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Abstract

Background: Artificial agriculture is promoted as an economically viable technology for developing plants under
controlled conditions whereby light, water, and fertilizer intake are regulated in a controlled manner to produce maxi-
mum productivity with minimal resources. Artificial light has been used to produce high-quality vegetables because
it can regulate plant growth and phytochemical production through light intensity, photoperiod, and spectrum
modulation. This study aimed to compare the physiological and biochemical responses of Chinese cabbage (Brassica
rapa var. chinensis) grown under artificial light with varying light intensities (75 and 150 umol m~2 s™"), photoperiods
(12:12 and 6:6:6:6 h), and wavelengths (blue, red, and magenta) to plants grown in a glasshouse under natural light.
The novelty of this study lies in the manipulation of artificial LED lighting to achieve high-quality plant growth and
phytochemical composition in B. rapa model vegetables for potential optimal productivity.

Results: The analysis revealed that B. rapa grown under artificial lights produced more consistent biomass yield and
had a higher chlorophyll content than B. rapa grown under natural light (control). Plants grown under artificial lights
have also been shown to produce biochemical compositions derived primarily from fatty acids, whereas plants grown
under natural light have a biochemical composition derived primarily from alkanes. Twenty compounds were found
to be statistically different between light treatments out of a total of 31 compounds detected, indicating that they
were synthesized in response to specific light conditions. Exposure to the full artificial light spectrum (white) resulted
in the absence of compounds such as dodecane and 2,6,10-trimethyltridecane, which were present in B. rapa grown
in natural light, whereas exposure to the blue spectrum specifically induced the production of tetracosane. Eicosane,
neophytadiene, 1-(4)-ascorbic acid 2,6-dihexadecanoate, and (Z,Z,7)-9,12,15-octadecatrienoic acid were all prevalent
compounds produced in B. rapa regardless of light conditions, and their absence may thus affect plant development
and survival.

Conclusions: The results show that cultivation under artificial light produced consistent biomass, high chlorophyll
content, and phytochemical content comparable to natural light conditions (control). These findings shed light on
how artificial light could improve the production efficiency and organoleptic qualities of Chinese cabbage.
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Background

Light is a fundamental source of energy for plants to carry
out photosynthesis. Light energy induces water splitting
and reduces carbon dioxide into chemical energy needed
for carbohydrate biosynthesis in photosynthetic organ-
isms. Photosynthesis is regulated by the photoperiod,
and the light qualities, i.e., wavelengths and intensities,
all of which contributes to plant productivity [32, 58],
biochemical composition [3], flowering time [22], and
biomass yields [16]. Although natural light is preferred in
most farming practices because it can result in substan-
tial energy savings, the natural variation in light quantity
is attributed to the flux in radiation and light intensity,
reducing photosynthetic efficiency. Recently, urban agri-
culture has attempted to use artificial lighting to cultivate
plants and accelerate carbon fixation via photosynthesis
by altering the intensity, photoperiod, and spectrum, the
three primary characteristics of light sources that have
the most significant effect on plant growth and develop-
ment [22, 48].

Light intensity has been demonstrated to regulate
plant growth and metabolism by activating a suite of
signal-transducing photoreceptors and driving photo-
synthetic carbon fixation, thereby influencing biomass
production and the transition between growth-intensive
and stress-resilient states [34, 72, 87]. Light intensity or
total irradiance received by plants determines the rate of
photosynthesis and is measured as quanta (mol m™2 s™)
or photosynthetic photon flux density (PPFD), which is

the amount of photosynthetically active photons (400-
700 nm) hitting a surface per unit area per unit time [51].
At low light intensities above the light compensation
point, the photosynthetic rate increases proportionally to
light intensity until reaching a maximum rate. However,
when the intensity of the light increases further, chloro-
phyll can be damaged, resulting in a decrease in photo-
synthetic rate [84]. If CO, concentration and temperature
are not the limiting factors, the light intensity can have a
substantial influence on germination, seedling establish-
ment, leaf proliferation and expansion, bud and flower
initiation, and cell division [39, 85, 88].

Aside from light intensity, photoperiod has also been
shown in studies to influence plant growth and regu-
late various developmental responses in plants, includ-
ing systemic signaling and secondary metabolisms [1,
2, 30]. In conjunction with light intensity, photoperiod
governs photosynthetic efficiency by providing a recur-
ring cycle of varying ratios of uninterrupted light and
dark periods to which a plant is exposed to throughout
its life cycle, with substantial impacts on biomass accu-
mulation and flower bud differentiation [57]. Day length
is an exceptionally reliable seasonal variation for a plant
since its continual shift throughout the year establishes
the succession of seasons and how plants respond to fluc-
tuating seasonal changes decide their living strategy and
make critical developmental decisions [66]. This tactical
decision is crucial for annual plants, needing to precisely
plan for germination, development, reproduction, and
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senescence to complete a life cycle within 1 year, includ-
ing synchronizing with pollinators, outwitting poten-
tial opponents, and modifying flowering time to avoid
competition [20, 60]. However, although photoperiod
modification is frequently used in protected cropping to
induce or inhibit flowering, little to no attention has been
devoted to photoperiod manipulation to maximize plant
growth [1].

Another light property, the spectrum, has also been
reported to influence plant development and metabolism
and is thus associated with variability in plant growth
and phytochemical accumulation [43]. Plants have
evolved their distinct photoreceptor systems to mediate
light responses from broad wavelengths, including red/
far-red absorbing phytochromes, blue/UV-A absorbing
cryptochromes and phototropins, and UV-B absorbing
UVRS, with the majority of them containing more than
one member encoded by a different gene but sharing a
high degree of similarity within the same family [40, 49].
This has a significant impact on plant growth especially
at several developmental stages, from seed germination
to senescence, including the accumulation of essential
phytochemicals such as anthocyanins, carotenoids, chlo-
rophyll, phenolic compounds, and ascorbic acid. Thus,
light-absorbing photoreceptor proteins and their signal-
ing components are appealing targets for altering crop
productivity and yield for future food production man-
agement [36]. The provision of optimal spectral qual-
ity for plant growth in artificial farming ensures that the
plant reaches the maximum absorption of chlorophyll or
photosynthetically active radiation (PAR) between 400
and 700 nm, for use in the photosynthesis process. Apart
from white light, the most favorable spectrums for affect-
ing plant growth and yield are blue (450-495 nm), red
(650-700 nm), and a combination of blue and red, also
known as magenta [62, 65].

The most convenient artificial light sources are light-
emitting diodes (LEDs) that can provide precise spectrum
with close illumination [34], stable spectrum distribution
[91], and higher PAR efficiency [13] for beneficial agro-
nomic planting. LEDs have been widely demonstrated to
positively amplify crop production, trigger the synthesis
of specialized metabolites, and enhance the post-harvest
quality of fruits and vegetables to prevent food spoilage
or rotting [26]. Gas chromatography—mass spectrometry
(GC-MS) is a widely used tool for analyzing multivariate
compounds in plants and agriculture chemicals, includ-
ing pesticides and herbicides. It is usually used to identify
non-polar or volatile compounds due to its high sensitiv-
ity and effectiveness in separating a complex of mixtures
into its individual compounds [73]. Volatile compounds
are essential for sessile plants to communicate with their
environment because they act as natural defense against
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herbivores or pathogens [59], but they also provide fla-
vor and aroma, which can affect the palatability of edible
fruits and vegetables [8]. Plants in the genus Brassica pro-
duce various biochemical compounds such as alkanes,
fatty acids, fatty alcohols, phenolics, and glucosinolates
[41, 92]. These secondary metabolites have been linked to
nutritional effects, pollinator attraction and defenses, and
structural integrity in producing species [7, 45, 67].

In this study, we used GC-MS to analyze the biochemi-
cal compositions of hexane extracts of Chinese cabbage
(Brassica rapa var. chinensis) synthesized in response
to specific light intensity (75 and 150 pmol m~2 s71) as
well as specific photoperiods (12:12 h light:dark and
6:6:6:6 h light:dark:light:dark) and wavelength of lights
(blue, red and magenta). As photoperiodism regulates
flowering and other developmental transitions of plants
by day/night length, we attempted to investigate whether
a shorter (6:6) light:dark photoperiod, as opposed to the
standard (12:12) light:dark photoperiod, can alter the cir-
cadian clocks of the plants and drive biological rhythms
towards enhanced growth and metabolism rather than
complex developmental programs, such as flower forma-
tion or senescence [29, 37, 66]. The magenta spectrum
was tested as well because green plants under white light
generally get their energy from the blue and red ends of
the spectrum and absorb wavelengths other than green,
and white light without green light would be magenta
[55, 96]. The outcome of this analysis adds to our under-
standing of the effects of light regimes on the plant
growth, chlorophyll content and accumulation of phyto-
chemicals in B. rapa var. chinensis (hereafter referred to
as B. rapa) and aids in the optimization and selection of
environmental variables, such as light conditions that are
likely to affect the yield and quality of the vegetables pro-
duced in controlled environments.

Results

Plant growth under the influence of light intensity,
photoperiod, and wavelength

The present plant growth analysis under different light
conditions revealed that artificial light produced a more
consistent biomass yield than natural light (control
groups). Plants grown in natural light produced bio-
mass ranging from 21.6 to 70.2 g with an average mass
of 39.94+9.5 g (Fig. 1a), while plants grown under arti-
ficial light produced a lower but more consistent yield
(Fig. 1b—e). According to our results, the mass distri-
bution of B. rapa under 150 pmol m~% s~ light inten-
sity ranged from 24.4 to 42.7 g (average 29.5+5.3 g) for
12:12 h (light:dark) photoperiod, and from 10.5 to 23.7 g
(average 15.9+2.5 g) for 6:6:6:6 h (light:dark:light:dark)
photoperiod. Plants grown under 75 pmol m™2 s~
light intensity produced the lowest biomass yields,
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Fig. 1 Representative images of Brassica rapa var. chinensis

grown for 42 days under different light conditions: A natural light
(control); B 75 umol m=2s~! light intensity and 12:12 h (light:dark)
photoperiod; € 150 umol m~2 s~ light intensity and 12:12 h
(light:dark) photoperiod; D 75 umol m~=2 s~ light intensity and
6:6:6:6 h (light:dark:light:dark) photoperiod; E 150 umol m=2 s~ light
intensity and 6:6:6:6 h (light:darkilight:dark) photoperiod; and F blue;

G magenta; and H red spectrums. Scale bar=5 cm

ranging from 2.7 to 7.9 g (average 53+1.0 g) for
12:12 h (light:dark) and 1.2 to 3.5 g (average 2.0+0.5 g)
for 6:6:6:6 h (light:dark:light:dark) photoperiods,
respectively. Plants grown under a different spectrum
(Fig. 1f-h) shows that the blue spectrum produced the
highest biomass yields, ranging from 7.4 to 25.0 g (aver-
age 14.5+ 3.6 g). The magenta spectrum, which produced
biomass ranging from 6.0 to 22.0 g (average 12.7 2.8 g),
was followed by the red spectrum, which produced the
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lowest biomass yield, ranging from 6.2 to 25.0 g (average
11.5+4.1 g). ANOVA and Tukey HSD tests with p<0.05
revealed a significant effect on the growth of B. rapa
treated with different light intensities and photoperiods,
but no significant difference in biomass yield between
light spectrums (Fig. 2).

Phenotypic variation of B. rapa induced by various light
treatments

Figure 3 depicts the phenotypic variation of B. rapa in
response to different light treatments. Plants grown in
natural light had more developed standing leaves but
appeared pale green colorwise, whereas plants grown
in artificial light (white) had well-developed standing
leaves with a brighter greenish color. The spectrum study
resulted in a different leaf shape and development in B.
rapa, with more standing leaves produced by the blue
and magenta spectrums than by the red spectrum, which
produced sprawling leaves with many voids between the
leaves. Regardless of leaf structure, plants grown under
artificial lights appeared to have a more distinctive shade
of green leaves than plants grown under natural light.

Chlorophyll content in B. rapa leaves under various light
treatments

Table 1 presents the chlorophyll content of B. rapa under
various lighting conditions. Compared to plants grown
under artificial lights, B. rapa grown in natural light had
the lowest chlorophyll content (11.3441.04 mg g ).
The highest chlorophyll content was recorded in plants
grown in the 12:12 h (light:dark) photoperiod, with
16.28+0.73 mg g~ ' and 15.704+0.88 mg g~' under
75 umol m™2 s™! and 150 pumol m™2 s}, respectively.
Plants grown in the 6:6:6:6 h (light:dark:light:dark)
photoperiod had a lower chlorophyll content, with
14.754£0.30 mg g ' and 15.0240.17 mg g~' under
75 umol m~2 s™! and 150 pmol m~2 s7%, respectively. In
plants grown under different light spectrums, blue light
had the highest chlorophyll content (13.26 +1.43 mg g~ ),
followed by red light (12.79+0.86 mg g~') and magenta
light (11.0840.07 mg g™ *).

Plant metabolites in B. rapa under various light treatments
The list of plant metabolites found in B. rapa, and their
abundances under various light treatments, are shown
in Tables 2 and 3, respectively. GC—MS analysis revealed
a total of 31 compounds in hexane extracts of B. rapa
leaves, including alkanes, alkenes, iodine-containing
compounds, phenols, terpenes, fatty acids, fatty amides,
fatty alcohols, vitamins, and sterols. Some compounds,
such as eicosane, neophytadiene, L-(4)-ascorbic acid
2,6-dihexadecanoate, (Z,7,7)-9,12,15-octadecatrienoic
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Fig. 2 Brassica rapa var. chinensis biomass under different light treatments: A natural light (control); B 75 umol m~2 s light intensity and 12:12 h
(light:dark) photoperiod; € 150 umol m~2s~" light intensity and 12:12 h (light:dark) photoperiod; D 75 pmol m~2 s~ light intensity and 6:6:6:6 h
(light:dark:light.dark) photoperiod; E 150 pmol m~2 s~! light intensity and 6:6:6:6 h (light:dark:light:dark) photoperiod; and F blue; G magenta; and H
red spectrums. The error bars indicate the standard deviation. Different letters in lower case represent significant differences between treatments as
determined by one-way ANOVA and the Tukey HSD post hoc test (p <0.05)
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acid, 1-heptacosanol, and vitamin E, were discovered to
be present in all light treatments, while others, such as
dodecane and 2,6,10-trimethyltridecane in natural light,
and tetracosane in the blue spectrum, were discovered
to be present only in specific treatments. Principal com-
ponent analysis (PCA) used orthogonal transformation
to explain the studied variables to examine the correla-
tion between different light treatments. According to the
results, plant metabolites differed depending on the light
treatment, and PC1 and PC2 transformed data accounted
for 45.9% of total data variability (Fig. 4). Based on the
PCA score plot, each light treatment tended to cluster
and separate from the other treatments. Despite artificial
light treatments resulted in more closely related clusters/
groups, B. rapa exposed to natural light formed a cluster
distinct from the other treatments in the score plot. Fig-
ure 5 depicts a matrix of correlation values that provides
detailed information about the relationships between
metabolites under various light treatments. According to
one-way ANOVA, 20 of the 31 compounds detected were
significantly different (p < 0.05) under different light treat-
ments (Fig. 6; Table 4).

Discussion

Plants were grown in the same sized pot with the same
growing media weight in both the plant growth room
and the glasshouse. They were held at the same humidity,
temperature, and CO, concentration in all treatments.
The effect of light treatments on plant biomass differed
significantly (»<0.05) between plants grown in natural
light (control) and plants grown in regulated illumina-
tion using artificial lights. Light intensity is one of the
most significant factors driving photosynthesis for plant
growth and secondary metabolite production [42]. Exces-
sive light intensity reduces photosynthetic efficiency
by damaging photosynthetic organelles [18], while low
light intensity inhibits plant growth by interfering with
gas exchange [94]. According to this study, plants grown
in high light intensity had a higher growth rate or bio-
mass than plants grown in low light (Fig. 1), and several
other studies discovered similar results [50, 63, 95]. Spe-
cifically, the high light intensity of natural light causes a
high rate of photosynthesis, resulting in growth of plants
with higher biomass than plants grown under artificial
lights. However, under a constant photoperiod (12:12 h
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Fig. 3 Overhead images of Brassica rapa var. chinensis under
various light treatments to provide an overview of leaf shape and
development: A natural light (control); B 75 pmol m~2 s~ light
intensity and 12:12 h (light:dark) photoperiod; C 150 pmol m=2s~
light intensity and 12:12 h (light:.dark) photoperiod; D

75 umol m~2 57! light intensity and 6:6:6:6 h (light:darklight:dark)
photoperiod; E 150 pmol m~2 s~" light intensity and 6:6:6:6 h
(light:dark:light:dark) photoperiod; and F blue; G magenta; and H red
spectrums. Scale bar=2 cm

1

light:dark), a treatment of 150 pmol m~2 s™* had higher
biomass than a treatment of 75 umol m~2 s~%, indicat-
ing that light intensity is one of the most critical limiting
factors for plant photosynthesis, resulting in a significant
difference in plant productivity in terms of biomass.
Despite producing significantly less biomass than
plants grown in natural light, plants grown in artificial
light demonstrated a smaller mass range, resulting in a
more consistent biomass yield. This trend can be attrib-
uted to the more consistent growth of plants exposed
to artificial light, such as LED, which is less affected by
external light factors. LEDs are known for their precise
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spectrum and consistent spectral distribution [34, 91].
Although natural light is widely used in agriculture, it has
the drawback of being easily distracted by clouds, fog,
or even the greenhouse cover. As a result, plant biomass
production in natural light can be unpredictable. Despite
having the largest leaves of any treatment, plants grown
in natural light showed unequal leaf distribution, with
certain leaves being larger on one side than the other,
leading in an uneven crown appearance. This observation
could be explained by the variable light intensity received
by the B. rapa during the day in the glasshouse, as con-
trast to plants grown under constant artificial white light,
which resulted in the leaves growing consistently across
the crown. However, when the plants were exposed to
light spectrums other than white light, their leaves grew
irregularly and wrinkled, and appeared elongated specifi-
cally under the red spectrum.

Photoperiodism is another critical factor influencing
plant physiology and growth, including the transition
between vegetative and reproductive modes to develop
lateral or flower buds [22, 34]. Plants adapt to the pre-
vailing photoperiod by adjusting growth and flower-
ing to energy availability, synchronizing by the circadian
clock [15, 77]. Interactions between the circadian clock
and photoperiod length during plant vegetative growth
affect leaf number and size and their morphological and
cellular properties, thereby influencing photosynthesis
rate, starch metabolism, and vegetative phase change [6,
12, 83]. Plants grown in shorter light periods and lower
light intensities were found to synthesize proportionally
more starch during the day and degrade it more slowly at
night [23, 24]. This study investigated B. rapa plants to the
6:6:6:6 h (light:dark:light:dark) photoperiod to examine
if shortening both the light and dark periods could affect
developmental phase changes, such as the transition from
vegetative to floral growth, and redirect more energy
toward accelerating plant growth and metabolism. How-
ever, our findings show that the 12:12 h (light:dark) pho-
toperiod produced more biomass yield, implying that the
shorter photoperiod (6:6:6:6 h light:dark:light:dark) was
insufficient for the plants to perform optimal photosyn-
thesis and other plant physiological functions. Further-
more, since B. rapa is a long-day plant [17], a photoperiod
of 6:6:6:6 h (light:dark:light:dark) may not be sufficient to
promote faster plant growth and development.

Chlorophyll is a green-colored compound contained
in the chloroplast [56] that can act as an antioxidant [27]
and is used to assess plant maturity, quality, and freshness
[46, 81]. In addition, it is also the key factor for determin-
ing a plant’s photosynthetic and growth capacity [44].
The primary chlorophyll, chlorophyll a, is a bluish-green
pigment with the molecular formula C55H72N40O5Mg,
whereas the accessory chlorophyll, chlorophyll b, is a
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Table 1 Chlorophyll content of Brassica rapa var. chinensis leaves under varying light intensities, photoperiods, and light spectrums

Light treatment Chlorophyll a (pg/ml) Chlorophyll b (ug/ml) Total chlorophyll (ug/ml) Chlorophyll
content
(mg/g)
Natural light 17.17 +£1.40%¢ 550+0.69° 22.6842.09° 11344104
75 umol m=2s~1,12:12 23.7240.99° 883 +0.53° 32554 1.46° 16.2840.73°
150 umol m=2s~1,12:12 23.091.17°¢ 831+0.59° 3140+1.76° 157040.88°
75 umol m™2s~!, 6:6:6:6 22.1040.30°<4 740403104 29.60 4 0.60°¢ 14.75+0.30P¢
150 umol m=2 57", 6:6:6:6 22.5240.320¢4 7.5240.09°¢ 30.04£0.34°¢ 15.0240.175¢
Blue 20.1541.93%4¢ 6.3640.93%4 26.5142.86%¢ 13.264143%¢
Magenta 16324009 5.97 400434 221640147 11.08+£0.07°
Red 19.8641.23%€ 6.66 % 0.49*4 255841.71%¢ 12.794086%¢

Lowercase letters indicate significant differences between treatments (p <0.05)

yellowish-green pigment with the molecular formula
C55H70N406Mg. Table 1 shows that the chlorophyll
content of B. rapa did not differ significantly between
all artificial white light treatments, indicating that the
combination of light intensity and photoperiod has the
least influence on chlorophyll content, even if their fresh
masses differed significantly. Plants grown under natu-
ral light, blue, magenta, and red spectrums, on the other
hand, demonstrated no significant variations in chloro-
phyll content, indicating that the respective spectrums
produced chlorophyll in a comparable quantity to natu-
rally generated chlorophyll. In all treatments, chlorophyll
a was approximately three times higher than chlorophyll
b, which was within the typical chlorophyll a/b ratio in
higher plants [56]. The higher abundance of chlorophyll
a than chlorophyll b in plants may be due to the roles
of chlorophyll a as a primary pigment in collecting light
energy and emitting high electrons into photosystems I
(P680) and II (P700) in photochemical reactions (pho-
tosynthesis), whereas chlorophyll b provides extra light
energy to chlorophyll a by acting as a supporting photo-
synthetic pigment.

Plants grown under artificial light were distinctively
bright green in color than plants grown under natu-
ral light (control) in the current study, except for those
grown under the magenta spectrum. This might be
due to the higher chlorophyll content, particular the
75 umol m~2 s™! under 12:12 h (ligh:dark) photoperiod,
which resulted in the highest chlorophyll content among
treatments. Low light intensity increases chlorophyll
content and vice versa, which may be an adaptive behav-
ior of the plants to capture as much light as possible by
enhancing light harvesting complexes in the minimum
amount of available light. Furthermore, because the light
intensity was uniform in the controlled setting, the plants
did not experience chlorophyll degradation, which can
occur in natural light during fluctuations or excesses of

light intensity. The pale green leaves of plants growing in
natural light reflect their low chlorophyll content, which
may be attributed to chlorophyll formation being inhib-
ited by excessive light penetration [21]. The effect of pho-
toperiod on chlorophyll content production revealed that
a 12:12 h (light:dark) photoperiod produced more chlo-
rophyll in B. rapa than a 6:6:6:6 h (light:dark:light:dark)
photoperiod, which is consistent with a previous study
that found shorter (6 h), longer (18 h), or continuous
(24 h) light periods produced lower chlorophyll con-
tents in leafy vegetables [2]. This study also showed that
chlorophyll content was increased with extended photo-
period (12:12) under low (75 pmol m~2 s™') light inten-
sity or increased light intensity (150 umol m =2 s™*) under
shorter photoperiod (6:6:6:6 h light:dark:light:dark), indi-
cating that photoperiod and light intensity are depend-
ent factors in chlorophyll production. Plants grown in
magenta light with low chlorophyll content yielded dif-
ferent results than those reported by Naznin et al. [53],
who discovered that plants grown in a blue-red combi-
nation (magenta) produced higher chlorophyll content.
This discrepancy may be due to a difference in the blue-
to-red light ratio, affecting plant chlorophyll content.
Plant secondary metabolites, also known as phyto-
chemicals, are by-products of healthy plants that do not
contribute directly to plant growth and development. Its
absence, unlike primary metabolites, has no immediate
effect on death, but it does play a role in the long-term
survival of organisms [31]. Secondary metabolites can
be classified based on their vast diversity in structure,
function, and biosynthesis. Most commonly found sec-
ondary metabolites are alkaloids, terpenoids, phenolic
compounds, and nitrogen-containing compounds. Sec-
ondary metabolites also include both organic volatile and
non-volatile compounds. However, only volatile organic
compounds or non-polar compounds were examined
in the present study, as these compounds are known to
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Table 2 Compounds of Brassica rapa var. chinensis detected by GC-MS under various light treatments
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Name of compound Retention Molecular formula Compound nature Similarity CASP Present in respective
time index (SI) treatment
(£0.05 min)?
Dodecane 10.671 CioHog Alkane 92 13187-99-0  Natural light
2,6,10-Trimethyltridecane  16.119 CigHsa Alkane 92 3891-99-4  Natural light
Hexadecane, 1-iodo 16.232 CigHs3l lodine-containing com- 93 544-77-4 Natural light; blue;
pounds magenta; red
24-Di-tert-butylphenol 16.658 C4,H»0 Phenol 95 96-76-4 All treatments except
natural light
Nonadecane 19.060 CigHao Alkane 93 629-92-5 Natural light; magenta
Eicosane 21377 CooHan Alkane 92 112-95-8 All treatments
Tetracosane 22379 CouHso Alkane 91 0-0-0 Blue
Cyclononasiloxane, 23284 CgHs4045ig Alkane 89 556-71-8 75umol m=2s7",12:12;
octadecamethyl- 75 umol m=2 s~ 6:6:6:6;
magenta
Neophytadiene 24438 CyoHssg Terpenes 96 504-96-1 All treatments
3,7,11,15-Tetramethyl- 24.575 CooHao Alkene 93 2437-93-6  All treatments except
2-hexadecene natural light
2-Hexadecen- 24.964 CyoHaoO Diterpene 90 102608-53-7  All treatments except red
1-01,3,7,11,15-tetramethyl
Triacontane, 1-iodo 26.018 CyoHe lodine-containing com- 88 0-0-0 Natural light;
pounds 150 ymol m=2s~",12:12;

75 umol m™2 s, 6:6:6:6;

blue; magenta; red
Cyclodecasiloxane, eicosa- 26414 CooHg00105110 Alkane 87 18772-36-6 75 umol m=2s7, 6:6:6:6
methyl
7,10,13-Hexadecatrienoic 26490 Ci6H260, Fatty acid 91 7561-64-0  Natural light;
acid (2,2,2) 75 umol m=2s7" 12:12;

150 pmol m=2s7', 6:6:6:6
L-(+)-Ascorbic acid 27.055 CygHes0s Vitamin 88 28474-90-0  All treatments
2,6-dihexadecanoate
Phytol 29.976 CyoHaeO Diterpene 96 150-86-7 All treatments except blue
Hexacosane, 1-iodo 30.223 CogHss! lodine-containing com- 90 0-0-0 Natural light;

pounds 75 pmol m™2 57!, 6:6:6:6;

150 ymol m=2 5™, 6:6:6:6;

blue; magenta
10 (F), 12(2)-Conjugated ~ 30.375 CigH3,0, Fatty acid 91 2420-56-6 75 umol m™?s™!, 12:12;
linoleic acid 150 pmol m~2s7! 6:6:6:6
9,12,15-Octadecatrienoic ~ 30.520 CigH300, Fatty acid 95 463-40-1 All treatments
acid, (Z,2,2)-

Octadecanoic acid 30974 CigH360, Fatty acid 92 57-11-4 75 umol m™2 s, 12:12;

150 pmol m=2s71,12:12;

75 umol m=2s7!, 6:6:6:6;

150 pmol m=2s7', 6:6:6:6
2-Methyltetracosane 31.045 CysHs, Alkane 80 1560-78-7  All treatments except

magenta
Hexadecanoic 37.079 CigH360, Fatty acid ester com- 87 23470-0-0  Alltreatment except natural
acid, 2-hydroxy-1- pound light
(hydroxymethyl) ethyl
ester
Gamma-Sitosterol 37.160 CyoH500 Sterols 69 83-47-6 Natural light;

150 ymol m=2 57", 6:6:6:6
1-Linoleoyl glycerol @ 39.847 CigH3,0, Fatty acid 91 2277-28-3 75 umol m™2s71,12:12;
9,12-Octadecadienoic 75 umol m=2 57", 6:6:6:6;
acid (2,2)- 150 pmol m™2s7', 6:6:6:6
9,12,15-Octadecatrienoic ~ 39.959 CioH3,0, Fatty acid ester com- 87 301-0-8 75umol m™2s7",12:12;

acid, methyl ester

pound

75 umol m=2 57", 6:6:6:6;
blue
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Table 2 (continued)

Page 9 of 20

Name of compound Retention Molecular formula Compound nature Similarity CASP Present in respective
time index (SI) treatment
(£0.05 min)?
Methyl (2)-5,11,14,17- 39.982 C,1H3,0, Fatty acid methyl ester 77 59149-1-8 75 umol m~2s~1 12:12;
eicosatetraenoate 150 ymol m=2 57", 12:12;
150 pmol m=2 571, 6:6:6:6;
blue; magenta; red
Octadecanoic acid, 40.338 CyyHa04 Fatty acid 90 123-94-4 All treatments except
2,3-dihydroxypropyl natural light
13-Docosenamide, (2)- 41.202 Cy,H4sNO Fatty amide 91 112-84-5 All treatments except red
Phenol,2,4-bis(1,1-dimeth-  42.776 C,Hg305P Phenol 86 31570-4-4  Natural light; magenta; red
ylethyl) phosphite
1-Heptacosanol 43.267 C,/Hs50 Fatty alcohol 95 2004-39-9  All treatments
Vitamin E 48.305 CyoHs00, Vitamin 95 59-2-9 All treatments

2 Retention time based on RTX-5 capillary GC column with a dimension of 30 m x 0.25 mm x 0.25 pm

b CAS registry numbers follow Chemical Abstracts Service (CAS) Registry Database, American Chemical Society (ACS)

provide a variety of desirable quality attributes to veg-
etables and their products [14, 76]. The biochemical
profiles of B. rapa were discovered to change when the
light intensity and photoperiod were changed, poten-
tially affecting the quality of vegetables grown in artificial
farming. According to PCA analysis, artificial farming
produced plants with more similar biochemical profiles
compared to B. rapa grown under natural light, as shown
in Fig. 3, with plants grown in natural light clustered
apart from those grown in artificial lights. GC-MS analy-
sis of B. rapa leaves detected common compounds in all
light treatments, including phenolic compounds, fatty
acids, fatty amides, terpenes, vitamins, alkanes, and ster-
ols, all of which have been shown to significantly regulate
plant growth and development, such as defenses against
biotic and abiotic stresses [5, 10, 25, 33, 38, 74, 79, 80].
Several alkane compounds, such as dodecane and
2,6,10-trimethyltridecane, were discovered to be synthe-
sized in response to specific light conditions and were
only detected in B. rapa grown in natural light. As alkane
biosynthesis is primarily associated with plant adapta-
tion to environmental stress, such as uncontrolled water
loss and damaging solar radiation, plants grown in natu-
ral light synthesize a diverse range of alkanes/alkenes to
protect themselves from desiccation and other external
stresses [64, 69, 90]. Although alkanes are more preva-
lent in B. rapa cultivated in natural light, compounds
such as phenol, 2,4-bis(1,1-dimethylethyl)-, phosphite
was found to be the most significantly abundant com-
ponent (p<0.05), accounting for 32.74% of all detected
compounds in plants grown in natural light (Table 3).
Several branches of the phenylpropanoid biosynthesis
pathway produce phenolic compounds [19], which play
an important role in stress resistance and plant develop-
ment, particularly in the synthesis of lignin and pigments,

which provide structural stability and scaffolding sup-
port to plants [9]. The increased production of phenol,
2,4-bis(1,1-dimethylethyl)-, phosphite in B. rapa has now
been connected to the high light intensity of natural illu-
mination in the present study.

The detection of tetracosane, another alkane com-
pound, in B. rapa grown under the blue spectrum may
result from plant adaptation to the stresses induced by
that spectrum, as the blue spectrum is reported to pro-
mote stomatal opening more effectively than other spec-
trums, resulting in more significant transpirational water
loss [47, 70, 82]. In response, plants secrete alkanes as
part of their surface waxes, functioning to protect the
aerial epidermis from external stresses, thereby restrain-
ing the flow of water to the outside of the cell thus reduc-
ing the loss of water [11, 89, 90]. Hexadecanoic acid,
2-hydroxy-1-(hydroxymethyl) ethyl ester is a fatty acid
compound found to be significantly higher in all artifi-
cial light treatments except the control plants, and it is
thought to provide flavor and act as an antioxidant in the
producing plants [78]. Plants produce reactive oxygen
species (ROS) as a by-product of cellular metabolism or
in response to environmental stress, such as high light
intensity, which can damage iron—sulfur proteins, oxidize
amino acid residues, generate more radicals, and damage
DNA [68, 86]. As artificial lights did not cause extreme
stress to B. rapa, as evidenced by the high chlorophyll
content and light capturing capacity that did not exceed
the amount required for photosynthesis. Thus, the
increased production of hexadecanoic acid, 2-hydroxy-1-
(hydroxymethyl) ethyl ester in plants grown under arti-
ficial light suggests its possible roles as an antioxidant to
scavenge the ROS that may be produced as a cellular by-
product in B. rapa. Besides, octadecanoic acid is synthe-
sized explicitly in response to white artificial light at all
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Table 3 The intensity of compounds detected in Brassica rapa var. chinensis under various light treatments

Treatment Detected compound Intensity (%)

Natural light 1. Dodecane 136
2.2,6,10-Trimethyltridecane 0.36
3. Hexadecane, 1-iodo 0.86
4. Nonadecane 0.13
5. Eicosane 135
6. Neophytadiene 247
7.2-Hexadecen-1-0l,3,7,11,15-tetramethyl 022
8.Triacontane, 1-iodo 1.25
9.7,10,13-Hexadecatrienoic acid (Z,Z,7) 0.26
10. L-(+)-Ascorbic acid 2,6-dihexadecanoate 0.26
11. Phytol 468
12. Hexacosane, 1-iodo 234
13.9,12,15-Octadecatrienoic acid, (Z,Z,7)- 035
14. 2-Methyltetracosane 423
15. Gammea-Sitosterol 19.71
16. 13-Docosenamide, (7)- 1.82
17.Phenol,2,4-bis(1,1-dimethylethyl) phosphite 32.74
18. 1-Heptacosanol 2.78
19.Vitamin E 10.68

75 umol m=2s~",12:12 h (light.dark) 1. 2,4-Di-tert-butylphenol 1.65
2. Eicosane 1.05
3. Cyclononasiloxane, octadecamethyl- 0.84
4. Neophytadiene 49
5.3,7,11,15-Tetramethyl-2-hexadecen 0.65
6. 2-Hexadecen-1-0l,3,7,11,15-tetramethyl 167
7.7,10,13-Hexadecatrienoic acid (Z,Z,7) 0.51
8. L-(+)-Ascorbic acid 2,6-dihexadecanoate 9.17
9. Phytol 138
10. 10 (E), 12(2)-Conjugated linoleic acid 0.51
11.9,12,15-Octadecatrienoic acid, (Z,Z,7)- 4.79
12. Octadecanoic acid 2.09
13. 2-Methyltetracosane 1.08
14. Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) ethyl ester 36.38
15. 1-Linoleoyl glycerol @ 9,12-octadecadienoic acid (Z,2)- 0.71
16.9,12,15-Octadecatrienoic acid, methyl ester 2.69
17. Methyl (2)-5,11,14,17-eicosatetraenoate 3.05
18. Octadecanoic acid, 2,3-dihydroxypropy! 14.04
19. 13-Docosenamide, (7)- 542
20. 1-Heptacosanol 4.82
21.Vitamin E 2.6
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Table 3 (continued)
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Treatment Detected compound Intensity (%)

150 pmol m~2s71,12:12h (light:dark) 1. 2,4-Di-tert-butylphenol 216
2. Eicosane 344
3. Neophytadiene 375
4. Triacontane, 1-iodo 1.36
5.3,7,11,15-Tetramethyl-2-hexadecen-1-ol 037
6. 2-Hexadecen-1-0l,3,7,11,15-tetramethyl 1.05
7.1-(4)-Ascorbic acid 2,6-dihexadecanoate 9.46
8. Phytol 12
9.9,12,15-Octadecatrienoic acid, (Z,7,7)- 443
10. Octadecanoic acid 092
11.2-Methyltetracosane 1.16
12. Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) ethyl ester 47.04
13. Methyl (2)-5,11,14,17-eicosatetraenoate 439
14. Octadecanoic acid, 2,3-dihydroxypropy! 8.19
15. 13-Docosenamide, (Z)- 243
16. 1-Heptacosanol 5.03
17.Vitamin E 3.64

75 umol m™2 s, 6:6:6:6 h (light:dark:light:dark) 1.2,4-Di-tert-butylphenol 153
2. Eicosane 143
3. Cyclononasiloxane, octadecamethyl- 231
4. Neophytadiene 749
5.3,7,11,15-Tetramethyl-2-hexadecene 1.21
6. 2-Hexadecen-1-0l,3,7,11,15-tetramethyl 24
7. Triacontane, 1-iodo 048
8. Cyclodecasiloxane, eicosamethyl 1.54
9. 1-(+)-Ascorbic acid 2,6-dihexadecanoate 8.04
10. Phytol 0.65
11. Hexacosane, 1-iodo 043
12.9,12,15-Octadecatrienoic acid, (Z,Z,7)- 3.62
13. Octadecanoic acid 1.81
14. 2-Methyltetracosane 0.54
15. Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) ethyl ester 3543
16. 1-Linoleoyl glycerol @ 9,12-octadecadienoic acid (Z,2)- 0.71
17.9,12,15-Octadecatrienoic acid, methyl ester 3.86
18. Octadecanoic acid, 2,3-dihydroxypropyl 15.59
19. 13-Docosenamide, (2)- 557
20. 1-Heptacosanol 443
21.Vitamin E 0.94
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Table 3 (continued)

Treatment Detected compound Intensity (%)

150 pmol m=2 571, 6:6:6:6 h (lightdark:light:dark) 1. 2,4-Di-tert-butylphenol 1.44
2. Eicosane 135
3. Neophytadiene 1.81
4. 2-Hexadecen-1-0l,3,7,11,15-tetramethyl 0.5
5.7,10,13-Hexadecatrienoic acid (Z,Z,2) 0.29
6. L-(4)-Ascorbic acid 2,6-dihexadecanoate 9.45
7. Phytol 06
8. Hexacosane, 1-iodo 0.32
9.10 (E), 12(2)-Conjugated linoleic acid 0.77
10.9,12,15-Octadecatrienoic acid, (Z,2,7)- 26.24
11. Octadecanoic acid 2.35
12. 2-Methyltetracosane 053
13. Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) ethyl ester 296
14. Gamma-Sitosterol 0.66
15. 1-Linoleoyl glycerol @ 9,12-octadecadienoic acid (Z,2)- 1.1
16. Methyl (2)-5,11,14,17-eicosatetraenoate 3.89
17. Octadecanoic acid, 2,3-dihydroxypropy! 12.34
18. 13-Docosenamide, (Z)- 13
19. 1-Heptacosanol 3.56
20. Vitamin E 1.87

Blue 1. Hexadecane, 1-iodo 1.94
2.24A-Di-tert-butylphenol 1.51
3. Eicosane 213
4. Tetracosane 0.86
5. Neophytadiene 12.68
6.3,7,11,15-Tetramethyl-2-hexadecen 1.15
7.2-Hexadecen-1-0l,3,7,11,15-tetramethyl 2.55
8. Triacontane, 1-iodo 157
9. L-(4)-Ascorbic acid 2,6-dihexadecanoate 7.7
10. Hexacosane, 1-iodo 0.31
11.9,12,15-Octadecatrienoic acid, (Z,Z,7)- 7.48
12. 2-Methyltetracosane 09
13. Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) ethyl ester 3867
14.9,12,15-Octadecatrienoic acid, methyl ester 035
15. Methyl (2)-5,11,14,17-eicosatetraenoate 147
16. Octadecanoic acid, 2,3-dihydroxypropy! 10.38
17.13-Docosenamide, (Z)- 1.04
18. 1-Heptacosanol 46

19.Vitamin E
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Table 3 (continued)

Treatment Detected compound Intensity (%)

Magenta 1. Hexadecane, 1-iodo 038
2.24-Di-tert-butylphenol 1.18
3. Nonadecane 094
4. Eicosane 2.78
5. Cyclononasiloxane, octadecamethyl- 042
6. Neophytadiene 14.64
7.3,7,11,15-Tetramethyl-2-hexadecene 3.25
8. 2-Hexadecen-1-0l,3,7,11,15-tetramethyl 1.33
9.Triacontane, 1-iodo 1.22
10. L-(4)-Ascorbic acid 2,6-dihexadecanoate 6.49
11. Phytol 1.55
12. Hexacosane, 1-iodo 043
13.9,12,15-Octadecatrienoic acid, (Z,Z,2)- 717
14. Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) ethyl ester 36.86
15. Methyl (2)-5,11,14,17-eicosatetraenoate 1.97
16. Octadecanoic acid, 2,3-dihydroxypropyl 9.91
17.13-Docosenamide, (Z)- 0.99
18. Phenol,2,4-bis(1,1-dimethylethyl) phosphite 2
19. 1-Heptacosanol 4.01
20. Vitamin E 248

Red 1. Hexadecane, 1-iodo 1.08
2.24-Di-tert-butylphenol 0.88
3. Eicosane 2.83
4. Neophytadiene 14.76
5.3,7,11,15-Tetramethyl-2-hexadecene 231
6. Triacontane, 1-iodo 123
7. L-(4)-Ascorbic acid 2,6-dihexadecanoate 6.25
8. Phytol 2.1
9.9,12,15-Octadecatrienoic acid, (Z,Z,2)- 553
10. 2-Methyltetracosane 0.95
11. Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) ethyl ester 36.61
12. Methyl (2)-5,11,14,17-eicosatetraenoate 1.73
13. Octadecanoic acid, 2,3-dihydroxypropy! 15.65
14. Phenol,2,4-bis(1,1-dimethylethyl) phosphite 141
15. 1-Heptacosanol 5.69
16.Vitamin E 0.97

light intensities of 75 umol m~2s1and 150 umol m2g71 Several studies have found that stimulating with a spe-

and photoperiods of 12:12 h (light:dark) and 6:6:6:6 h
(light:dark:light:dark), but the mechanisms by which this
fatty acid is synthesized in response to specific light con-

ditions remain to be elucidated.

cific wavelength of light promotes the biosynthesis of sec-
ondary compounds such as anthocyanins, carotenoids,
and flavonols in leafy greens and seedlings [13, 71, 75].

As LEDs can emit over specific spectral areas and control
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Fig. 4 Principal component analysis (PCA) two-dimensional score plot for identifying relationships between different light treatments on Brassica
rapa var. chinensis. Colored ellipses (size determined by a 0.95-probability level) show the observations grouped by treatment. The legend indicating
various light treatments is as follows: 4L, 12P (75 umol m=2 s~ light intensity and 12:12 h light:dark photoperiod); 4L, 6P (75 pmol m~2 s~ light
intensity and 6:6:6:6 h light:dark:light:dark photoperiod); 8L, 12P (150 pmol m~2 s~ light intensity and 12:12 h light:dark photoperiod); 8L, 6P
(150 umol m=? 57" light intensity and 6:6:6:6 h light:dark:light:dark photoperiod); Blue (blue spectrum); Magenta (magenta spectrum); NL (natural
light); and Red (red spectrum)

the amount of photosynthetically active and photomor-
phogenic radiation required for plant growth and devel-
opment, matching LED wavelengths to photoreceptors
in plants can allow for developmental changes including
secondary metabolism to achieve optimal output [28].
On the other hand, plants can regulate their metabolism
appropriately in response to changes in solar radiation
and adapt to different light conditions without jeopard-
izing essential metabolites for growth and development,
which may affect plant quality [57, 93, 95]. Eicosane, neo-
phytadiene, L-(4)-ascorbic acid 2,6-dihexadecanoate,
and (Z,Z,7)-9,12,15-octadecatrienoic acid are common
compounds synthesized in B. rapa under all light condi-
tions, and their absence may directly or indirectly impair
average growth and survival in the environment.

In the metabolite correlation analysis (Fig. 5), phe-
nol, 2,4-bis(1,1-dimethylethyl)-, phosphite, which
expressed as the highest compound in plants under
natural light, showed a positive correlation with gamma-
sitosterol (r=0.7192), 2,6,10-trimethyltridecane
(r=0.6224) and dodecane, 4,6-dimethyl (r=0.6224),
but a negative correlation with 2,4-di-tert-butylphenol
(r=—0.6458) and L-(+4)-ascorbic acid 2,6-dihexa-
decanoate (r=-—0.605). Meanwhile, hexadecanoic
acid, 2-hydroxy-1-(hydroxymethyl) ethyl ester, which
appeared to be the most abundant compound under arti-
ficial light, was found to be negatively correlated with
many other compounds, implying that its production
may have suppressed the production of those compounds
under various artificial light treatments. Nonetheless,
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the production of hexadecanoic acid, 2-hydroxy-1-
(hydroxymethyl) ethyl ester correlated positively with
2,4-di-tert-butylphenol (r=0.8119), L-(+)-ascorbic acid
2,6-dihexadecanoate (r=0.4934), and octadecanoic
acid, 2,3-dihydroxypropyl (r=0.558). Overall, 20 of the
31 compounds detected differed significantly when sub-
jected to a different treatment (Table 4), indicating that
their presence was greatly influenced by the light treat-
ments, affecting plant growth and development.

Conclusions

The rising global population growth is a key driver for
an increase in demand of beneficial plant for consump-
tion or medicinal purposes. This has shifted the need
for a more controlled growing systems such as green-
houses and vertical farming that use artificial lighting
to replace and/or mimic outdoor conditions. The cur-
rent comparative study was carried out to determine
the optimal conditions for producing B. rapa under
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Fig. 6 Significantly different metabolite compounds in Brassica rapa var. chinensis in response to various light treatments as determined by
one-way ANOVA and the Tukey HSD post hoc test (p < 0.05). Numbers according to the compound codes in Table 4

artificial LED lighting. The findings indicate that arti-
ficial light resulted in a more consistent, albeit lower,
biomass than plants grown under natural light (con-
trol). Besides, apart from the magenta spectrum, arti-
ficial lighting produced plants with higher chlorophyll
content and thus a greener/fresher appearance, which
may have an impact on the organoleptic properties of
the produce. GC-MS analysis of B. rapa leaf extracts
also revealed the presence of phytocompounds synthe-
sized in response to specific light conditions, indicat-
ing that manipulating light intensity, photoperiod, and
spectrum can result in a different physiological and
biochemical output of B. rapa.

Methods

Plant materials and growth conditions

Brassica rapa seeds were obtained from the Green World
Genetics (GWG) Sdn. Bhd. (Malaysia). The seeds were
sown at a depth of one inch in reusable plastic flowerpots
(9x6x8 cm), and each pot contained approximately
100 g of peat moss as the growing medium. Between
three to five seeds per pot were sown initially, thinning
around 1 week after the emergence of shoots, leav-
ing one plant per pot. Twenty pots were used for each
treatment to study the effects of light intensities (75 and
150 pmol m~2 s™!) and photoperiods (12:12 h light:dark
and 6:6:6:6 h light:dark:light:dark) of white light (400 to
700 nm) on plant growth, chlorophyll content, and bio-
chemical profile, and the treatments were carried out in
triplicates in a plant growth room. To study the effects

of light spectrums, different sets of plants were initially
grown for 4 weeks under white light at 150 pmol m™2 s™*
and 12:12 h (light:dark), before being exposed to differ-
ent spectrums, namely blue (450-495 nm), red (650—
700 nm), and magenta (a blue-red combination), at
75 umol m™2 s and 12:12 h (light:dark), for the final
2 weeks. The light spectral experiment was also carried
out in triplicate, and the plants were recorded for their
fresh weight, chlorophyll content, and biochemical pro-
file. The plant growth room was maintained at a constant
temperature of 23+ 2 °C. Control groups were cultivated
in a climate-controlled greenhouse maintained under
natural daylight with a temperature of 23 +2 °C and rela-
tive humidity of 59+1%. All plants were irrigated with
MS [52] solution twice a week. Light intensity was meas-
ured with the MQ-303 Apogee Quantum Flux Meter, and
the wavelength was confirmed with the LI-180 LI-COR
spectrometer. The photoperiod was controlled using the
Eurosafe Timer Controller. Environmental factors such as
carbon dioxide concentration, temperature, and humidity
were set equal in both the glasshouse and growth room
using HT-2000 Digital CO, meter (Sabah, Malaysia).

Biomass measurement and post-harvest storage

When the plants reached harvest age after 42 days
(6 weeks) of cultivation, they were harvested by cut-
ting off the bottom of the stalk. Yellowing, decaying,
and bruised leaves were discarded. The weighing was
carried out for individual plants before the plants were
frozen at — 80 °C for biochemical analysis. The mean of
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Table 4 List of significant and non-significant metabolite
compounds produced by Brassica rapa var. chinensis in response
to various light treatments

Compound code Name of compound

Dodecane, 4,6-dimethyl*

1

2 Hexadecane, 1-iodo*

3 2,6,10-Trimethyltridecane*

4 24-Di-tert-butylphenol*

5 Nonadecane**

6 Eicosane**

7 Tetracosane, 1-iodo*

8 Cyclononasiloxane, octadecamethyl-*

9 Neophytadiene*

10 3,7,11,15-Tetramethyl-2-hexadecen-1-ol*
11 2-Hexadecen-1-0l,3,7,11,15-tetramethy[**
12 Triacontane, 1-iodo-**

13 Cyclodecasiloxane, eicosamethyl-*

14 L-(4)-Ascorbic acid 2,6-dihexadecanoate*®
15 7,10,13-Hexadecatrienoic acid (Z,Z,2)**
16 Phytol*

17 Hexacosane, 1-iodo-**

18 10 (E), 12(2)-Conjugated linoleic acid*

19 9,12,15-Octadecatrienoic acid, (Z,7,7)-*
20 Octadecanoic acid*

21 2-Methyltetracosane**

22 Hexadecanoic acid, 2-hydroxy-1-(hydroxy)**
23 Gamma-Sitosterol*

24 9,12-Octadecadienoic acid (Z,2)-**

25 Methyl (2)-5,11,14,17-eicosatetraenoate**
26 9,12,15-Octadecatrienoic acid, methyl ester*
27 Octadecanoic acid, 2,3-dihydroxypropyl*
28 13-Docosenamide, (Z)-*

29 Phenol,2,4-bis(1,1-dimethylethyl) phosphite*
30 1-Heptacosanol**

31 Vitamin E*

" Significant (p < 0.05)
 Non-significant (p >0.05)

plant biomass was used to calculate the total biological
yield for each treatment. The samples were then freeze-
dried to retain most phytochemical compositions before
being blended and sieved into a powder of approximately
0.5 mm in size. All samples were stored at — 20 °C before
analysis.

Preparation of plant extracts

Approximately 20 mg of leaf powder was extracted in
1 ml of hexane and sonicated at 50—60 Hz for 30 min at
30 °C. Then, the solution was placed in a thermomixer
(Eppendorf Thermomixer) for 2 h at 30 °C with 800 rpm.
The hexane extracts were then centrifuged (Eppendorf
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MiniSpin Mini Centrifuge) at 8000 rpm for 10 min.
Supernatants were collected and transferred into a new
microcentrifuge tube. It was then concentrated and dried
using a speed vacuum concentrator (Eppendorf Concen-
trator Plus, Germany) for 1 h at 30 °C. The extracts were
re-dissolved in hexane (Merck, HPLC Grade) with the
desired concentration of 5 mg/ml before injecting 1 pl
into GC-MS (Shimadzu GCMS-QP2020 NX, Japan) for
analysis (modified from Sharma et al. [67]).

Gas chromatography-mass spectrometry analysis

The single quadrupole GCMS-QP2020 NX (Shimadzu,
Japan) GC-MS equipped with RTX-5 capillary GC col-
umn with a dimension of 30 m x0.25 mm x 0.25 pum
was used to identify the volatile compounds in B. rapa
extracts. Helium was used as a carrier gas with a pressure
of 75 kPa. The ion source temperature was set at 250 °C,
and the interface temperature was 280 °C. The mass spec-
trometer detector was in full scan mode, and the scan
range was set at m/z 35-550. Mass spectra were taken at
70 eV. The initial temperature was set at 80 °C for 1 min,
and finally increased to 280 °C with 5 °C/min and held for
10 min (modified from Sharma et al. [67]). The data were
assessed by total ion count (TIC) for the recognition and
quantification of compounds. The mass spectrum of each
identified compound was then compared with the pub-
lished spectra in the NIST17 Library (Version 2.3; [54]).

Determination of chlorophyll content

Chlorophyll a and b were extracted by placing 0.05 g of
leaf powder in 25 ml of 80% acetone. Samples were soni-
cated for 30 min at 30 °C for a frequency of 50-60 Hz.
Samples were then filtered with Whatman No. 2 filter
paper, and the chlorophyll contents were measured at
an absorbance value of 645 and 663 nm using a UV-VIS
Spectrophotometer (Genesys, USA). Total chlorophyll
contents were obtained by the sum of chlorophyll a and
chlorophyll b content according to the modified method
from Kasim and Kasim [35] and Arnon [4] with the cal-
culations as below:

Chlorophyll a (ug/ml) = 12.7 (A663) — 2.69 (A645),
Chlorophyll b (jLg/ml) = 22.9 (A645) — 4.68 (A663),

Total chlorophyll (ug/ ml) = 20.2 (A645) + 8.02 (A663).

Data analysis
The data were statistically analyzed (p<0.05) using
one-way ANOVA and Tukey HSD post hoc tests
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implemented in R statistical software version 3.3.0 [61].
All experiments were done in triplicate, and the results
were presented as mean + standard deviation (SD). Prin-
cipal component analysis (PCA) was performed using
MetaboAnalyst 5.0 statistical software on the abundance
of the volatile compounds detected in B. rapa extracts to
determine the significant variables that explain the rela-
tionships between different light treatments. Pearson
correlation analysis was performed to understand the
correlation between the identified metabolites, and the
correlation values were presented in a correlation matrix.

Abbreviations

GC-MS: Gas chromatography-mass spectrometry; LED: Light-emitting diode;
PAR: Photosynthetically active radiation; PCA: Principal component analysis;
PPFD: Photosynthetic photon flux density; ROS: Reactive oxygen species; TIC:
Total ion count.

Acknowledgements
The authors would like to thank the Universiti Malaysia Sabah for supporting
the project financially and administratively.

Authors’ contributions

WTLY and KFR conceived this research and designed experiments; NSS, WTLY
and KFR participated in the design and interpretation of the data; NSS, BEC
and KAK performed experiments and analysis; WTLY, KAK and KFR supervised
the project; NSS and WTLY wrote the first draft of the manuscript and all
authors participated in the revisions of it. All authors read and approved the
final manuscript.

Funding

This research was funded by the Universiti Malaysia Sabah through a Top-
Down Scheme with the grant number SDK0030-2018 “Commercial viability of
precision farming for bio-entrepreneurs in Sabah’

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 10 December 2021 Accepted: 17 March 2022
Published online: 01 April 2022

References

1. Adams SR, Langton FA. Photoperiod and plant growth: a review. J Hortic
Sci Biotechnol. 2005;80(1):2-10. https://doi.org/10.1080/14620316.2005.
11511882.

2. Ali MB, Khandaker L, Oba S. Comparative study on functional compo-
nents, antioxidant activity and color parameters of selected colored
leafy vegetables as affected by photoperiods. J Food Agric Environ.
2009;7(3-4):392-8.

20.

21.

22.

Page 18 of 20

Amoozgar A, Mohammadi A, Sabzalian MR. Impact of light-emitting
diode irradiation on photosynthesis, phytochemical composition

and mineral element content of lettuce cv. Grizzly. Photosynthetica.
2017;55(1):85-95. https://doi.org/10.1007/511099-016-0216-8.

Arnon DI. Copper enzymes in isolated chloroplasts polyphenoloxidase in
Beta vulgaris. Plant Physiol. 1949;24(1):1-15. https://doi.org/10.1104/pp.
24.1.1.

Asensi-Fabado MA, Munné-Bosch S. Vitamins in plants: occurrence, bio-
synthesis and antioxidant function. Trends Plant Sci. 2010;15(10):582-92.
https://doi.org/10.1016/j.tplants.2010.07.003.

Baerenfaller K, Massonnet C, Hennig L, Russenberger D, Sulpice R, Walsh
S, Stitt M, Granier C, Gruissem W. A long photoperiod relaxes energy
management in Arabidopsis leaf six. Curr Plant Biol. 2015;2:34-45. https://
doi.org/10.1016/j.cpb.2015.07.001.

Barba FJ, Nikmaram N, Roohinejad S, Khelfa A, Zhu Z, Koubaa M. Bioavail-
ability of glucosinolates and their breakdown products: impact of pro-
cessing. Front Nutr. 2016;3:24. https://doi.org/10.3389/fnut.2016.00024.
Bartoshuk LM, Klee HJ. Better fruits and vegetables through sensory
analysis. Curr Biol. 2013;23(9):374-8. https://doi.org/10.1016/j.cub.2013.
03.038.

Bhattacharya A, Sood P, Citovsky V. The roles of plant phenolics in defence
and communication during Agrobacterium and Rhizobium infection. Mol
Plant Pathol. 2010;11(5):705-19. https://doi.org/10.1111/j.1364-3703.
2010.00625 .

Buijis NA, Zhou YJ, Siewers V, Nielsen J. Long-chain alkane production by
the yeast Saccharomyces cerevisiae. Biotechnol Bioeng. 2015;112(6):1275-
9. https://doi.org/10.1002/bit.25522.

. Chen M, Zhu X, Zhang Y, Du Z, Chen X, Kong X, Sun W, Chen S. Drought

stress modify cuticle of tender tea leaf and mature leaf for transpiration
barrier enhancement through common and distinct modes. Sci Rep.
2020;10:6696. https://doi.org/10.1038/541598-020-63683-4.

Cookson SJ, Chenu K, Granier C. Day length affects the dynamics of leaf
expansion and cellular development in Arabidopsis thaliana partially
through floral transition timing. Ann Bot. 2007;99(4):703-11. https://doi.
0rg/10.1093/aob/mcm005.

Darko E, Heydarizadeh P, Schoefs B, Sabzalian MR. Photosynthesis under
artificial light: the shift in primary and secondary metabolism. Philos Trans
R Soc Lond B Biol Sci. 2014;369(1640):20130243. https://doi.org/10.1098/
rstb.2013.0243.

Diez-Simon C, Mumm R, Hall RD. Mass spectrometry-based metabo-
lomics of volatiles as a new tool for understanding aroma and flavour
chemistry in processed food products. Metabolomics. 2019;15:41. https.//
doi.org/10.1007/511306-019-1493-6.

Dodd AN, Salathia N, Hall A, Kévei E, Toth R, Nagy F, Hibberd JM, Millar AJ,
Webb AAR. Plant circadian clocks increase photosynthesis, growth, sur-
vival, and competitive advantage. Science. 2005;309(5734):630-3. https.//
doi.org/10.1126/science.1115581.

Dueck T, Trouwborst G, Hogewoning SW, Meinen E. Can a high red: far
red ratio replace temperature-induced inflorescence development in
Phalaenopsis? Environ Exp Bot. 2016;121:139-44. https://doi.org/10.
1016/j.envexpbot.2015.05.011.

Falik O, Hoffmann |, Novoplansky A. Say it with flowers. Plant Signal Behav.
2014;9(4): €28258. https://doi.org/104161/psb.28258.

Fan XX, Xu ZG, Liu XY, Tang CM, Wang LW, Han XL. Effects of light intensity
on the growth and leaf development of young tomato plants grown
under a combination of red and blue light. Sci Hortic. 2013;153:50-5.
https://doi.org/10.1016/j.scienta.2013.01.017.

Ferrer JL, Austin MB, Stewart C Jr, Noel JP. Structure and function of
enzymes involved in the biosynthesis of phenylpropanoids. Plant Physiol
Biochem. 2008;46(3):356-70. https://doi.org/10.1016/j.plaphy.2007.12.
009.

Franks SJ, Hoffmann AA. Genetics of climate change adaptation.

Annu Rev Genet. 2012;46:185-208. https://doi.org/10.1146/annur
ev-genet-110711-155511.

Fu W, Li P, Wu Y. Effects of different light intensities on chlorophyll fluo-
rescence characteristics and yield in lettuce. Sci Hortic. 2012;135:45-51.
https://doi.org/10.1016/j.scienta.2011.12.004.

Fukuda N. Plant growth and physiological responses to light condi-

tions. In: Anpo M, Fukuda H, Wada T, editors. Plant factory using artificial
light: adapting to environmental disruption and clues to agricultural


https://doi.org/10.1080/14620316.2005.11511882
https://doi.org/10.1080/14620316.2005.11511882
https://doi.org/10.1007/s11099-016-0216-8
https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.1016/j.tplants.2010.07.003
https://doi.org/10.1016/j.cpb.2015.07.001
https://doi.org/10.1016/j.cpb.2015.07.001
https://doi.org/10.3389/fnut.2016.00024
https://doi.org/10.1016/j.cub.2013.03.038
https://doi.org/10.1016/j.cub.2013.03.038
https://doi.org/10.1111/j.1364-3703.2010.00625.x
https://doi.org/10.1111/j.1364-3703.2010.00625.x
https://doi.org/10.1002/bit.25522
https://doi.org/10.1038/s41598-020-63683-4
https://doi.org/10.1093/aob/mcm005
https://doi.org/10.1093/aob/mcm005
https://doi.org/10.1098/rstb.2013.0243
https://doi.org/10.1098/rstb.2013.0243
https://doi.org/10.1007/s11306-019-1493-6
https://doi.org/10.1007/s11306-019-1493-6
https://doi.org/10.1126/science.1115581
https://doi.org/10.1126/science.1115581
https://doi.org/10.1016/j.envexpbot.2015.05.011
https://doi.org/10.1016/j.envexpbot.2015.05.011
https://doi.org/10.4161/psb.28258
https://doi.org/10.1016/j.scienta.2013.01.017
https://doi.org/10.1016/j.plaphy.2007.12.009
https://doi.org/10.1016/j.plaphy.2007.12.009
https://doi.org/10.1146/annurev-genet-110711-155511
https://doi.org/10.1146/annurev-genet-110711-155511
https://doi.org/10.1016/j.scienta.2011.12.004

Saapilin et al. Chem. Biol. Technol. Agric.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

(2022) 9:27

innovation. Amsterdam: Elsevier Inc,; 2019. p. 71-7. https://doi.org/10.
1016/B978-0-12-813973-8.00008-7.

Gibon Y, Blasing OE, Palacios-Rojas N, Pankovic D, Hendriks JHM, Fisahn
J,Hohne M, Glnther M, Stitt M. Adjustment of diurnal starch turnover

to short days: depletion of sugar during the night leads to a temporary
inhibition of carbohydrate utilization, accumulation of sugars and post-
translational activation of ADP-glucose pyrophosphorylase in the fol-
lowing light period. Plant J. 2004;39(6):847-62. https://doi.org/10.1111/j.
1365-313X.2004.02173.x.

Gibon Y, Pyl ET, Sulpice R, Lunn JE, Hohne M, Glnther M, Stitt M. Adjust-
ment of growth, starch turnover, protein content and central metabolism
to a decrease of the carbon supply when Arabidopsis is grown in very
short photoperiods. Plant Cell Environ. 2009;32(7):859-74. https://doi.org/
10.1111/j.1365-3040.2009.01965 X.

Goff SA, Klee HJ. Plant volatile compounds: sensory cues for health and
nutritional value. Science. 2006;311(5762):815-9. https://doi.org/10.1126/
science.1112614.

Hasan MM, Bashir T, Ghosh R, Lee SK, Bae H. An overview of LEDs' effects
on the production of bioactive compounds and crop quality. Molecules.
2017;22(9):1420. https://doi.org/10.3390/molecules22091420.
Hasanuzzaman M, Nahar K, Alam MM, Roychowdhury R, Fujita M. Physi-
ological, biochemical, and molecular mechanisms of heat stress tolerance
in plants. Int J Mol Sci. 2013;14(5):9643-84. https://doi.org/10.3390/ijms]1
4059643.

Hashim M, Ahmad B, Drouet S, Hano C, Abbasi BH, Anjum S. Compara-
tive effects of different light sources on the production of key secondary
metabolites in plants in vitro cultures. Plants. 2021;10(8):1521. https://doi.
0rg/10.3390/plants10081521.

Inoue K, Araki T, Endo M. Circadian clock during plant development. J
Plant Res. 2018;131(1):59-66. https://doi.org/10.1007/510265-017-0991-8.
Jackson SD. Plant responses to photoperiod. New Phytol.
2009;181(3):517-31. https://doi.org/10.1111/j.1469-8137.2008.02681 x.
Jain C, Khatana S, Vijayvergia R. Bioactivity of secondary metabolites of
various plants: a review. Int J Pharm Sci Res. 2019;10(2):494-504. https://
doi.org/10.13040/1JPSR.0975-8232.10(2).494-04.

Jiang CD, Wang X, Gao HY, Shi L, Chow WS. Systemic regulation of leaf
anatomical structure, photosynthetic performance, and high-light toler-
ance in sorghum. Plant Physiol. 2011;155(3):1416-24. https://doi.org/10.
1104/pp.111.172213.

Kachroo A, Kachroo P. Fatty acid-derived signals in plant defense.

Annu Rev Phytopathol. 2009;47:153-76. https://doi.org/10.1146/annur
ev-phyto-080508-081820.

Kang JH, Krishnakumar S, Atulba SLS, Jeong BR, Hwang SJ. Light
intensity and photoperiod influence the growth and development of
hydroponically grown leaf lettuce in a closed-type plant factory system.
Hortic Environ Biotechnol. 2013;54(6):501-9. https://doi.org/10.1007/
$13580-013-0109-8.

Kasim MU, Kasim R. Color changes of fresh-cut Swiss chard leaves stored
at different light intensity. Am J Food Technol. 2012;7:13-21. https://doi.
0rg/10.3923/ajft.2012.13.21.

Kharshiing E, Sinha SP. Plant productivity: can photoreceptors light the
way? J Plant Growth Regul. 2015;34(1):206—14. https://doi.org/10.1007/
500344-014-9454-9.

Kim JA, Kim HS, Choi SH, Jang JY, Jeong MJ, Lee SI. The importance

of the circadian clock in regulating plant metabolism. Int J Mol Sci.
2017;18(12):2680. https://doi.org/10.3390/ijms18122680.

Kim SC, Faure L, Chapman KD. Analysis of fatty acid amide hydrolase
activity in plants. In: Munnik T, Heilmann |, editors. Plant lipid signaling
protocols, methods in molecular biology (methods and protocols), vol.
1009. Totowa: Humana Press Inc,; 2013. p. 115-27. https://doi.org/10.
1007/978-1-62703-401-2_12.

Kong DX, Li YQ, Wang ML, Bai M, Zou R, Tang H, Wu H. Effects of light
intensity on leaf photosynthetic characteristics, chloroplast structure, and
alkaloid content of Mahonia bodinieri (Gagnep.) Laferr. Acta Physiol Plant.
2016;38(5):120. https://doi.org/10.1007/511738-016-2147-1.

Kong SG, Okajima K. Diverse photoreceptors and light responses

in plants. J Plant Res. 2016;129(2):111-4. https://doi.org/10.1007/
510265-016-0792-5.

Kumar J, Paul B, Nebapure SM, Singh S. Comparative GC-MS analysis of
two Brassica rapa L. varieties for identification of volatile compounds.
Chem Sci Rev Lett. 2017;6(22):884-9.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 19 of 20

Li A, Li S, Wu X, Zhang J, He A, Zhao G, Yang X. Effect of light intensity

on leaf photosynthetic characteristics and accumulation of flavo-

noids in Lithocarpus litseifolius (Hance) Chun. (Fagaceae). Open J For.
2016;6(5):445-59. https://doi.org/10.4236/0jf.2016.65034.

Li Q Kubota C. Effects of supplemental light quality on growth and
phytochemicals of baby leaf lettuce. Environ Exp Bot. 2009;67(1):59-64.
https://doi.org/10.1016/j.envexpbot.2009.06.011.

LiY,He N, Hou J, Xu L, Liu C, Zhang J, Wang Q, Zhang X, Wu X. Factors
influencing leaf chlorophyll content in natural forests at the biome scale.
Front Ecol Evol. 2018;6:64. https://doi.org/10.3389/fevo.2018.00064.

Lim GH, Singhal R, Kachroo A, Kachroo P. Fatty acid- and lipid-mediated
signaling in plant defense. Annu Rev Phytopathol. 2017;55:505-36.
https://doi.org/10.1146/annurev-phyto-080516-035406.

Liu YJ, Tong YP, Zhu YG, Ding H, Smith F. Leaf chlorophyll readings as an
indicator for spinach yield and nutritional quality with different nitrogen
fertilizer applications. J Plant Nutr. 2006;29(7):1207-17. https://doi.org/10.
1080/01904160600767401.

Lurie S.The effect of wavelength of light on stomatal opening. Planta.
1978;140:245-9. https://doi.org/10.1007/BF00390255.

Macedo AF, Leal-Costa MV, Tavares ES, Lage CLS, Esquibel MA. The effect
of light quality on leaf production and development of in vitro-cultured
plants of Alternanthera brasiliana Kuntze. Environ Exp Bot. 2011;70(1):43—
50. https://doi.org/10.1016/j.envexpbot.2010.05.012.

Mawphlang OIL, Kharshiing EV. Photoreceptor mediated plant growth
responses: implications for photoreceptor engineering toward improved
performance in crops. Front Plant Sci. 2017;8:1181. https://doi.org/10.
3389/fpls.2017.01181.

Mielke MS, Schaffer B. Photosynthetic and growth responses of Eugenia
uniflora L. seedlings to soil flooding and light intensity. Environ Exp Bot.
2010;68(2):113-21. https://doi.org/10.1016/j.envexpbot.2009.11.007.
Méttus M, Sulev M, Baret F, Lopez-Lozano R, Reinart A. Photosynthetically
active radiation: measurement and modelling. In: Richter C, Lincot D,
Gueymard CA, editors. Solar energy. New York: Springer; 2013. p. 140-69.
https://doi.org/10.1007/978-1-4614-5806-7_451.

Murashige T, Skoog F. A revised medium for rapid growth and bio assays
with tobacco tissue cultures. Physiol Plant. 1962;15(3):473-97. https://doi.
0rg/10.1111/j.1399-3054.1962.tb08052 .

Naznin MT, Lefsrud M, Gravel V, Azad OK. Blue light added with red LEDs
enhance growth characteristics, pigments content, and antioxidant
capacity in lettuce, spinach, kale, basil, and sweet pepper in a controlled
environment. Plants. 2019;8(4):93. https://doi.org/10.3390/plants8040093.
NIST. NIST standard reference database 1A. NIST/EPA/NIH mass spectral
library (NIST 17) and NIST mass spectral search program (version 2.3).
Gaithersburg: National Institute of Standards and Technology; 2017.

Ooi A, Wong A, Ng TK, Marondedze C, Gehring C, Ooi BS. Growth and
development of Arabidopsis thaliana under single-wavelength red and
blue laser light. Sci Rep. 2016;6:33885. https://doi.org/10.1038/srep33885.
Palta JP. Leaf chlorophyll content. Remote Sens Rev. 1990;5(1):207-13.
https://doi.org/10.1080/02757259009532129.

Paradiso R, Proietti S. Light-quality manipulation to control plant growth
and photomorphogenesis in greenhouse horticulture: the state of the
art and the opportunities of modern LED systems. J Plant Growth Regul.
2021. https://doi.org/10.1007/500344-021-10337-y.

Pengelly JJL, Sirault XRR, Tazoe Y, Evans JR, Furbank RT, Von Caemmerer

S. Growth of the C, dicot Flaveria bidentis: photosynthetic acclimation

to low light through shifts in leaf anatomy and biochemistry. J Exp Bot.
2010;61(14):4109-22. https://doi.org/10.1093/jxb/erq226.

Pierik R, Ballaré CL, Dicke M. Ecology of plant volatiles: taking a plant com-
munity perspective. Plant Cell Environ. 2014;37(8):1845-53. https://doi.
org/10.1111/pce.12330.

Preston JC, Fjellheim S. Understanding past, and predicting future,

niche transitions based on grass flowering time variation. Plant Physiol.
2020;183(3):822-39. https://doi.org/10.1104/pp.20.00100.

R Core Team. R: a language and environment for statistical computing.
Vienna: R Foundation for Statistical computing; 2016.

Rahman MM, Vasiliev M, Alameh K. LED illumination spectrum manipula-
tion for increasing the yield of sweet basil (Ocimum basilicum L.). Plants.
2021;10(2):344. https://doi.org/10.3390/plants10020344.

Rezazadeh A, Harkess RL, Telmadarrehei T. The effect of light intensity
and temperature on flowering and morphology of potted red firespike.
Horticulturae. 2018;4(4):36. https://doi.org/10.3390/horticulturae4040036.


https://doi.org/10.1016/B978-0-12-813973-8.00008-7
https://doi.org/10.1016/B978-0-12-813973-8.00008-7
https://doi.org/10.1111/j.1365-313X.2004.02173.x
https://doi.org/10.1111/j.1365-313X.2004.02173.x
https://doi.org/10.1111/j.1365-3040.2009.01965.x
https://doi.org/10.1111/j.1365-3040.2009.01965.x
https://doi.org/10.1126/science.1112614
https://doi.org/10.1126/science.1112614
https://doi.org/10.3390/molecules22091420
https://doi.org/10.3390/ijms14059643
https://doi.org/10.3390/ijms14059643
https://doi.org/10.3390/plants10081521
https://doi.org/10.3390/plants10081521
https://doi.org/10.1007/s10265-017-0991-8
https://doi.org/10.1111/j.1469-8137.2008.02681.x
https://doi.org/10.13040/IJPSR.0975-8232.10(2).494-04
https://doi.org/10.13040/IJPSR.0975-8232.10(2).494-04
https://doi.org/10.1104/pp.111.172213
https://doi.org/10.1104/pp.111.172213
https://doi.org/10.1146/annurev-phyto-080508-081820
https://doi.org/10.1146/annurev-phyto-080508-081820
https://doi.org/10.1007/s13580-013-0109-8
https://doi.org/10.1007/s13580-013-0109-8
https://doi.org/10.3923/ajft.2012.13.21
https://doi.org/10.3923/ajft.2012.13.21
https://doi.org/10.1007/s00344-014-9454-9
https://doi.org/10.1007/s00344-014-9454-9
https://doi.org/10.3390/ijms18122680
https://doi.org/10.1007/978-1-62703-401-2_12
https://doi.org/10.1007/978-1-62703-401-2_12
https://doi.org/10.1007/s11738-016-2147-1
https://doi.org/10.1007/s10265-016-0792-5
https://doi.org/10.1007/s10265-016-0792-5
https://doi.org/10.4236/ojf.2016.65034
https://doi.org/10.1016/j.envexpbot.2009.06.011
https://doi.org/10.3389/fevo.2018.00064
https://doi.org/10.1146/annurev-phyto-080516-035406
https://doi.org/10.1080/01904160600767401
https://doi.org/10.1080/01904160600767401
https://doi.org/10.1007/BF00390255
https://doi.org/10.1016/j.envexpbot.2010.05.012
https://doi.org/10.3389/fpls.2017.01181
https://doi.org/10.3389/fpls.2017.01181
https://doi.org/10.1016/j.envexpbot.2009.11.007
https://doi.org/10.1007/978-1-4614-5806-7_451
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.3390/plants8040093
https://doi.org/10.1038/srep33885
https://doi.org/10.1080/02757259009532129
https://doi.org/10.1007/s00344-021-10337-y
https://doi.org/10.1093/jxb/erq226
https://doi.org/10.1111/pce.12330
https://doi.org/10.1111/pce.12330
https://doi.org/10.1104/pp.20.00100
https://doi.org/10.3390/plants10020344
https://doi.org/10.3390/horticulturae4040036

Saapilin et al. Chem. Biol. Technol. Agric.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

(2022) 9:27

Riederer M, Schreiber L. Protecting against water loss: analysis of the bar-
rier properties of plant cuticles. J Exp Bot. 2001;52(363):2023-32. https://
doi.org/10.1093/jexbot/52.363.2023.

Rihan HZ, Aldarkazali M, Mohamed SJ, McMulkin NB, Joara MH, Fuller

MP. A novel new light recipe significantly increases the growth and

yield of sweet basil (Ocimum basilicum) grown in a plant factory system.
Agronomy. 2020;10(7):934. https://doi.org/10.3390/agronomy10070934.
Serrano-Bueno G, Sdnchez de Medina Hernandez V, Valverde F. Photo-
periodic signaling and senescence, an ancient solution to a modern
problem? Front Plant Sci. 2021;12: 634393. https://doi.org/10.3389/fpls.
2021.634393.

Sharma A, Kumar V, Kanwar MK, Thukral AK, Bhardwaj R. Phytochemical
profiling of the leaves of Brassica juncea L. using GC-MS. Int Food Res J.
2017,24(2):547-51.

Sharma P, Jha AB, Dubey RS, Pessarakli M. Reactive oxygen species, oxidative
damage, and antioxidative defense mechanism in plants under stressful
conditions. J Bot. 2012;2012: 217037. https://doi.org/10.1155/2012/217037.
ShepherdT, Griffiths W. The effects of stress on plant cuticular waxes. New
Phytol. 2006;171(3):469-99. https://doi.org/10.1111/}.1469-8137.2006.
01826.x.

Shimazaki K, Doi M, Assmann SM, Kinoshita T. Light regulation of stomatal
movement. Annu Rev Plant Biol. 2007;58:219-47. https://doi.org/10.1146/
annurev.arplant.57.032905.105434.

Shimizu H. Effect of light quality on secondary metabolite production

in leafy greens and seedlings. In: Kozai T, Fujiwara K, Runkle E, editors.
LED lighting for urban agriculture. Singapore: Springer; 2016. p. 239-60.
https://doi.org/10.1007/978-981-10-1848-0_18.

Tamulaitis G, Duchovskis P, Bliznikas Z, Breivé K, Ulinskaite R, Brazaityte A,
Novickovas A, Zukauskas A. High-power light-emitting diode based facil-
ity for plant cultivation. J Phys D Appl Phys. 2005;38(17):3182-7. https://
doi.org/10.1088/0022-3727/38/17/520.

Tayade AB, Dhar P, Kumar J, Sharma M, Chauhan RS, Chaurasia OP, Srivastava
RB. Chemometric profile of root extracts of Rhodiola imbricata Edgew. with
hyphenated gas chromatography mass spectrometric technique. PLoS ONE.
2013;8(1): €52797. https://doi.org/10.1371/journal.pone.0052797.

Tholl D. Biosynthesis and biological functions of terpenoids in plants. In:
Schrader J, Bohlmann J, editors. Biotechnology of isoprenoids, advances
in biochemical engineering/biotechnology, vol. 148. Cham: Springer;
2015. p. 63-106. https://doi.org/10.1007/10_2014_295.

Thoma F, Somborn-Schulz A, Schlehuber D, Keuter V, Deerberg G. Effects
of light on secondary metabolites in selected leafy greens: a review. Front
Plant Sci. 2020;11:497. https://doi.org/10.3389/fpls.2020.00497.

Tiwari S, Kate A, Mohapatra D, Tripathi MK, Ray H, Akuli A, Ghosh A,
Modhera B. Volatile organic compounds (VOCs): biomarkers for quality
management of horticultural commodities during storage through
e-sensing. Trends Food Sci Technol. 2020;106:417-33. https://doi.org/10.
1016/j.tifs.2020.10.039.

Troein C, Locke JCW, Turner MS, Millar AJ. Weather and seasons together
demand complex biological clocks. Curr Biol. 2009;19(22):1961-4. https://
doi.org/10.1016/j.cub.2009.09.024.

Tyagi T, Agarwal M. Phytochemical screening and GC-MS analysis

of bioactive constituents in the ethanolic extract of Pistia stratiotes

L. and Eichhornia crassipes (Mart.) solms. J Pharmacogn Phytochem.
2017,6(1):195-206.

Valitova JN, Sulkarnayeva AG, Minibayeva FV. Plant sterols: diversity, bio-
synthesis, and physiological functions. Biochemistry. 2016;81(8):819-34.
https://doi.org/10.1134/50006297916080046.

Varsha KK, Devendra L, Shilpa G, Priya S, Pandey A, Nampoothiri KM.
24-Di-tert-butyl phenol as the antifungal, antioxidant bioactive purified
from a newly isolated Lactococcus sp. Int J Food Microbiol. 2015;211:44—
50. https://doi.org/10.1016/j.ijfoodmicro.2015.06.025.

Wang Q, Chen J, Stamps RH, Li Y. Correlation of visual quality grad-

ing and SPAD reading of green-leaved foliage plants. J Plant Nutr.
2005;28(7):1215-25. https://doi.org/10.1081/PLN-200063255.

Wei H, Liu C, Hu J, Jeong BR. Quality of supplementary morning lighting
(SML) during propagation period affects physiology, stomatal character-
istics, and growth of strawberry plants. Plants. 2020;9(5):638. https://doi.
0rg/10.3390/plants9050638.

Werner S, Bartrina |, Schmlling T. Cytokinin regulates vegetative phase
change in Arabidopsis thaliana through the miR172/TOE1-TOE2 module.
Nat Commun. 2021;12:5816. https://doi.org/10.1038/541467-021-26088-z.

84.

85.

86.

87.

88.

90.

91

92.

93.

94.

95.

96.

Page 20 of 20

Wimalasekera R. Effect of light intensity on photosynthesis. In: Ahmad P,
Ahanger MA, Alyemeni MN, Alam P, editors. Photosynthesis, productivity
and environmental stress. Hoboken: Wiley; 2019. p. 65-73. https://doi.
0rg/10.1002/9781119501800.ch4.

WuY, Gong W, Wang Y, Yong T, Yang F, Liu W, Wu X, Du J, Shu K, Liu J, Liu
C,Yang W. Leaf area and photosynthesis of newly emerged trifoliol-

ate leaves are regulated by mature leaves in soybean. J Plant Res.
2018;131(4):671-80. https://doi.org/10.1007/510265-018-1027-8.

Xiong H, Hua L, Reyna-Llorens |, Shi'Y, Chen KM, Smirnoff N, Kromdijk

J, Hibberd JM. Photosynthesis-independent production of reactive
oxygen species in the rice bundle sheath during high light is mediated
by NADPH oxidase. Proc Natl Acad Sci USA. 2021;118(25): €2022702118.
https://doi.org/10.1073/pnas.2022702118.

Yang D, Seaton DD, Krahmer J, Halliday KJ. Photoreceptor effects on plant
biomass, resource allocation, and metabolic state. Proc Natl Acad Sci USA.
2016;113(27):7667-72. https://doi.org/10.1073/pnas.1601309113.

Yang F, Feng L, Liu Q Wu X, Fan'Y, Raza MA, Cheng Y, Chen J, Wang X,
Yong T, LiuW, Liu J, Du J, Shu K, Yang W. Effect of interactions between
light intensity and red-to-far-red ratio on the photosynthesis of soybean
leaves under shade condition. Environ Exp Bot. 2018;150:79-87. https.//
doi.org/10.1016/j.envexpbot.2018.03.008.

. Yang X, Lu M, Wang Y, Wang Y, Liu Z, Chen S. Response mechanism of

plants to draught stress. Horticulturae, 2021;7(3):50. https://doi.org/10.
3390/horticulturae7030050.

Yeats TH, Rose JKC. The formation and function of plant cuticles. Plant
Physiol. 2013;163(1):5-20. https://doi.org/10.1104/pp.113.222737.

Yeh N, Chung JP. High-brightness LEDs-energy efficient lighting sources
and their potential in indoor plant cultivation. Renew Sustain Energy Rev.
2009;13(8):2175-80. https://doi.org/10.1016/j.rser.2009.01.027.

Yeo HJ, Baek SA, Sathasivam R, Kim JK, Park SU. Metabolomic analysis
reveals the interaction of primary and secondary metabolism in white,
pale green, and green pak choi (Brassica rapa subsp. chinensis). Appl Biol
Chem. 2021,64:3. https://doi.org/10.1186/513765-020-00574-2.

Zakurin AO, Shchennikova AV, Kamionskaya AM. Artificial-light culture in
protected ground plant growing: photosynthesis, photomorphogenesis,
and prospects of LED application. Russ J Plant Physiol. 2020,67:413-24.
https://doi.org/10.1134/5102144372003022X.

Zavala JA, Ravetta DA. Allocation of photoassimilates to biomass, resin and
carbohydrates in Grindelia chiloensis as affected by light intensity. Field Crops
Res. 2001;69(2):143-9. https://doi.org/10.1016/S0378-4290(00)00136-2.
Zervoudakis G, Salahas G, Kaspiris G, Konstantopoulou E. Influence of
light intensity on growth and physiological characteristics of common
sage (Salvia officinalis L.). Braz Arch Biol Technol. 2012;55(1):89-95. https://
doi.org/10.1590/51516-89132012000100011.

Zielinska-Dabkowska KM, Hartmann J, Sigillo C. LED light sources and
their complex set-up for visually and biologically effective illumination for
ornamental indoor plants. Sustainability. 2019;11(9):2642. https://doi.org/
10.3390/5u11092642.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1093/jexbot/52.363.2023
https://doi.org/10.1093/jexbot/52.363.2023
https://doi.org/10.3390/agronomy10070934
https://doi.org/10.3389/fpls.2021.634393
https://doi.org/10.3389/fpls.2021.634393
https://doi.org/10.1155/2012/217037
https://doi.org/10.1111/j.1469-8137.2006.01826.x
https://doi.org/10.1111/j.1469-8137.2006.01826.x
https://doi.org/10.1146/annurev.arplant.57.032905.105434
https://doi.org/10.1146/annurev.arplant.57.032905.105434
https://doi.org/10.1007/978-981-10-1848-0_18
https://doi.org/10.1088/0022-3727/38/17/S20
https://doi.org/10.1088/0022-3727/38/17/S20
https://doi.org/10.1371/journal.pone.0052797
https://doi.org/10.1007/10_2014_295
https://doi.org/10.3389/fpls.2020.00497
https://doi.org/10.1016/j.tifs.2020.10.039
https://doi.org/10.1016/j.tifs.2020.10.039
https://doi.org/10.1016/j.cub.2009.09.024
https://doi.org/10.1016/j.cub.2009.09.024
https://doi.org/10.1134/s0006297916080046
https://doi.org/10.1016/j.ijfoodmicro.2015.06.025
https://doi.org/10.1081/PLN-200063255
https://doi.org/10.3390/plants9050638
https://doi.org/10.3390/plants9050638
https://doi.org/10.1038/s41467-021-26088-z
https://doi.org/10.1002/9781119501800.ch4
https://doi.org/10.1002/9781119501800.ch4
https://doi.org/10.1007/s10265-018-1027-8
https://doi.org/10.1073/pnas.2022702118
https://doi.org/10.1073/pnas.1601309113
https://doi.org/10.1016/j.envexpbot.2018.03.008
https://doi.org/10.1016/j.envexpbot.2018.03.008
https://doi.org/10.3390/horticulturae7030050
https://doi.org/10.3390/horticulturae7030050
https://doi.org/10.1104/pp.113.222737
https://doi.org/10.1016/j.rser.2009.01.027
https://doi.org/10.1186/s13765-020-00574-2
https://doi.org/10.1134/S102144372003022X
https://doi.org/10.1016/S0378-4290(00)00136-2
https://doi.org/10.1590/S1516-89132012000100011
https://doi.org/10.1590/S1516-89132012000100011
https://doi.org/10.3390/su11092642
https://doi.org/10.3390/su11092642

	Physiological and biochemical responses of Chinese cabbage (Brassica rapa var. chinensis) to different light treatments
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Plant growth under the influence of light intensity, photoperiod, and wavelength
	Phenotypic variation of B. rapa induced by various light treatments
	Chlorophyll content in B. rapa leaves under various light treatments
	Plant metabolites in B. rapa under various light treatments

	Discussion
	Conclusions
	Methods
	Plant materials and growth conditions
	Biomass measurement and post-harvest storage
	Preparation of plant extracts
	Gas chromatography–mass spectrometry analysis
	Determination of chlorophyll content
	Data analysis

	Acknowledgements
	References




