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Abstract. The aimof the present studywas to evaluate the effects of alternating red (660 nm) and
blue (460 nm) light on the growth and nutritional quality of two-leaf-color pak choi (Brassica
campestrisL. ssp. chinensis var. communis). Four light treatments (supplemental alternating red
and blue light with intervals of 0, 1, 2, and 4 hours, with a monochromatic light intensity of 100
mmol·mL2·sL1 and a cumulative lighting time of 16 hours per day) were conducted in a
greenhouse under identical ambient light conditions (90 to 120mmol·mL2·sL1 at 12:00 AM) for 10
days before green- and red-leaf pak choi were harvested. The results showed that the two-leaf-
color pak choi receiving alternating red and blue light exhibited more compact canopies and
wider leaves than thoseunder the control treatment,whichwas attributed to the shadeavoidance
syndrome of plants. The present study indicated that the biomass of green-leaf pak choi was
much higher than that of red-leaf pak choi, but the nutritional quality of green-leaf pak choi was
lower than that of red-leaf pak choi, and seemingly indicating that the regulation of metabolism
for pak choiwas species specific under light exposure. The trends of bothbiomass and the soluble
sugar content were highest under the 1-hour treatment. The contents of chlorophyll a and total
chlorophyll in both cultivars (green- and red-leaf pak choi) were significantly increased
compared with control, without significant differences among the 1-, 2-, and 4-hour treatments,
whereas chlorophyll b exhibited no significant difference in any treatment. Alternating red- and
blue-light treatment significantly affected the carotenoid content, but different trends in green-
and red-leaf pak choi were observed, with the highest contents being detected under the 1-hour
and 4-hour treatments, respectively. With increasing time intervals, the highest soluble protein
contents in two-leaf-color pak choi were observed in the 4-hour treatment, whereas nitrate
contents were significantly decreased in the 4-hour treatment. Compared with 0 hours, the
contents of vitamin C, phenolic compounds, flavonoids, and anthocyanins in two-leaf-color pak
choi were significantly increased, but no significant differences were observed in vitamin C,
phenolic compounds, andflavonoids among the1-, 2-, and4-hour treatments, similar towhatwas
found for the anthocyanin content of green-leaf pak choi. However, the content of anthocyanins
in red-leaf pak choi gradually increased with increasing time intervals, with the highest content
being found in the 4-hour treatment. Supplemental alternating red and blue light slightly
increased the antioxidant capacity [1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging
rate and antioxidant power], but no significant differences were observed after 1, 2, and 4 hours
of treatment. Taken together, treatment with an interval of 1 hour was the most effective for
increasing the biomass of pak choi in this study, but treatment with a 4-hour interval should be
considered to enhance the accumulation of health-promoting compounds.

Light is one of the most important envi-
ronmental factors regulating plant growth,
development, and photosynthesis (Claypool
and Lieth, 2020; Ouzounis et al., 2015).
Lighting-emitting diodes (LEDs) are regarded
as the most effective light source with the
highest potential and are being developed to
provide powerful, effective, and environmen-
tal emission spectra covering the entire pho-
tosynthetically active radiation range to
precisely regulate numerous types of light
combinations (Avercheva et al., 2016). Light
quality has more complex impacts on plant
morphology and metabolism than light inten-

sity or photoperiod (Chen et al., 2017). In
addition, light quality induces a series of
physiological and biochemical reactions that
are mainly promoted through signal trans-
duction pathways involving photoreceptors
such as phytochrome, cryptochrome, and
phototropin receptors, resulting in the upre-
gulation or downregulation of related gene
expression (Landi et al., 2020; Tissot and
Ulm, 2020).

In research on monochromatic light spec-
tra, the morphoanatomical, photosynthetic,
and secondary metabolism characteristics of
plants have been shown to be more signifi-
cantly affected by monochromatic than mul-
tispectral light (Landi et al., 2020). Among
various species, previous studies have sug-
gested that red light results in the highest
quantum yield of CO2 fixation among the
wavelengths in the photosynthetically active
spectrum (Hogewoning et al., 2012; Wu et al.,
2019). Plants exhibit some degree of undesir-
able growth characteristics (lower biomass,
lower net photosynthetic rate, or downward
leaf curling) under red light alone, but these
symptoms are ameliorated when blue light is
added (Kong et al., 2018; Miao et al., 2019). It
has been reported that blue-light signaling
triggers processes such as photomorphogene-
sis, stomatal opening, and phototropism,
which broadly affect the level of photosynthe-
sis (Horrer et al., 2016; Huch�e-Th�elier et al.,
2016). Blue light enhances the accumulation
of carotenoids, flavonoids, and anthocyanins
without substantially affecting plant morphoa-
natomical traits (Landi et al., 2020; Zhang
et al., 2020), but long-term blue light exposure
may affect plant growth and morphology,
inducing changes in the photosynthetic appa-
ratus (Huch�e-Th�elier et al., 2016). However,
red light strongly alters morphology and phys-
iology without showing positive effects on
secondary metabolites (Zhang et al., 2020). A
large number of photophysiological studies
have verified the importance of the combina-
tion of red and blue light for improving plant
growth and nutritional quality compared with
than monochromatic light in crops such as
lettuce, cucumber, soybean seedlings, and pak
choi (Chen and Yang, 2018; Ma et al., 2018;
Song et al., 2020).

There are two lighting methods for ex-
posing plants to red and blue light: the
familiar method of simultaneous lighting
and the Shigyo Method, the core concept of
which is the alternation of red and blue light
irradiation (Shimokawa et al., 2014). Alter-
nating red and blue light was shown to
significantly enhance lettuce growth when
the total intensity was the same as that under
the simultaneous irradiation with red and
blue light each day (Shimokawa et al.,
2014). In a study of different intervals of
alternating red and blue light, treatment with
an interval of 1 h was shown to be beneficial
for the accumulation of biomass, sucrose, and
starch in lettuce and promoted electric effi-
ciency and light use efficiency (Chen et al.,
2019). However, under alternating red and
blue light with intervals of 2 and 4 h, soluble
sugar and ascorbic acid levels were
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significantly increased, but the nitrate content
was decreased (Chen et al., 2017). Various
species exhibit different light-responsemodes;
nevertheless, more experiments need to be
conducted to ensure the application of optimal
red and blue light with alternating intervals.

The effects of supplementary light on
growth and health-promoting compounds in
Brassica vegetables have been reported; for
example, the spectra and intensity of supple-
mental LED illumination were associated
with the enhanced accumulation of lutein
and b-carotene in Brassicaceae microgreens
(Brazaityt_e et al., 2015). Both plant growth
and the accumulation of health-promoting com-
pounds in Chinese kale and pak choi were
increased in association with the supplemental
blue light intensity (Li et al., 2019; Zheng et al.,
2018). Epidemiological studies have shown that
the consumption of Brassicaceae vegetables
can effectively prevent cancer and cardiovascu-
lar diseases (Bjorkman et al., 2011). Pak choi
(Brassica campestris L. ssp. chinensis var.
communis) is an annual leaf vegetable belong-
ing to the Brassicaceae family that originated in
China, whose leaves are rich in nutritional and
functional health-related compounds (minerals,
vitamins, flavonoids, glucosinolates, and antho-
cyanins) (Harbaum et al., 2008). However, there
are fewer reports about growth and nutritional
quality in pak choi, especially concerning the
contents of functional compounds under sup-
plemental alternating red and blue light.

Therefore, two cultivars (green- and red-
leaf pak choi) were used in this study as test
materials and were subjected to four supple-
mental light treatments, to study the effects
on of alternating red and blue light the
growth, nutritional quality, and antioxidant
capacity of the plants and optimize the mode
of supplemental red and blue light exposure.

Materials and Methods

Plant materials and growth conditions.
The experiment was performed in an envi-
ronmentally controlled greenhouse of Chengdu
Academy of Agriculture and Forestry Sciences.
The seeds of green and red pak choi (Brassica
campestris L. ssp. chinensis var. communis)
were selected after soaking for 1 h and were
then sown in a sponge block (2 · 2 · 2 cm).
The seedlings were placed inside a growth
chamber with white (Chenghui Equip-
ment Co., Ltd, Guangzhou, China) LED
at a photosynthetically active radiation
density (PPFD) of 100 mmol·m–2·s–1. Ten
days later, seedlings with a consistent
appearance with three true leaves were
transplanted into hydroponic containers
(25 L volume and 24 seedings per con-
tainer, three replicates per treatment, total of
12 containers). The environmental conditions
were as follows: temperature 25/20 �C (day/
night), 60% to 80% relative humidity, PPFD of
ambient light in a greenhouse of 90 to 120
mmol·m–2·s–1 (12:00 AM), and watering with 1/2
Hoagland’s nutrient solution with an electrical
conductivity of 1.2 to 1.3 ds/m and pH of 5.8
to 6.0. The nutrient solution was refreshed
every 5 d.

Experimental light treatment. Twenty-
five days after transplantation, four supple-
mental light treatments were applied for 10 d
with light sources of red and blue LEDs, in
which red light (660 nm) and blue light (460
nm) were alternated at intervals of 0, 1, 2, and
4 h, with a cumulative supplemental light
time of 16 h per day (from 0600 to 2200 HR)
(Table 1). The treatments were applied in
four compartments separated from each other
with opaque tinfoil. By adjusting the distance
between the plant canopy and LEDs, the
PPFD of monochromatic light was main-
tained at 100 mmol·m–2·s–1. PPFD was mea-
sured with the spectrometer of a photometer
(Apogee SS-110, Logan, UT).

Growth measurement and sampling.After
10 d of light treatment, six fully developed
green- and red-leaf pak choi plants were
harvested. The fresh weights of shoots and
roots were measured on a balance with
0.001-g accuracy (JY2003, Shanghai,
China). After drying at 105 �C for 1 h and
70 �C for 24 h in an oven (DHG-2200B,
Zhengzhou, China), the dry weights were
measured on a balance with a 0.0001-g
accuracy (FA2004, Shanghai, China). The
fresh leaf tissues of pak choi were collected
for photosynthetic pigment measurement,
and the samples of fresh leaf tissue used for
physiological and biochemical measure-
ments were refrigerated at –80 �C in an
ultra-low-temperature freezer (DW-86L338,
Qingdao, China).

Photosynthetic pigment measurement.
Photosynthetic pigments were measured
via the extraction method with ethanol
and acetone (Gratani, 1992). A total of 0.5
g of leaf tissue was soaked in 25 mL of
absolute ethanol and acetone (v/v 1:1) until
the leaf tissue turned white, followed by
filtration into 25-mL test tubes. The filtra-
tion solution was measured at 663, 645, and
440 nm with a ultraviolet spectrophotome-
ter (MAPADA, ultraviolet-1200, Shanghai,
China).

Chlorophyll a ðmg=LÞ = 12:7·OD663

– 2:69 ·OD645

Chlorophyll b ðmg=LÞ = 22:9 ·OD645

– 4:86 ·OD663

Total Chlorophyll ðmg=LÞ = chlorophyll a

+ chlorophyll b

Carotenoids ðmg=LÞ = 4:7·OD440

– 0:27 · total
chlorophyll

Photosynthetic pigment content ðmg=gÞ
= photosynthetic pigment concentration

· extraction solution volume=0:5g

Soluble sugar measurement. The contents
of soluble sugars were measured by the
method of anthrone colorimetry (Kohyama
and Nishinari, 1991). An accurately weighed

0.5-g frozen tissue sample was placed in a
test tube, and 10 mL of distilled water was
added, followed by thorough mixing. The test
tubes were sealed with plastic film and placed
in boiling water for 30 min (repeated twice
for extraction). The solution was filtered into
25-mL volumetric flasks, the test tubes were
rinsed repeatedly, and the final volume was
brought to 25 mL with distilled water. Then,
0.5 mL of the sample solution was placed in a
20-mL graduated test tube and mixed with
1.5 mL distilled water. Next, 0.5 mL ethyl
anthrone ethyl acetate and 5 mL concentrated
sulfuric acid were added to the test tube,
which was thoroughly shaken and allowed to
cool to ambient temperature. The solution
was measured at 630 nm with a ultraviolet
spectrophotometer.

Soluble protein measurement. The soluble
protein content was measured via the Coo-
massie brilliant blue staining method
(Blakesley and Boezi, 1977). Fresh-frozen
tissue (0.5 g) was mixed with 5 mL distilled
water and fully ground into a homogenate.
The extraction solution together with the
slurry was transferred to a 10-mL centri-
fuge tube. After centrifugation at 10,000
rpm for 10 min, 0.5 mL of the sample
solution was pipetted into a test tube with
the same volume of distilled water, fol-
lowed by thorough mixing with 5 mL of
Coomassie brilliant blue G-250 staining
solution. Two minutes later, the solution
was measured at 595 nm in a ultraviolet
spectrophotometer.

Nitrate content measurement. The nitrate
content was measured colorimetrically
(Chang et al., 2013). A mixture of 0.5 g of
fresh-frozen tissue with 10 mL deionized
water was transferred to a test tube, which
was placed in boiling water for 30 min. The
extraction solution was filtered through a
funnel into a 25-mL volumetric flask, and
deionized water was added to a volume of 25
mL, after which 0.5 mL of the sample solu-
tion was mixed with 0.4 mL of 5% (w/v)
salicylic acid (in pure H2SO4) and 9.5 mL of
an 8% (w/v) NaOH solution, followed by
cooling to ambient temperature. Finally, the
absorbance of the extraction solution at
410 nm was measured with a ultraviolet
spectrophotometer.

Vitamin C content measurement. Vita-
min C content was measured colorimetrically
with 2,6-dichlorophenol indophenol (Song
et al., 2020). Two grams of fresh-frozen
tissue was ground to homogenate with 3 mL
of 2% (w/v) oxalic acid solution and placed in
a 100-mL volumetric flask. Subsequently, 1
mL of a 30% (w/v) ZnSO4 solution was
added, followed by mixing; 1 mL of 15%
(w/v) potassium ferrocyanide was added to
remove fat-soluble pigments; the solution
was then diluted to scale with a 1% (w/v)
oxalic acid solution. The sample solution was
filtered into a 100-mL volumetric flask. Four
milliliters of extraction solution were mixed
with 2 mL of 2,6-dichlorophenol indophenol
dye solution and 5 mL of xylene in the test
tube, and the tube was quickly shaken for
�0.5 min. The tube was left to sit, and xylene
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was separated from the water layer, carefully
pouring out the supernatant in a 1-mL cu-
vette. The absorbance of the sample solution
was measured at 500 nm with an ultraviolet
spectrophotometer.

Total phenolic, total flavonoid, and total
anthocyanin content measurements. The con-
tents of total phenolics (TP), total flavonoids
(TF), and total anthocyanins (TA) were mea-
sured according to the method of Pirie and
Mullins (1976). A pool of 0.5-g tissue sam-
ples were ground together with 1% (v/v)
hydrochloric acid and methanol in an ice-
water bath, and the homogenate was then
transferred to a 20-mL graduated test tube,
diluted to 20 mL with 1% hydrochloric acid
and methanol, fully mixed, extracted for
20 min in the dark, and filtered into a 20-
mL test tube. The absorbance of TP and TF
was measured at 280 nm and 325 nm,
respectively, via ultraviolet spectrophotom-
etry, and TA was measured at 530 nm and
600 nm.

Measurement of the DPPH radical
scavenging rate. The method of DPPH rad-
ical scavenging was described by Liu et al.
(2020). Fresh-frozen tissue (0.5 g) was fully
ground with absolute ethanol, the homoge-
nate was placed in a 10-mL centrifuge tube,
and the washing liquid was poured into the
centrifuge tube. The final extraction solution
was diluted to 9 mL with absolute ethanol.
After standing for 30 min, the solution was
centrifuged at 3000 rpm for 15 min, and the
supernatant was collected and stored in the
dark until use.

Ai: 2 mL 0.2 mmol/L DPPH solution +
0.5 mL extract + 1.5 mL absolute ethanol;
after 30 min, the absorbance at 517 nm
was measured as Ai.
Aj: 0.5 mL extract + 3.5 mL absolute
ethanol, the absorbance at 517 nm was
measured as Aj.
Ac: 2 mL 0.2 mmol/L DPPH solution + 2
mL ethanol; after being shaken well, the
absorbance at 517 nm was measured as Ac.
DPPH free radical scavenging rate = [1 –
(Ai – Aj)/Ac] · 100%.

Antioxidant power measurement. The de-
termination of the ferric-reducing antioxidant
power was conducted according to Dinis
et al. (1994). A 0.1-mL aliquot of the sample
solution (obtained via the same extraction
method used in determining the DPPH free
radical scavenging rate) was collected with a
pipette and mixed with 0.3 mL of absolute
ethanol, after which 3.6 mL of a tripyridyl-
triazine (TPTZ) working solution was added
(0.3 mol/L acetate buffer, 10 mmol/L TPTZ
solution, 20 mmol/L FeCl3 solution, v:v:v,

10:1:1); after mixing, reaction was allowed to
occur in a water bath at 37 �C for 10 min, and
the absorbance was measured at 593 nm.
Taking 1.0 mmol/L FeSO4 as the stan-
dard, the ferric reducing-antioxidant power
(FRAP) value was expressed in millimoles
of FeSO4 required to achieve the same ab-
sorbance.

Statistical analysis. All measurements
conducted in this experiment were performed
in three biological replicates. Significant dif-
ferences among the treatments were assessed
with SPSS 25.0 via one-way analysis of
variance followed by Duncan’s multiple test
(P < 0.05), and tables and figures were
generated with Microsoft Word 2010 and
Origin 2018.

Results

Morphology of pak choi. Significant dif-
ferences in plant morphology were observed
between green- and red-leaf pak choi (Figs. 1
and 2), and smaller plants were found in the
control group (0 h) than under the 1-, 2-, and
4-h treatments. As the time of alternating red
and blue light increased, the plant canopy of
two-leaf-color pak choi became much more
compact. The maximum leaf size was observed
in the 1-h treatment, and the minimum leaf size
was observed in the 0-h treatment. In contrast to
the 0-h time point, the color of both cultivars
was much darker under supplemental light
treatment, especially for red-leaf pak choi.

Biomass of pak choi. The biomass of two-
leaf-color pak choi was significantly affected

by the different modes of light exposure
(Table 2), resulting in a higher biomass of
green-leaf pak choi than red-leaf pak choi.
Compared with the control, the fresh and dry
weights of green- and red-leaf pak choi were
significantly increased. Under the 1-h treat-
ment interval, the highest fresh weights of the
shoots and total plants of green-leaf pak choi
increased by 211.75% and 210.54%, respec-
tively, compared with 0 h. Moreover, com-
pared with 0 h, the highest fresh weights of
the shoots, roots, and total plants increased by
202.23%, 236.76%, and 204.35%, respec-
tively, in red-leaf pak choi in the 1-h treat-
ment. However, the highest fresh weight of
roots in green-leaf pak choi under the 2-h
treatment increased by 239.78% compared
with 0 h. In the 1-h treatment, the dry weights
of the shoots and total plants were highest in
green-leaf pak choi among all treatments,
increasing by 207.35% and 202.67%, respec-
tively, compared with 0 h. Additionally, the
highest dry weights of the shoots and total
plants in red-leaf pak choi under the 1-h
treatment were increased by 204.08% and
201.85%, respectively, compared with 0 h.
The roots of green-leaf pak choi exhibited the
highest dry weight in the 4-h treatment,
increasing by 250.00% compared with 0 h,
whereas those of red-leaf pak choi showed
the highest dry weight under the 2-h treat-
ment, increasing by 220.00% compared with
0 h.

Chlorophyll and carotenoids. The highest
contents of chlorophyll a, chlorophyll b, total
chlorophyll, and carotenoids were observed
in green-leaf pak choi under the 1-h treatment
(Table 3). In contrast to the 0-h treatment, the
chlorophyll a and carotenoid contents under
the 1-h treatment were increased by 24.14%
and 36.84%, respectively. However, there

Table 1. The modes of alternating red and blue light exposure under different treatments at 0-, 1-, 2-, and 4-h intervals.

Treatment

Time intervals of alternating light exposure

Red Blue

0 h — —
1 h 0600–0700; 0800–0900; 2000–2100 HR 0700–0800; 0900–1000; 2100–2200 HR

2 h 0600–0800; 1000–1200; 1400–1600; 1800–2000 HR 0800–1000; 1200–1400; 1600–1800; 2000–2200 HR

4 h 0600–1000; 1400–1800 HR 1000–1400; 1800–2200 HR

Fig. 1. Effects on the plant canopy of green- and
red-leaf pak choi under supplemental alternat-
ing red and blue light. 0 h indicates no supple-
mental light exposure. 1 h, 2 h, and 4 h indicate
alternating red and blue light at intervals of 1, 2,
and 4 h, respectively.

Fig. 2. Effects on the morphological characteristics
of green- and red-leaf pak choi under supple-
mental alternating red and blue light. 0 h indi-
cates no supplemental light exposure. 1 h, 2 h,
and 4 h indicate alternating red and blue light at
intervals of 1, 2, and 4 h, respectively.
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were no significant differences in the chlorophyll
b and total chlorophyll contents of green-leaf pak
choi among all treatments. Generally, the chlo-
rophyll a, chlorophyll b, and total chlorophyll
contents of red-leaf pak choi were higher than
those of green-leaf pak choi. Compared with 0 h,
the contents of chlorophyll a and total chlorophyll
in red-leaf pak choi were the highest under the 1-
h treatment, increasing by 43.42% and 35.45%,
respectively, but no significant difference in
chlorophyll b was observed among the treat-
ments. In addition, the highest carotenoid content
of red-leaf pak choi was observed in the 4-h
treatment, under which it was increased by
147.83% compared with that under the 0-h
treatment.

Soluble sugar, soluble protein, nitrate,
and vitamin C. As shown in Fig. 3, there
were significant effects on the soluble sugar
(Fig. 3A), soluble protein (Fig. 3B), nitrate
(Fig. 3C), and vitamin C (Fig. 3D) contents of
both cultivars among all treatments. The
highest contents of soluble sugars in green-
and red-leaf pak choi were observed under
the 1-h treatment, increasing by 100% and
57.14%, respectively, compared with those at
0 h. The soluble sugar contents of green-leaf
pak choi were markedly higher than those of
red-leaf pak choi. With an increasing interval
time, the contents of soluble protein in two-
leaf-color pak choi gradually increased com-
pared with that at 0 h, increasing by 74.36%
and 26.98%, respectively, in the 4-h treat-
ment. The content of nitrate was progres-
sively reduced with increasing interval time,
and green-leaf pak choi exhibited a lower
content of nitrate than red-leaf pak choi. The
nitrate contents of green-leaf pak choi under
the 2- and 4-h treatments were decreased by
27.37% and 16.05%, respectively, compared

with 0 h. At the same time, the nitrate content
of red-leaf pak choi was lowest under the 4-h
treatment, which was reduced by 12.23%
compared with 0 h. The same increasing
trend of the vitamin C content was observed
with an increasing time interval in two-leaf-
color pak choi, and the highest contents were
observed under the 4-h treatment, which
increased by 12% and 90.9%, respectively,
relative to 0 h. In general, green-leaf pak choi
presented a higher vitamin C content than
red-leaf pak choi.

TP, TF, and TA contents. Compared with
the control, there was a significant impact on
the TP, TF, and TA contents of green- and
red-leaf pak choi (Fig. 4), which showed a
consistent change trend, increasing with in-
creasing interval time. The highest TP, TF,
and TA contents of green-leaf pak choi were
observed under the 4-h treatment, compared
with 0 h, which increased by 36.71%,
42.45%, and 17.17%, respectively. As shown
in Fig. 4, the TP, TF, and TA contents of red-
leaf pak choi were higher than those of green-
leaf pak choi. The TP content of red-leaf pak
choi with highest in the 2-h treatment, under
which it was increased by 22.45% compared
with 0 h; however, no significant differences
in TPs were found among the 1-, 2-, and 4-h
treatments. The contents of TF and TA in the
4-h treatment increased by 21.62% and
115.86%, respectively.

DPPH and FRAP. In contrast to the 0-h
treatment, promotion effects on the DPPH
radical scavenging rate and FRAP of green-
and red-leaf pak choi were observed under
the 1-, 2-, and 4-h treatments (Fig. 5).With an
increasing interval time, the DPPH radical
scavenging rate (Fig. 5A) and FRAP
(Fig. 5B) were increased. The largest changes

in both cultivars of pak choi were observed
under the 4-h treatment, where the DPPH
radical scavenging rate was increased by
18.12% and 25.79%, respectively, compared
with 0 h, and FRAP was increased by 24.03%
and 46.21%, respectively, compared with 0 h.

Discussion

Light signaling mediates the synthetic
pathways of auxin, cytokinin, and gibberellin
through photoreceptors, thereby regulating
plant growth, development, and leaf morphol-
ogy (Kobayashi et al., 2012; Kurepin and
Pharis, 2014). Compared with the 0-h treat-
ment, the canopy of two-leaf-color pak choi
was more compact under supplemental light
exposure (Figs. 1 and 2). It has been reported
that blue light can make the plant morphology
of cucumber, arugula, and mustard more com-
pact (Johnson et al., 2020; Song et al., 2019),
which is closely associated with shade avoid-
ance syndrome in plants. In this shade reaction,
auxin plays an important role in controlling the
angle of the leaves and is transported from the
leaf tip to the petiole (Gao et al., 2020).
Moreover, cryptochromes (CRYs) and photo-
tropins (PHOTs) mediate the movement of
auxin in a blue light–dependent manner (Kong
and Zheng, 2020; Pedmale et al., 2016). Re-
cent research has indicated that light synergis-
tically regulates plant branching by coupling
the phytochrome signaling pathway with the
strigolactone pathway to inhibit branching
(Xie et al., 2020). In this experiment, under
treatment with alternating red and blue light,
it was observed that the plant morphology
became increasingly compact with an increas-
ing interval between red and blue light expo-
sure, which was consistent with a study by

Table 2. The biomass of two-leaf-color pak choi under supplemental alternating red and blue light.

Plant type Treatmentz
Fresh wt/g Dry wt/g

Shoot Root Plant Shoot Root Plant

Green-leaf 0 h 15.49 ± 0.76 cy 0.93 ± 0.10 b 16.42 ± 0.80 c 0.68 ± 0.03 c 0.06 ± 0.006 c 0.75 ± 0.04 b
1 h 48.29 ± 2.11 a 2.70 ± 0.24 a 50.99 ± 2.21 a 2.09 ± 0.06 a 0.18 ± 0.005 b 2.27 ± 0.07 a
2 h 46.37 ± 1.83 a 3.16 ± 0.22 a 49.53 ± 1.74 a 2.05 ± 0.11 ab 0.17 ± 0.011 b 2.22 ± 0.11 a
4 h 40.59 ± 1.30 b 2.67 ± 0.25 a 43.25 ± 1.30 b 1.88 ± 0.05 b 0.21 ± 0.013 a 2.09 ± 0.06 a

Red-leaf 0 h 8.97 ± 0.42 c 0.68 ± 0.03 c 9.66 ± 0.44 c 0.49 ± 0.02 c 0.05 ± 0.002 c 0.54 ± 0.02 c
1 h 27.11 ± 2.25 a 2.29 ± 0.17 a 29.40 ± 2.40 a 1.49 ± 0.11 a 0.14 ± 0.013 a 1.63 ± 0.12 a
2 h 23.55 ± 1.04 a 2.08 ± 0.15 ab 25.63 ± 1.08 a 1.30 ± 0.07 a 0.16 ± 0.012 a 1.46 ± 0.08 a
4 h 18.21 ± 0.78 b 1.72 ± 0.15 b 19.93 ± 0.91 b 1.00 ± 0.06 b 0.11 ± 0.008 b 1.11 ± 0.06 b

zThe light treatments are as follows: 0 h indicates no supplemental light exposure. 1 h, 2 h, and 4 h indicate supplemental alternating red and blue light at 1-, 2-, and
4-h intervals, respectively.
yValues presented are mean ± SD (n = 6). Different letters among treatments represent statistically significant differences according to Duncan’s multiple test (P <
0.05).

Table 3. Effects of supplemental alternating red and blue light on chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid contents.

Plant type Treatmentz Chlorophyll a (mg/g) Chlorophyll b (mg/g) Total chlorophyll (mg/g) Carotenoids (mg/g)

Green-leaf pak choi 0 h 0.58 ± 0.05 by 0.21 ± 0.02 a 0.79 ± 0.07 a 0.19 ± 0.02 b
1 h 0.72 ± 0.03 a 0.23 ± 0.01 a 0.95 ± 0.04 a 0.26 ± 0.02 a
2 h 0.62 ± 0.03 ab 0.20 ± 0.01 a 0.82 ± 0.04 a 0.22 ± 0.01 ab
4 h 0.65 ± 0.04 ab 0.21 ± 0.01 a 0.86 ± 0.06 a 0.24 ± 0.01 ab

Red-leaf pak choi 0 h 0.76 ± 0.05 b 0.34 ± 0.04 a 1.10 ± 0.09 b 0.23 ± 0.02 c
1 h 1.09 ± 0.05 a 0.40 ± 0.02 a 1.49 ± 0.07 a 0.49 ± 0.05 a
2 h 0.97 ± 0.04 a 0.36 ± 0.02 a 1.33 ± 0.06 a 0.35 ± 0.01 b
4 h 1.07 ± 0.03 a 0.41 ± 0.01 a 1.48 ± 0.04 a 0.57 ± 0.02 a

zThe light treatments are as follows: 0 h indicates no supplemental light exposure; 1 h, 2 h, and 4 h indicate supplemental alternating red and blue light at 1-, 2-, and
4-h intervals, respectively.
yValues presented are mean ± SD (n = 3). Different letters among treatments represent statistically significant differences according to Duncan’s multiple test (P <
0.05).
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Chen et al. (2017) and may be related to the
duration of plant exposure to alternating red
and blue light. Both red and blue light promote
the elongation of stems and petioles, but blue
light has a stronger influence than red light
(Johnson et al., 2020). The length of the petiole
and the stem length of lettuce reached their
maximum levels under intermittent red and

blue light exposure with intervals of 6 and 1 h
(Shimokawa et al., 2014). Red and blue light
promote leaf expansion, and alternating red
and blue light exposure contributes to elongat-
ing the leaves of lettuce (Ohtake et al., 2018).
The results showed that the leaves of both
cultivars of pak choi were larger under sup-
plemental alternating red and blue light than

they were at 0 h (Fig. 2), and the largest leaves
were observed under the 1-h treatment; larger
leaves capture more light energy to increase
the net photosynthetic rate, resulting in the
highest biomass of two-leaf-color pak choi
under the 1-h treatment (Table 2). According
to previous research, compared with simulta-
neous irradiation with red and blue light,

Fig. 3. Effects on the (A) soluble sugar, (B) soluble protein, (C) nitrate, and (D) vitamin C contents of two-leaf-color pak choi under supplemental alternating red
and blue light. The values indicated by different letters among treatments represent statistically significant differences according to Duncan’s multiple test at
P < 0.05 (n = 3).

Fig. 4. Effects on the (A) total phenolic, (B) total flavonoid, and (C) total anthocyanin contents of two-leaf-color pak choi under alternating supplemental red and blue light. The
values indicated by different letters among treatments represent statistically significant differences according to Duncan’s multiple test at P < 0.05 (n = 3).
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alternating red and blue light promotes the
growth of lettuce, especially at 22 to 31 d
(Ohtake et al., 2018), suggesting a significant
effect of alternating irradiation on plants in the
later cultivation period. In addition, it was
shown that with the exception of consistent
irradiation with red and blue light, the fresh
and dry weights of lettuce under alternating
red and blue light exposure were highest with
an interval of 1 h vs. 2, 4, and 8 h (Chen et al.,
2019), which was consistent with the results of
the present study.

Plants mainly absorb and use visible light
with wavelengths of 400 to 700 nm (Landi
et al., 2020). Light signaling controls a vari-
ety of physiological and biochemical pro-
cesses by driving photosynthesis. The peak
absorption values of photosynthetic pigments
in plant leaves under illumination with red
and blue light have been reported (Zheng
et al., 2018). Red and blue light are associated
with differences in the synthesis of chloro-
phyll. Red light is beneficial to the synthesis
of chlorophyll, but blue light is not conducive
to the accumulation of chlorophyll and is
instead beneficial for increasing the ratio of
chlorophyll a to chlorophyll b (Landi et al.,
2020). The chlorophyll a and total chloro-
phyll contents of lettuce under alternating red
and blue light are higher with a 1-h interval
than a 4-h interval (Chen et al., 2019). Our
experiment showed that the contents of chlo-
rophyll a, chlorophyll b, and total chlorophyll
in green- and red-leaf pak choi under supple-
mental alternating red and blue light were
significantly higher than those at 0 h, with no
significant differences among the 1-, 2-, and
4-h treatments, but the total chlorophyll con-
tent was slightly higher in the 1-h treatment
(Table 3). Studies have reported that contin-
uous exposure to monochromatic blue light
might have negative effects; for example,
photosynthetic pigments may be reduced due
to chloroplast escape reactions and damage to
mesophyll cells (Landi et al., 2020). There-
fore, under exposure to light sources of dif-
ferent quality after an appropriate interval
(alternating red and blue light), it is possible
that exposure to monochromatic red and blue
light maximizes light utilization without neg-
ative impacts. Carotenoids are active antiox-

idant substances that not only are beneficial
phytochemicals for human health (Britton,
2020; Watkins and Pogson, 2020) but also take
part in photosynthetic system II as auxiliary
pigments by absorbing excess light energy and
transferring to the photosynthetic reflection cen-
ter (Hoffmann et al., 2016). In addition, the
xanthophyll cycle reduces damage in the plant
light protection system (Llorente et al., 2017). In
this study, the carotenoid contents of two-leaf-
color pak choi were higher under irradiation with
alternating red and blue light than at 0 h of
treatment. The carotenoid content of green-leaf
pak choi was not significantly different after 1, 2,
or 4 h of treatment, whereas the carotenoid
content of red-leaf pak choi was highest after
4 h of treatment (but was not significantly
different from that after 1 h), seemingly indicat-
ing that the regulation of carotenoids was species
specific in response to light.

Soluble sugars, soluble protein, nitrate,
and vitamin C are important indicators for
evaluating the taste, safety, and nutritional
value of vegetables. Compared with the con-
trol, this study showed that the contents of
soluble sugars in both cultivars were signif-
icantly increased under alternating red and
blue light (Fig. 3A). Red light promotes the
process of carbohydrate synthesis and upre-
gulates the expression of related genes (Yuan
et al., 2020). Blue light promotes the degra-
dation of guard cell starch into soluble sugars,
which depends on the PHOT1/PHOT2 sig-
naling pathway cascade (Horrer et al., 2016).
The accumulation of sucrose and starch in
lettuce is enhanced by alternating red and
blue light with an interval of 1 h (Chen et al.,
2019). The results of the present study also
show that the soluble sugar contents of green-
and red-leaf pak choi in the 1-h treatment
were higher than those in the other treat-
ments, whereas the contents of soluble pro-
tein (Fig. 3B) and vitamin C (Fig. 3D)
increased gradually with an increasing time
interval, whereas nitrate contents decreased
(Fig. 3C). The level of nitrate is mainly
affected by two factors: light and nitrogen
fertilization (Nicole et al., 2018). Red light
and blue light can alter the activities of nitrate
reductase and nitrite reductase, thereby re-
ducing the concentration of nitrate (Nicole

et al., 2018). Nitrate is transported, assimilated,
and subsequently reduced to amino acids under
catalysis by enzymes (Wang et al., 2018), pro-
viding substrates for the synthesis of soluble
proteins. In addition, the precursor of the phenyl-
propane metabolic pathway is phenylalanine,
which may provide a nitrogen source for the
synthesis of TP, TF, andTA, leading to increases
in their respective contents. The results showed
that an increase in soluble sugars was accompa-
nied by a decrease in nitrate content because the
absorption and transportation of nitrate require
energy fromadenosine triphosphate produced by
photosynthesis and respiration (Wang et al.,
2018). In summary, it is possible to provide
substrates and energy for the synthesis of these
metabolites via the consumption of soluble
sugars and nitrate, contributing to increases in
soluble protein, vitamin C, TP, TF, and TA.

TP, TF, and TA are active antioxidant
compounds with health benefits to humans
that act as defensive phytochemicals in plants
(Harbaum et al., 2008), reducing the damage
caused by abiotic stress and increasing ultra-
violet tolerance under ultraviolet radiation
(Moreira-Rodríguez et al., 2017; Taulavuori
et al., 2018). The accumulation of TP, TF,
and TA is affected by light quality, intensity,
and exposure duration, and the contents of
TP, TF, and TA in two-leaf-color pak choi
were found to be significantly higher than
those at 0 h in our experiment (Fig. 4). Within
the range of visible light, blue light has the
greatest impact on the metabolism of phenyl-
propane (Landi et al., 2020), and a large
number of studies have reported that blue
light promotes the synthesis of TP, TF, and
TA in crops such as lettuce (Kitazaki et al.,
2018), Chinese kale (Li et al., 2019), and pak
choi (Zheng et al., 2018). In Arabidopsis hy4
mutants (cry1), it was found that the accu-
mulation of anthocyanins decreased and that
the mRNA expression of the core CHS
(chalcone synthase), CHI (chalcone isomer-
ase), and DFR (dihydroflavonol reductase)
genes of the phenylpropane metabolism path-
way mediated by blue light was downregulated
(Jackson and Jenkins, 1995). Although red light
has no positive effect on the metabolism of
phenylpropane in most cases, some phenolic
compounds are dependent on red light in some

Fig. 5. Effects on (A) 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging rate and (B) ferric reducing-antioxidant power (FRAP) in two-leaf-color pak choi
under alternating supplemental red and blue light. The values indicated by different letters among treatments represent statistically significant differences
according to Duncan’s multiple test at P < 0.05 (n = 3).
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special cases. For example, red light increases
the synthesis of polyphenols in green basil
(Landi et al., 2020), and the contents of phenolic
compounds and total flavonoids are increased by
continuous red light exposure in tomato fruits
(Panjai et al., 2019). In this study, green- and red-
leaf pak choi showed no significant differences
in TP and TF among the 1-, 2-, and 4-h
treatments, but the highest contents were ob-
served under the 4-h treatment. The TA content
of green-leaf pak choi exhibited no significant
differences among the 1-, 2-, and 4-h treatments,
whereas red-leaf pak choi showed a higher TA
content in the 4-h treatment than in the other
treatments, which was possibly related to the
species-specific response and the longer interval
between red light and blue light. The longer the
duration of alternating red light and blue light
irradiation, the more beneficial it was to the
synthesis of TA.

Antioxidant compounds at low concentra-
tions protect biomolecules (soluble sugars, pro-
teins, nucleic acids, and polyunsaturated lipids)
from oxidative damage through free radical-
scavenging reactions (Bendary et al., 2013).
Because the metabolic pathways of various
phytochemicals in plants are relatively compli-
cated, the DPPH free radical scavenging rate
and FRAP are important reference indica-
tors for measuring the antioxidant capacity
of plants (Zheng et al., 2018). Both the
DPPH free radical scavenging rate and the
FRAP antioxidant capacity were the highest
after 4 h of treatment (Fig. 5), which was
consistent with the trends observed for vi-
tamin C, TP, and TF. The antioxidant ca-
pacity of two-leaf pak choi was closely
associated with health compounds, result-
ing in the highest antioxidant capacity under
the 4-h treatment in this work.

Conclusion

Significant effects on the morphology,
biomass, and nutritional quality of two-leaf-
color pak choi were observed under supple-
mental alternating red and blue light. The
production of green-leaf pak choi was higher
than that of red-leaf pak choi, but its nutrition
quality was lower than that of red-leaf pak
choi. A 1-h interval of alternating red and
blue light was most effective for improving
morphological regulation and the accumula-
tion of biomass and soluble sugars in pak
choi. Soluble protein and TA contents were
strongly increased by alternating red and blue
light with a 4-h interval, and a decrease in
nitrate was simultaneously observed. As a
result, this study suggests a strategy of sup-
plemental illumination to improve the growth
and nutritional quality of plants.
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