth on carotenoids has to be determined. Therefore,
the objective of this study was to quantify the impact of
different LED spectra (white or a combination of white &
blue or white & red) on the carotenoid metabolism and to
clarify if a general recommendation for light regimes of
vegetables belonging to the same genus can be made by
(1) determining the fresh and dry weight, (2) qualitative
and quantitative analysis of the photosynthetic pigments
and (3) determining the transcripts of key enzymes of the
carotenoid biosynthesis and degradation.

Materials and methods

Plant material

Five different sprouts belonging to the genus Brassica
were investigated: pak choi (Brassica rapa ssp. chinensis
“White Celery Mustard’), cauliflower (Brassica oleracea
var. botrytis ‘Neckarperle’), Chinese cabbage (Brassica
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Fig. 1 Carotenoid biosynthesis pathway in plants (dashed line: > 1 reaction; continuous line: 1 reaction; GGPP: geranylgeranyl diphosphate; CYP97A3: cy-
tochrome P450 97A3; CYP97C1: cytochrome P450 97C1; BLCY: B-cyclase; eLCY: e-cyclase; B-OHASE1: 3-carotene hydroxylase 1; PDS: phytoene desaturase;
PSY: phytoene synthase; VDE: violaxanthin de-epoxidase; ZEP: zeaxanthin epoxidase

rapa ssp. pekinensis ‘Michihili’), green kale (Brassica  per tray (corresponds to 1 replicate) was sown on a wet
oleracea ssp. sabellica ‘Ostfriesische Palme’) and tur- cellulose cloth which was placed onto the perlite. The
nip cabbage (Brassica oleracea spp. gongylodes ‘Delika-  seeds were sprayed frequently with water to avoid drying
tess Weifler’) (seed supplier: see Additional file 1). The out.

sprouts were similarly cultivated as previously described

in June and July 2020 [10]: Aluminium foil trays (e

~10 cm) were filled with wet perlite. One gram of seeds
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Growth conditions

The sprouts were grown in darkness for 4 days (25 °C,
75% air humidity). Subsequently, the sprouts were trans-
ferred to a growth chamber (25 °C, 75% air humidity)
equipped with blue & white (Amax 453 nm), red & white
(Apax 633 nm) or only white (A 404—789 nm) LEDs. The
light spectrum of the white LEDs was adjusted with a
filter to reduce the amount of blue light and balance the
blue and red light [10]. The spectra of the LEDs were
analysed with an EPP2000 StellarNet spectrometer (Stel-
larNet, Tampa, FL, USA). The presented LED spectra
measured beneath the filter are the means of 3 measur-
ing spots (Fig. 2). The photoperiod in the growth cham-
ber was 12 h (05:00-17:00 h). The photosynthetic active
radiation was 90 pmol m~% s™! for each light treat-
ment (LI-250 Light Meter, LI-COR, Lincoln, NE, USA).
Sprouts were grown for 7 days under the different light
spectra and were watered daily. To optimize the unifor-
mity of light treatment, the trays were rotated every day.
On day 7 of light treatment, the sprouts were harvested
at 09:00 h with 4 biological replicates per LED treatment.

Sample preparation

In detail, the sprouts of one tray were cut above the per-
lite surface (cotyledons and hypocotyl) and pooled for
1 replicate. These samples were weighed for fresh mass
analysis, frozen immediately in liquid nitrogen and stored
at —80 °C. Two independent experiments (I, II) were per-
formed. For further analysis, the frozen samples were
ground to a fine powder under liquid nitrogen. Part of the
sample was freeze-dried and carotenoids were analysed
using this dried material.

Dry matter content

The samples were dried in a drying oven at 103 °C until
mass constancy. The dry matter content (DMC) was cal-
culated as dry matter per fresh mass in percent.

Determination of transcripts by RT-qPCR analysis
The primers were designed based on the sequence infor-
mation available in the Brassica database BRAD (http://
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brassicadb.org/brad/) (primer pair sequences: see Addi-
tional file 1). Total RNA extraction, cDNA synthesis and
RT-qPCR was performed as described in Frede et al. [10].
Gene expression was calculated as n-fold induction of the
gene of interest in sprouts grown under blue & white or
red & white LEDs in comparison to sprouts grown under
only white LEDs by the AACq method using the geo-
metric mean of three reference genes (actin 2, ubiquitin-
conjugating enzyme E2 30 and elongation factor 1-alpha)
[23, 24].

Analysis of carotenoids and chlorophylls by LC-ToF-MS
Carotenoids and chlorophylls were extracted and mea-
sured as previously described [25]. The separation and
detection were performed on a C30 column on an Agi-
lent Technologies 1290 Infinity UHPLC and an Agilent
Technologies 6230 TOF LC/MS. External calibration was
performed using authentic reference compounds.

Statistical analyses

SigmaPlot 14.0 (Systat, Erkrath, Germany) was used for
statistics. Treatment differences related to LED irradia-
tion by white, white & blue or white & red light were ana-
lysed using the one-way ANOVA/Tukey HSD post hoc
test for each Brassica genus. If the assumption of vari-
ance homogeneity or normality distribution were vio-
lated, the Kruskal-Wallis-test was applied.

Results

Fresh mass and dry matter content

The fresh mass and the dry matter content were deter-
mined in the five different Brassica sprouts after growth
under the LED treatments. No significant effects of the
light quality could be determined in the vast majority of
samples that could be confirmed in the repetition experi-
ment (Fig. 3).

Blue light increases the transcription of carotenoid
biosynthesis genes

In all five Brassica spouts, the transcript levels of three
carotenoid biosynthesis and one degradation gene under
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Fig. 2 Spectral distribution of (a) white, (b) blue & white and (c) red & white LEDs with filter used in the experiments
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Fig. 3 (a) Fresh mass (FM) and (b) dry matter content (DMC) in different Brassica sprouts grown under different light-emitting diode (LED) lamp spectra
Sprouts were germinated in darkness for 4 days. Subsequently, the sprouts were grown under white (W) LEDs, blue & white (B/W) LEDs or red & white
(R/W) LEDs, and were harvested on day 7 of LED treatment. The DMC was determined as dry matter per fresh mass in percent. Values are presented as
mean £ SD (n=4). Significant differences for each genus are indicated by * (p < 0.05). (I: first experiment; II: repetition experiment)

different light qualities were determined as n-fold expres-
sion of the expression in sprouts grown under only white
LEDs (Fig. 4). The four genes were chosen since they
cover different steps of the carotenoid metabolism (see
Fig. 1), such as the first biosynthesis step (phytoene syn-
thase), cyclisation (B-cyclase), hydroxylation (B-carotene
hydroxylase 1) and degradation (carotenoid cleavage
dioxygenase 4), and in addition, these genes were pre-
viously shown to react to different light qualities [10].
In the first experiment and confirmed in the repetition
experiment, the expression of phytoene synthase (PSY)
significantly increased in three out of five investigated
Brassica sprouts after growth under blue & white LEDs
in comparison to light spectra with lower blue light per-
centage, either only white LEDs or red & white LEDs. In
pak choi, cauliflower and turnip cabbage, the PSY tran-
script levels were enhanced by ~1.2-1.6-fold, whereas
in Chinese cabbage the induction of PSY under blue &
white LEDs was significant only in the first experiment
(increased by 1.9+0.4-fold) and there were no signifi-
cant effects in kale. A similar observation was made for
B-cyclase (BLCY). Its expression was enhanced by 1.1-
1.7-fold by blue & white LEDs in pak choi, cauliflower
and turnip cabbage. In kale, blue & white LEDs signifi-
cantly increased SLCY transcript levels only in the rep-
etition experiment (1.4%0.1-fold), while a combination
of red & white LEDs significantly reduced the levels to
0.7£0.1 -fold in the first experiment and to 0.8%0.0-fold
in the repetition experiment. For -carotene hydroxylase

1 (BOHASEI), blue & white LEDs also increased the
expression by 1.4-1.9-fold in pak choi, cauliflower and
turnip cabbage. In kale, red & white LEDs significantly
reduced the levels to 0.7%0.1-fold in comparison to only
white LEDs in the first experiment, while blue & white
LEDs led to a significant rise of 1.4+0.2-fold in the rep-
etition experiment. In summary, all three carotenoid
biosynthesis genes showed an increase in transcription
in the majority of the investigated Brassica sprouts when
the blue light percentage was increased. However, regard-
ing the degrading enzyme carotenoid cleavage dioxygen-
ase 4 (CCD4), no clear results were observed which could
be confirmed in the repetition experiment.

Carotenoid and chlorophyll profiles in Brassica sprouts
after growth under different light qualities

The average total carotenoid levels ranged from ~600 ng/
mg DM in pak choi to ~1300 ng/mg DM in cauliflower,
while the average total chlorophyll levels ranged from
~5000 ng/mg DM in pak choi to ~10,000 ng/mg DM in
cauliflower (Fig. 5). Only in pak choi a significant effect of
the light quality on total carotenoid and chlorophyll lev-
els could be detected. In detail, the combination of blue &
white LEDs enhanced the total carotenoid levels by ~14%
in comparison to only white LEDs and by ~19% in com-
parison to red & white LEDs. In regard to the total chlo-
rophyll levels, the values increased by ~10% and ~17%
under blue & white LEDs in comparison to only white or
red & white LEDs, respectively.
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Fig. 4 Relative transcript levels of (a) PSY, (b) BLCY, (c) BOHASET and (d) CCD4 grown under different light-emitting diode (LED) lamp spectra. Sprouts
were germinated in darkness for 4 days. Subsequently, they were grown under white (W) LEDs, blue & white (B/W) LEDs or red & white (R/W) LEDs. The
sprouts were harvested on day 7 of LED treatment. The RNA transcript levels were determined by RT-gPCR analysis. The gene expression was calculated as
n-fold of the expression in sprouts grown under only white LEDs by the AACq method. Values are presented as mean + SD (n=3-4). Significant differences
for each genus are indicated by * (p <0.05). (I first experiment; II: repetition experiment, PSY: phytoene synthase, BLCY: 3-cyclase; B-OHASE1: 3-carotene

hydroxylase 1, CCD4 carotenoid cleavage dioxygenase 4)

The individual compounds that could be detected in
all Brassica sprouts were lutein, -carotene, neoxanthin
and violaxanthin as well as chlorophyll a and chlorophyll
b, while a-carotene was found in Chinese cabbage, kale
and turnip cabbage (Fig. 6, see Additional file 1). The two
dominant carotenoids were lutein and p-carotene, and
regarding the chlorophylls, chlorophyll a was the main
compound. The dominant carotenoids and the chloro-
phylls are shown in Fig. 6. Only for pak choi a signifi-
cant increase in 3-carotene and chlorophyll a was shown
under blue & white LEDs in comparison to light spetra
with lower blue percentage in both experiments.

Discussion
For the optimization of plant growth and of phyto-
chemical profiles in high quality vegetables, the effects of
specific wavelengths on the metabolism have to be inves-
tigated more thoroughly. In that regard, the observation
was made that the carotenoid metabolism differs in its
regulation in photosynthetically active and non-active
tissues [26]. Therefore, the results of the present study
are discussed by comparing them to studies performed in
green tissues.

The fresh mass and the DMC were not influenced by
the light quality in the different Brassica sprouts or the
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Fig. 5 Total (a) carotenoid (TotCaro) and (b) chlorophyll (TotChl) levels in Brassica sprouts grown under different light-emitting diode (LED) lamp spectra.
Sprouts were germinated in darkness for 4 days. Subsequently, they were grown under white (W) LEDs, blue & white (B/W) LEDs or red & white (R/W)
LEDs. The sprouts were harvested on day 7 of LED treatment. Carotenoids and chlorophylls were measured by LC-ToF-MS analysis. Values are presented as
mean +SD (n=4). Significant differences for each genus are indicated by * (p < 0.05). (I: first experiment; II: repetition experiment)

results were different between the first and second trial
for cauliflower. Thus, neither a higher blue nor a higher
red percentage of light negatively affected the yield. In
other studies, the light quality influenced the fresh and
dry mass indicating a species dependent effect. For exam-
ple, in lettuce (Lactuca sativa ‘Banchu Red Fire, Lactuca
sativa ‘Red Cross’), red light enhanced the fresh mass in
comparison to blue LEDs [17, 18]. In the lettuce (Lactuca
sativa) cultivar ‘Outredgeous, additional green LEDs
combined with white background LEDs increased the
fresh mass 21 days after sowing, while after 28 days after
sowing, the combination red plus white LEDs enhanced
the fresh mass [27]. Regarding dry mass, Goins et al.
[28] presented an increase of shoot dry matter in wheat
plants when combining red and blue light in comparison
to only red light 40 days after planting. In soybean seed-
lings, plants exposed to red LEDs showed a smaller plant
dry mass in comparison to seedlings exposed to only blue
LEDs or to blue combined with red LEDs [29]. Perhaps
negative effects of blue light on growth for instance due
to reduced cell elongation are not decisive at this devel-
opmental stage. Further studies are necessary to elucidate
the full potential of LED technology to increase plant
yield in respect of developmental stage as well as plant
gener aand plant species.

The main goal of the experiments was to investigate
how the white light spectrum in comparison to a com-
bination white & blue or white & red light influences the
metabolic processes related to carotenoids. The RNA
transcripts of four genes were analyzed, three of them

coding for carotenoid biosynthetic enzymes and the
fourth for a carotenoid catabolic enzyme. For all biosyn-
thesis genes, namely PSY, BLCY and BOHASE], a higher
blue percentage of the light spectrum increased their
transcripts in the majority of the sprouts. The transcripts
of CCD4 were not affected by the light quality. CCD4 is
an enzyme that is very likely involved in the carotenoid
turnover in leaves [30, 31]. However, it was shown in the
pak choi cultivar ‘Black Behi’ that the transcription can
be influenced by the light quality and shows a diurnal
pattern with a peak during the light period [10]. It might
be that the point of time for sampling was too early dur-
ing the light period and that a change could have been
determined at a later time point in the investigated spe-
cies. An enhanced transcription of carotenoid biosynthe-
sis genes was also described in other studies. PSY is a key
and rate-limiting step in carotenoid biosynthesis and is
related to carotenoid accumulation induced by changes
in light regimes. In line with the findings of this study,
the number transcripts of PSY were lower under red
compared to blue and white light as a single light qual-
ity or in combination with white light in pak choi ‘Black
Behi’ [10, 13, 16]. The results indicate an involvement of
a transcriptional regulation of PSY, since red light regu-
lates phytochrome interacting factors such as PIF1 which
acts as transcriptional repressor of PSY, while elongated
hypocotyl 5 (HY5) acts as transcriptional activator under
blue light [7]. In the study of Alrifei et al. [32], enhancing
amber and blue light increased the transcription of PSY
and eLCY in Brassica microgreens. However, a conclusion
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Fig. 6 (a) Lutein (Lut), (b) B-carotene (3Car), (c) chlorophyll a (Chl a) and (d) chlorophyll b (Chl b) levels in Brassica sprouts grown under different light-
emitting diode (LED) lamp spectra. Sprouts were germinated in darkness for 4 days. Subsequently, they were grown under white (W) LEDs, blue & white
(B/W) LEDs or red & white (R/W) LEDs. The sprouts were harvested on day 7 of LED treatment. Carotenoids and chlorophylls were measured by LC-ToF-
MS analysis. Values are presented as mean +SD (n=4). Significant differences for each genus are indicated by * (p < 0.05). (I: first experiment; II: repetition

experiment)

about the individual effects of each wavelength cannot be
drawn since the light intensities of the two wavelengths
were always changed together. In pak choi sprouts of the
cultivar ‘Black Behi; monochromatic blue LEDs induced
not only the transcripts of PSY, but also of PDS, SLCY,
eLCY, cytochrome P450 97A3 (CYP97A3), cytochrome
P450 97C1 (CYP97C1), BOHASEI, ZEP, VDE and CCD4,
while monochromatic red LEDs decreased them com-
pared to LEDs emitting white light [10]. The cyclisation
by BLCY and the hydroxylation by FOHASE1 is not only
favoured by monochromatic blue LEDs, but also by its
combination with white as shown for pak choi [16] and
here in this study for the different Brassicaceae sprouts
(pak choi, cauliflower and turnip cabbage). Thus, it

seems that in accordance to literature blue light increases
the carotenoid biosynthetic rate in the genus Brassica
although this genus is known for its high level of genetic
variability [33].

The cultivation under all three different LED treat-
ments led to carotenoid amounts which were similar to
levels found in field- or greenhouse-grown vegetables
under natural light. In detail, the measured total carot-
enoid levels ranged from ~600 ng/mg DM in pak choi
sprouts to ~1300 ng/mg DM in cauliflower sprouts. A
study conducted in Taiwan with 35 pak choi cultivars
presented levels of 440—-1110 ng/mg DM during the wet
season which was comparable to our growth conditions
[34]. In a study conducted with eleven Chinese cabbage
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cultivars, the total carotenoids levels ranged from 289 to
1001 ng/mg DM [35]. An investigation of 30 kale culti-
vars found a natural variation of carotenoid amounts of
500-3000 ng/mg DM [33]. These results demonstrated
that LED light sources are suitable for carotenoid-rich
vegetable production. A further increase could possi-
bly also achieved by special LED light regimes such as
sequential light programs [36].

In regard to effects of the light quality on the carotenoid
metabolism, only pak choi showed elevated carotenoid
amounts under blue & white LEDs which correlated well
with transcript levels of the carotenoid biosynthetic genes
and the chlorophyll levels. Due to their key role in pho-
tosynthesis [4], carotenoids and chlorophylls have to be
interrelated which shows in the co-expression of photo-
synthesis-related and carotenoid biosynthesis genes [12,
14, 37]. Also other studies showed that blue light has the
ability to increase carotenoids and other metabolites in
leafy vegetables, e.g. in broccoli or kohlrabi [19, 38]. The
capability of carotenoids to absorb blue light [39] enables
the plant to increase its photosynthesis under blue light,
and in addition, protects the plant against this high
energy light. In spinach, lettuce, basil and kale, a higher
blue light percentage when red and blue LEDs were used
together increased the carotenoids more than mono-
chromatic red light [40]. In another study, combining red
and blue LEDs or white and blue LEDs instead of using
white LEDs alone increased the lutein levels in lettuce
(Lactuca sativa ‘Outredgeous’) [27]. In spinach (Spina-
cia oleracea ‘Okame’) as well as in further lettuce culti-
vars (Lactuca sativa ‘Red Cross’ and ‘Banchu Red Fire’),
blue plus white light or white followed by blue light led to
higher carotenoids [17, 18, 20]. However, total carotenoid
amounts were enhanced when white plus red light was
used for growth of ‘Redfire’ (Lactuca sativa), and when
‘Komatsuna’ (Brassica campestris) was cultivated under
white light [20]. In the other four Brassicaceae sprouts
namely, cauliflower, Chinese cabbage, kale and turnip,
carotenoid levels were the same under the different light
regimes indicating different post-transcriptional regula-
tion mechanisms. In line with our study a genus-specific
effect in Brassica microgreens was shown for kohlrabi,
Mizuna and mustard [22]. Different mechanisms are
known in other species such as posttranscriptional regu-
lation of PSY involving phytochrome photoreceptors or
changes in the localization of PSY [41]. In order to shed
light on posttranscriptional mechanisms on carotenoid
accumulation, it is essential to analyze protein levels and
enzyme activities in future research.

Conclusions

Overall, the study demonstrated that Brassica species
respond to light qualities and the response may vary
for individual species and cultivars. The results also
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demonstrate that Brassicaceae sprouts can be produced
in controlled environments with comparable quality to
outdoor grown vegetables. In addition, the study dem-
onstrated that the transcription of carotenoid biosyn-
thesis genes was increased by the combination of blue
& white LEDs in most Brassica sprouts, namely in pak
choi, cauliflower and turnip cabbage. Surprisingly, this
only led to increased carotenoid levels in pak choi. Thus,
the responses in carotenoid metabolism to different light
qualities are species dependent and measuring the tran-
spiration rate, stomatal conductance and RuBIOSCO
activity as well as elucidating the posttranscriptional
regulations should help to identify further mechanisms
regarding the genus-specific reaction. Hence, no general
recommendation for the spectral composition for the
Brassica genus can be given. The underlying mechanisms
defining the carotenoid levels have to be investigated in
more detail.
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