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Abstract

Different light spectra from light-emitting diodes (LEDs) trigger species-specific adaptive responses in plants. We exposed
Artemisia argyi (A. argyi) to four LED spectra: white (the control group), monochromatic red light (R), monochromatic blue
light (B), or a mixture of R and B light of photon flux density ratio is 3 (RB), with equivalent photoperiod (14 h) and light
intensity (160 pmol s~ m~2). R light accelerated photomorphogenesis but decreased biomass, while B light significantly
increased leaf area and short-term exposure (7 days) to B light increased total phenols and flavonoids. HPLC identified
chlorogenic acid, 3,5-dicaffeoylquinic acid, gallic acid, jaceosidin, eupatilin, and taxol compounds, with RB and R light
significantly accumulating chlorogenic acid, 3,5-dicaffeoylquinic acid, and gallic acid, and B light promoting jaceosidin,
eupatilin, and taxol. OJIP measurements showed that B light had the least effect on the effective quantum yield ®PSII, with
higher rETR(II), Fv/Fm, qL and Plabs, followed by RB light. R light led to faster photomorphology but lower biomass than
RB and B lights and produced the most inadaptability, as shown by reduced ®PSII and enlarged ®NPQ and ®NO. Overall,
short-term B light promoted secondary metabolite production while maintaining effective quantum yield and less energy
dissipation.
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Introduction

Agriculture production techniques are always being updated
and enhanced as human society progresses. Among them,
light has a significant impact on the development, productiv-
ity, and quality of crops (Dou et al. 2017). It is challenging
to meet the needs of modern agriculture using traditional
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natural light because it is generally constrained by variables
like climate, season, and weather. As a new kind of artifi-
cial light source, LED (Light Emitting Diode) lights have
gradually grown in significance in contemporary agricul-
ture. With the ability to regulate light quality, irradiance,
and photoperiod, LEDs offer the advantage of being able to
create ideal growth conditions for crops, resulting in high
efficiency, low consumption, high yield, and high quality
(Guimara et al. 2022). Various types of lights might have
distinct effects. Among the different light wavelengths, blue
light (425-490 nm) and red light (610—720 nm) are the main
spectra absorbed by the chlorophyll in plant cells (Bartucca
et al. 2020; Pacheco et al. 2016).

The morphological, physiological, and biochemical char-
acteristics of plants are significantly influenced by the varied
wavelengths of LEDs (Demir et al. 2023). Blue light pro-
moted lateral stem growth and increase the total leaf area
(Chen et al. 2019), but it also reduced the net photosynthetic
rate (Pn) of many species, such as chrysanthemum plantlets
(Kim et al. 2004), Withania somnifera (L.) plantlets (Lee
et al. 2007). In addition, blue light has been shown to induce
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physiological activities in cucumber, such as stomatal open-
ing and chloroplast movement through phototropes (Wang
et al. 2009). Conversely, red light has been found to promote
taller plant heights and smaller leaves in tomato seedlings
and lettuce (Lin et al. 2013; Nanya et al. 2012).

Artemisia argyi (A. argyi), a perennial herbaceous plant
belonging to the Asteraceae family, is widely distributed
in China and has been traditionally used for the treatment
of various ailments, including dysmenorrhea, diarrhoea,
malaria and inflammatory processes. Its medicinal character-
istics are attributed to its active ingredients, including vola-
tile oil, terpenes, flavonoids and phenolic acids (Cui et al.
2022). Moreover, recent studies have shown that moxibus-
tion, a medicinal product made from A. argyi leaves, played
a crucial role in the prevention and treatment of Corona
Virus Disease 2019 (COVID-19) (Teng et al. 2020) and
the prognostic treatment of splenic and pulmonary weak-
ness during the convalescence (Wang et al. 2022). There-
fore, research on A. argyi focuses mostly on the analysis of
medicinal ingredients and the identification of their func-
tions. However, limited research has been conducted on the
effects of long-term continuous LED light exposure on the
growth, development, and medicinal properties of A. argyi.

Metabolic profiling has proven to be a powerful tool for
gaining insights into functional biology. For instance, blue
light induced higher levels of anthocyanin accumulation
in red lettuce, strawberry fruit and grape (Li et al. 2017;
Samuoliene et al. 2012; Saure 1990); as well as increase the
contents of chlorogenic acid, gallic acid, ferulic acid, and
other phenolic substances in pea seedlings (Liu et al. 2016).
Moreover, red light mainly promotes stem growth by regu-
lating gibberellin biosynthesis in “Manicure Finger” (Vitis
vinifera L.) grape plantlets (Li et al. 2017), and exposure
to both red and blue light (RB) for three months stimulated
carotenoid biosynthesis, which is a sign of a slower decay
of product compounds after harvest in tomatoes (Appolloni
et al. 2023). Although several studies have focused on the
effect of light environments on crop yield and quality, lim-
ited research has been conducted on the dynamic responses
of growth and metabolism to long-term continuous light
exposure (Van Gestel et al. 2005a, b). Therefore, the pre-
sent study aims to determine the dynamic changes of the
total flavonoids (TF) and phenols (TP) in A. argyi. High-
performance liquid chromatography (HPLC) will be used to
identify and quantify critical compounds, including chloro-
genic acid, 3,5-dicaffeoylquinic acid, gallic acid, jaceosidin,
eupatilin, and taxol triterpenes.

Chlorophyll fluorescence is a probe of photosynthesis
in vivo, which is significantly affected by Photosystem II
(PSID) and its electron transfer process (Evans et al. 2017).
All oxygenic photosynthetic material investigated so
far using this method shows the polyphasic rise with the
basic steps from the ‘origin’ (O) through two ‘inflections’
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(designated as J, and I) to a ‘peak’ fluorescence level (P)
(Strasser et al. 2004). Photochemical reactions consume
most of the energy, making them highly sensitive to various
stress conditions and thus useful for assessing the photosyn-
thetic capacity of various plants (Petcu et al. 2014; Wang
et al. 2010). In chrysanthemum and three ornamental potted
plants, blue light resulted in the highest Fv/Fm and ®PSII
(Zheng and Van Labeke 2017). In potato seedings, blue and
red light resulted in the Fv/Fm, ®PSII, qL and rETR(II)
increased and decreased, respectively (Chen et al. 2021).
However, in Eutrema salsugineum callus cells, Fv/Fm and
@OPSII under red light were significantly higher than those
under blue light (Pashkovskiy et al. 2018), suggesting that
the effects of light quality on different species cannot be
generalized. Therefore, we will use chlorophyll fluorescence
parameters as a probe to reveal the photosynthetic mecha-
nisms of A. argyi under different LED light conditions.

Materials and methods
Plant materials

Healthy, fresh shoot stems (approximately 5-10 cm in
length) of Artemisia argyi (A. argyi, family Asteraceae) were
collected from Henan Province, China. After removing the
leaves, stems were washed thoroughly under running water
for 1 h. The explants were then transferred into a sterile
culture bottle and immersed in 75% (v/v) ethanol solution
for 30 s, followed by soaking in 0.1% (w/v) HgCl, for 3 min
on a clean bench (SW-CJ-2D, Suzhou Purification Equip-
ment Co., Ltd). Finally, the stems were washed 5 times with
sterilized distilled water to remove the residual sterilant. The
disinfected shoot stems, which were cut into small segments
(0.5-1.0 cm) with axillary buds, were used as explants for
in vitro adventitious root induction.

Basal media and culture conditions

The explants were cultured in adventitious root induction
medium based on 1/2 MS basal medium (Murashige and
Skoog 1962), fortified with 6.8 g-L ™! agar and 30 g-L™!
sucrose. The pH of the media was adjusted to 5.8 with
1 N NaOH or 1 N HCI and then autoclaved at 121 °C
and 105 kPa for 20 min. The cultures were cultivated at
25+2 °C under a 14 h photoperiod with a light intensity of
160 pmol s~ m~2 (Xiamen Rural Hui Photoelectric Technol-
ogy Co. Ltd.). All chemicals and reagents mentioned above
were analytical grade and purchased from Sigma Chemical
Company, USA.

A. argyi seedlings were grown under white fluorescent
lamps until the emergence of 3—4 true leaves, then exposed
to 21 days of different LED light treatments. These included
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white LED light (White, as the control group), blue light (B)
with a maximum intensity at 455 nm, red light (R) with a
maximum intensity at 660 nm, and a combination of red and
blue light (R/B light photosynthetic photon flux density ratio
is 3, RB). The light intensity and spectral distribution were
measured using SpectraPen LM 510-H/UVIS (The Czech
Republic) (Fig. 1).

Growth parameters

The plant height, adventitious root number (excluding
fibrous roots), and root length were measured after 7, 14,
and 21 days of culture. Meanwhile, after 21 days of con-
tinuous light exposure, the leaf area was measured using
Image J software. The aboveground part of A. argyi was har-
vested from 4 individuals per replicate and weighed for fresh
weight. The samples were then oven-dried at 80 °C until a
constant mass was achieved to determine dry weight (g).

Total flavonoids and phenols

After 7, 14 and 21 days of culture, 200 mg leaves were taken
as samples and ground into powder in liquid nitrogen to
determine the contents of TF and TP, respectively. The TF
content was determined using the protocols of Prochazkova
etal. (2011) by the NaNO,—Al(NO;);—NaOH method, which
was slightly improved. Rutin was used as the standard. The
absorbance at 510 nm was measured by a Scandrop spec-
trophotometer (Analytikjena, Germany). The yield of TF
was calculated.

The TP content was determined using Folin-Ciocalteu’s
(Ferreira et al. 2017) reagent according to previous proto-
cols, which was slightly improved. Gallic acid was used as
the standard. The absorbance at 765 nm was measured by a
Scandrop spectrophotometer (Analytikjena, Germany). The
yield of TP was calculated.
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Fig.1 Relative spectral distribution of the LEDs and white light.
Control: White light; B: Blue light; RB: the mixture of blue light and
red light with a ratio of 3; R: Red light

HPLC analysis

After 7 days of culture, 200 mg samples were ground into
powder in liquid nitrogen. The extraction was performed
with 70% (v/w) ethanol overnight. The samples were then
sonicated by ultrasonic homogenizer at 300W, for 30 min
(Ningbo Science Biotechnology Co., Ltd., SCIENTZ-
IID, China). Impurities were removed by centrifugation
(BECKMAN COULTER, Life Sciences, USA) at 4 °C,
10,000xg. The supernatant was evaporated to dryness by
freeze dryer (Ningbo Science Biotechnology Co., Ltd.,
SCIENTZ-IID, China) and dissolved in 1 mL chromato-
graphic grade methanol.

The phenolic content (chlorogenic acid,
3,5-dicaffeoylquinic acid, gallic acid), flavonoids (jace-
osidin, eupatilin) and diterpene alkaloids (Taxol) were
analysed by Ultimate-3000HPLC (Thermo Fisher Scien-
tific, Massachusetts, USA) with a C18 analytical column
(Gemini 150 x 2.0 mm, particle size 3 pm; Phenomenex).
The analytical conditions were optimized and validated
as follows.

The mobile phase was 0.5% acetic acid in water (a) and
acetonitrile (b). The gradient program was started with
10%b until 15 min, and changed to obtain 20%, 40%, 50%,
90%, 90%, 10% at 20, 30, 40, 47,55 and 56 min, respec-
tively. The injection volume was 20 pL and the flow rate
was 0.8 mL/min. The chromatograms were registered at
241 nm (taxol), 299 nm (gallic acid), 326 nm (chlorogenic
acid, 3,5-dicaffeoylquinic acid), and 346 nm (jaceosidin,
eupatilin). The peaks were confirmed using commercial pure
standards (Aladdin, China). Data integration and analysis
were performed using MassHunter Workstation software.

Chlorophyll fluorescence

The Fluorpen FP110 (Czech Republic), was used to meas-
ure the chlorophyll fluorescence-related parameters in
leaves. The third fully expanded leaves was dark adapted
with leaf clips for 20 min. The fluorescence was induced
by visible light with a wavelength of 455 nm. Flashpulse,
superpulse and actinicpulse were set to 0.03 pmol-m™-s~!,
1600 pmol-m~-s~! and 160 pmol-m~2s~!, respectively. The
fluorescence parameters used in this paper are calculated
according to the formula in Table 1. OJIP curves need to
be standardized to eliminate the influence of unnecessary
factors, such as leaf thickness, pigments, and leaf surface

appendages, on curve differences.

Vt = (Ft — Fo)/(Fp — Fo)

AVt = (Vt Vit

—treatment —control )
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Table 1 OJIP-test parameters used for analysis of chlorophyll fluorescence transient

Parameter Formula Definition

Fo Measured the initial fluorescence

Fj Measured the instantaneous fluorescence at 2 ms

Fi Measured the instantaneous fluorescence at 60 ms

Fp=Fm Measured Fm, the maximum fluorescence

Fm’ Measured Maximum relative fluorescence under illumination

F Measured Fluorescence yield measured briefly before application of a Saturation Pulse

NPQ Fm/Fm'-1 Nonphotochemical quenching

qL (Fm'-F)/(Fm’-Fo)-Fo/F Fraction of PSII centers that are ‘open’

Fv/Fm (Fm-Fo)/Fm Maximum quantum yield for PSII

Plabs Measured Performance index (potential) for energy conservation from photons absorbed
by PSII to the reduction of the intersystem electron acceptors

OPSII (Fm'-F)/Fm’ Effective quantum yield of PSII

ONPQ F/Fm'—F/Fm quantum yield of regulated non-photochemical energy dissipation in PSII

ONO F/Fm quantum yield of non-regulated non- photochemical energy dissipation in PSII

rETRI) PAR -®PSII - 0.84 - 0.5 Relative rate of electron transport estimated from fluorescence parameters

where Ft is the amplitude of the OJIP curve corresponding
to time t. Vtis the amplitude of the standardized OJIP curve;
AVt is the difference between the OJIP curve of the stand-
ardized treatment group and the White group.

Statistical analysis

Data are reported as the means + SDs, biochemical indices
were determined by three biological repetitions and three
technical repetitions, the average value of each test trial was
analysed by one-way ANOVA, and Dunnett's T3 multiple
comparison or Duncan multiple range test was used for
significant difference analysis at P <0.05 using GraphPad
Prism 9 (GraphPad, San Diego, CA, United States). In the
figures, *, **, *%*¥ and **** indicate significant differences
at the 0.05, 0.01, 0.001 and 0.0001 levels of confidence,
respectively, while no label indicates no significance.

Results
Growth parameters

The results showed that there were no significant differences
in root number between the B, RB and R lights on the 7th
and 14th days (8.17 cm and 10.67 cm for B; 8.50 cm and
10.33 cm for RB; 9.50 cm and 9.83 c¢m for R), but all were
significantly higher than the control group (4.08 cm and
6.83 cm, respectively). On the 21st day, the R light treatment
had the highest number of roots (24.00 cm), followed by the
RB light treatment (18.17 cm), while the B light treatment
(12.67 cm) and control (14.17 cm) did not show significant
differences (Fig. 2a).
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In terms of root length, R light had an immediate effect
on promoting root elongation (2.14 cm) on the 7th day. How-
ever, on the 14th day, no differences were observed between
lighting treatments and the control group. On the 21st day,
both R and RB light had a positive effect on root length, with
the largest root length observed in these treatments (5.58 cm
and 5.55 cm, respectively) compared to the control group
(4.93 cm) (Fig. 2b).

In terms of plant height, there were no observable dif-
ferences between the lighting treatments and the control on
the 7th day. On the 14th day, the plant height of R (3.46 cm)
and RB light (3.13 cm) was higher than that of B light
(2.28 cm) and the control (2.40 cm). On the 21st, the plant
height under R light (6.38 cm) was the largest, followed by
RB light (5.19 cm) and the control (4.03 cm), while the plant
height under B light (2.82 cm) was the smallest (Fig. 2c, e).

In terms of leaf area, all lighting treatments increased
the leaf area, B light (3.99+0.43 cm) being the most
effective, followed by R (3.40+0.31 cm) and RB light
(3.23+0.18 cm) (Fig. 2D). The fresh weight of lighting treat-
ments all were higher than that of the CK (10.25 +0.20 g),
but the dry matter concentration was the lowest under R
light (16.47 +1.12%), and there was no significant difference
between RB (14.68 +0.93%), B light (16.47 +1.12%) and
the CK (15.13+0.70%) (Fig. 3).

Total flavonoids and phenols

Biochemical analysis showed significant differences among
treatments in the case of TF and TP content. In terms of
TF, on the 7th day, the B light treatment had the highest
content (5.354+0.57 mg g~ FW), which was much higher
than that of the control group (1.57+0.17 mg g~' FW),
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Fig.3 Fresh weight and dry matter concentration of the aboveground
portion on the 21st day. Different letters indicate significant difference
using the Duncan’s Multiple Range Test (p <0.05)

followed by the R light treatment (1.38 +0.31 mg g~' FW).
Subsequently, the TF under B light (2.70 +0.05 mg g~! FW)
continuously decreased with time, eventually reaching the
same as the CK (2.36 +0.10 mg g~' FW).

The RB light treatment did not result in any significant
difference and consistently had no difference from the CK
(see Fig. 4a).

On the 7th day, the TP content was found to be highest
in the B light group (0.25+0.02 mg g~' FW), which was
0.17 mg higher than the control group (0.08 +0.01 mg g~!

FW). Subsequently, TP content decreased continuously with
the increase in cultivation time. Neither the R nor the RB
light conditions showed any stimulatory effect on TP accu-
mulation. The TP accumulation level in all three treatment
groups reached its minimum at 21 days (Fig. 4b).

HPLC analysis

The quantitative results of each substance are shown
in Table 2. The content of phenols (chlorogenic acid,
3,5-Dicaffeoylquinic acid and gallic acid) significantly
increased under RB (186.70 +2.30; 252.29 +2.10 and
38.36+1.02 pug g~ !, respectively) and R (185.93 +4.45;
185.52+0.98 and 36.73 +0.55 pg g~ ', respectively), both
of which were higher than that of the CK (106.66 +0.10;
86.66+1.31 and 24.30+0.56 pg g~', respectively), followed
by B (151.77+1.81; 11420+ 1.57 and 23.61 + 1.41 pg g,
respectively).

The content of flavonoids (jaceosidin, eupatilin)
increased most significantly under B light (132.34 +1.84;
95.82+1.54 pug g™, respectively), followed by R light
(95.27 +2.16; 84.26 +2.31 pg g, respectively), RB
light (94.37 £0.64; 72.42 +2.01 pg g~!, respectively),
and the lowest content was in the CK (52.72+1.09;
61.66+0.73 pg g~!, respectively). The content of taxol was
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Table2 Compounds

. . Compounds White B RB R

determined by HPLC in leaves

(hgg™ Chlorogenic acid 106.66 +0.10° 151.77+1.81° 186.70 +2.30° 185.93 +4.45
3,5-Dicaffeoylquinic acid 86.66+1.314 114.20+1.57¢ 252.29 +2.10% 185.52+0.98°
Gallic acid 24.30+0.56° 23.61+1.41° 38.36+1.02° 36.73+0.55*
Jaceosidin 52.72+1.09° 132.34+1.84° 94.37 +0.64° 95.27 +2.16°
Eupatilin 61.66+0.73¢ 95.82+1.54* 72.42+2.01° 84.26+2.31°
Taxol 58.13+0.54° 68.82+1.32° 62.11+0.97° 57.56+1.67°

Values are the mean +s.d. of three independent experiments. Different letters in each column represent sig-
nificant differences using analysis of variance followed by Duncan test

significantly increased in the B light (68.82+1.32 pg g7"),
followed by RB light (62.11+0.97 pg g™, and the content
in the R light (57.56+1.67 pug g~') was not significantly
different from the CK.

Figure 5 shows HPLC chromatograms of the six tested
medicinal ingredients. Taking the maximum absorption
wavelength of jaceosidin and eupatilin, i.e., 346 nm as the
detection wavelength.

Chlorophyll fluorescence

Figure 6A—C displays the chlorophyll fluorescence kinetic
curves of the 7th, 14th and 21st days, respectively. Only
under B light, Fo and Fp (Fm) was equal to that of the CK
on the 14th day. In all other treatments, Fo and Fp (Fm) was
lower than that of the CK (Fig. 7). R light led to a significant
increase in the K-phase relative variable fluorescence (Vk)
and J-phase relative variable fluorescence (Vj) on the 7th
(Fig. 6d, g) and 21st day (Fig. 6f, i). Under B and RB light
conditions, chlorophyll fluorescence was consistently lower
than that of the CK (Fig. 6a—i).

Compared to the control group (CK), the ®PSII of each
lighting treatment decreased to varying degrees, with the
smallest decrease observed under B light and the largest
decrease observed under R light (Fig. 8a). ®NPQ in each
lighting treatment increased significantly, with the most
significant increase (0.4564) observed under R light on
the 7th day compared to the CK (0.1514). Within 21 days,

@ Springer

®NO in each lighting treatment gradually increased, with R
(0.27 £0.02) and RB (0.25 +0.02) lights showing the larg-
est increase, both higher than that of the CK (0.21 +0.03),
followed by B light (0.21 +0.02). There was a significant
positive correlation between rETR(II) value and ®PSII. On
the 7th day, rETR(II) of each lighting treatment decreased
significantly compared to the CK (Fig. 8b).

The NPQ gradually increased over time and peaked on
the 21st day. The largest increase was observed under R
light (1.197 +0.05), followed by RB light (1.168 +0.06),
while the smallest increase was observed under B light
(0.73 £0.08), and all were higher than the CK (0.56+0.01).
Similarly, the qL value gradually increased, with the larg-
est increase observed under B (0.73 +0.03) and RB
(0.72 £0.00) light, followed by R light (0.68 +£0.01), all of
which were higher than the CK (0.49 +0.04). In terms of
Fv/Fm, R light was lower than the CK consistently, and no
significant difference was observed between RB, B light and
the CK on the 7th, 14th and 21st day, respectively (Fig. 9).

Discussion

LEDs, as a dual tool for both research and application of
plant photobiology, greatly enrich the content of plant photo-
biology and expand the methods of regulating light environ-
ments. This study investigated the effects of different LED
wavelengths and their combinations on the growth, major
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Fig. 5 High-performance liquid chromatography of secondary metab-
olites in leaves at 346 nm under four LEDs (a white light; b B light;
¢ RB light; d: R light) for 7 days. Peak 1: Chlorogenic acid; Peak 2:

quality parameters, and chlorophyll fluorescence character-
istics of A. argyi.

Photosynthetic pigments strongly absorb R and B lights,
making them effective for photosynthesis and thus promot-
ing the growth and development of plants. The results indi-
cate that R light had the most significant effect on accel-
erating light morphogenesis, as evidenced by increases in
root number, root length, and plant height, followed by RB
light (Fig. 2a—c). Related research has shown that R light
accelerates photomorphogenesis (Kim et al. 2004; Li et al.
2017; Wang et al. 2016). However, the effect of R light on
stem elongation seems inconsistent, as some studies sug-
gest that monochromatic R light can inhibit elongation in
certain plants (Heo et al. 2002). B light had a significant
inhibitory effect on plant height, especially on the 21st day
(Fig. 2c, e), while it had the greatest promoting effect on
leaf area (Fig. 2d, e). B light inhibits stem elongation and
promotes leaf elongation, which has been demonstrated in
many species, such as basil plants (O. basilicum) (Hosseini
et al. 2019), which is mainly due to the interaction between
the B light receptor and photosensitive pigment (Saebo et al.
1995).

Fresh and dry weight are important growth parameters.
Previous studies have shown that R light can be detrimen-
tal to dry matter accumulation. For example, in broccoli, R
light promoted dry matter accumulation more than B and RB
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3,5-Dicaffeoylquinic acid; Peak 3: Gallic acid; Peak 4: Jaceosidin;
Peak 5: Eupatilin; Peak 6: Taxol

light (Demir et al. 2023). In ‘Green Oak Leaf’ lettuce, bio-
mass from R was higher than those from RB, while biomass
from B was the lowest (Kwack et al. 2015). However, some
studies have found contrasting results, such as Brown et al.
(1995), found that biomass under R light was lower than that
under B light in pepper. Yorio et al. (2001) showed that dry
matter accumulation under R light was lower than that under
RB light in lettuce. Similarly, in our study, R light caused
a significant decrease in dry matter concentration (Fig. 3),
which may be related to excessive growth rates under R light
that are not conducive to dry matter accumulation.

In the present work, the content of TF and TP were deter-
mined over a period of 21 days. The significant increase in
TF and TP mainly occurred within 7 days under B light,
but the levels significantly decreased thereafter (Fig. 4). In
contrast, there was no noticeable enhancement in TF and
TP levels under RB and R lights. Numerous studies have
shown that there are significant species differences in the
adaptability of plants to continuous R and B light. (Chu et al.
2022; Xu et al. 2014). While some plants are capable of tol-
erating continuous light to improve their yield and quality,
others produce adverse effects, hindering their growth and
development (Van Gestel et al. 2005a, b; Zhou et al. 2013).
The present results demonstrate that B light is an effective
promoter of metabolites in diverse plant species, but for A.
argyi, it is limited to short-term irradiation.
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The contents of chlorogenic acid, 3,5-dicaffeoylquinic
acid, and gallic acid were found to be higher under RB
and R light conditions compared to B light (Fig. 5). This
is consistent with the findings of Alrifai et al. (2019),
who suggested that R light is more effective than B light
in promoting chlorogenic acid synthesis through a cryp-
tochrome-mediated pathway. However, in species such as

@ Springer

Fragaria vesca (woodland strawberry) and pea (Pisum
sativum L.), B light upregulates the synthesis of chloro-
genic acid and gallic acid, respectively (Chen et al. 2020;
Liu et al. 2016), which presents a clear species specific-
ity. This study is the first to explore the effects of LEDs
on the contents of the above three substances. Addition-
ally, B light could significantly increase the contents of
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jaceosidin, eupatilin, and taxol in the short term, i.e.,
7 days.

The shape of the OJIP transient has been found to be sen-
sitive to various stress factors, such as excess light, tempera-
ture, and drought, among others (Thach et al. 2007). In the
present study, the fluorescence kinetic curve shows a typical
polyphase OJIP rise, indicating that the photosynthetic units
remained highly active even under limited light wavelengths
(Fig. 6a—c). The increase in Vk and Vj are indication of
limited electron flux resulting from the accumulation of PSII
acceptors (QA and QB, the primary and secondary electron
acceptors of PSII, respectively) and the plastoquinone (PQ)
pool, leading to a blockade of electron transport (Zampirollo
et al. 2021). Notably, R light exposure resulted in a signifi-
cant increase in the Vk and Vj or AVk and AVj, confirming
the negative effect of R light on photosynthetic units on the
7th and 21st day (Fig. 6d—i).

In this study, A. argyi showed high sensitivity to dif-
ferent LED environments. ®PSII decreased to various
degrees under B, RB and R light within 21 days, among
them, B light had the smallest decrease (Fig. 8a). ®PSII
represents the quantum yield of photochemical energy
conversion in PSII. The quantum yield of regulated and

non-regulated non-photochemical energy loss in PSII
represented by ®NPQ and ®NO, respectively, which is
mainly contributed by PQ in the closed state of PSII, and
OPSII+ ®NPQ + ®NO = 1. The ratio of the three direc-
tions of excitation energy absorbed by PSII can character-
ize the light energy conversion efficiency and the ability
of self-protection under light stress (Klughammer and
Schreiber 2008a, b). Here, the results showed that lighting
treatments resulted in a decrease in ®PSII and an increase
in ®NPQ and ®NO, indicating that more light energy was
dissipated into heat and fluorescence by regulatory and
non-regulatory dissipation, respectively (Fig. 8a). Besides,
the greater increase in ®NO than ®NPQ indicates the
damage of photosynthetic apparatus by the stress envi-
ronment (Klughammer and Schreiber 2008a, b). Thus, we
found that R light caused a greater increase in ®NO than
ONPQ, indicating that R light affected the function of pho-
tosynthetic apparatus, especially on the 21st day, followed
by RB light, which also explained the decrease in biomass,
TP and TF contents. In contrast, B light is more essential
for maintaining the activities of PSII and photosynthetic
electron transport capacity, this is similar to the results of
Miao et al. (2016) in cucumber leaves.
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The photosynthetic electron transport chain provides
reductants and energy for the dark reaction of photosynthe-
sis. Therefore, rTETR(II) was used as an indicator to partially
reflect the photosynthetic potential (Ralph and Gademann
2005). Here, the results showed that under lighting treat-
ments, there was a significant decrease in rETR(II) only on
the 7th day, which then returned to the normal level, main-
taining a stable photosynthetic potential (Fig. 8B), which
also explains the maintenance of ®PSII values at a appropri-
ate level under continuous illumination.

NPQ represents the proportion dissipated as heat, reflect-
ing the photoprotection capability (Johnson et al. 2007; Nilk-
ens et al. 2010). gL represents the proportion used for pho-
tochemical reaction, reflecting the level of photosynthetic
activity (Kramer et al. 2004). Fv/Fm and PIABS represent
the maximum photosynthetic capacity and survival index of
plants, respectively. Photoinhibition is commonly measured
as a decrease in the Fv/Fm ratio following sufficient dark
adaptation (Demmig et al. 1987). Ouzounis et al. (2015)
found that Fv/Fm was lower under R light than in the pres-
ence of B light in Phalaenopsis. Similarly, in our study, R
light resulted in a significant aboriginal reduction in the Fv/
Fm and Plabs, as well as an increase in NPQ, indicating
a significant decrease in photosynthetic performance and
energy utilization efficiency. Conversely, B and RB light sig-
nificantly increased Fv/Fm and PIABS values. Therefore,
we suggest that B light enhanced the photosynthetic rate
and reduced the heat dissipation capacity of PSII more than
RB light during 21 days of continuous irradiation (Fig. 9).
R light inhibited photosynthesis and increased PSII heat
dissipation, which may be caused by the reduced carbon
assimilation capacity and electron transport rate (Durand
et al. 2019).

Conclusion

The research demonstrated that single R light is more con-
ducive to accelerating the light morphogenesis of A. argyi.
Short-term single blue light irradiation, i.e., 7 days, was
found to be more conducive to promoting the biosynthesis of
TF and TP, but it exhibited substance specificity. For exam-
ple, RB and R light have a more significant upregulation
effect on the contents of three phenolic substances,including
chlorogenic acid, 3,5-dicaffeoylquinic, and gallic acid. B
light had the most significant effect on jaceosidin, eupatilin
and taxol. OJIP measurements revealed that B light had the
least effect on the effective quantum yield ®PSII, as indi-
cated by higher rETR(II), Fv/Fm, gL and Plabs, followed by
RB light. R light irradiation produced the most significant
inadaptability, as indicated by reduced ®PSII and signifi-
cantly enlarged regulated non-photochemical energy dissi-
pation ®NPQ and non-regulated non-photochemical energy
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dissipation ®NO. The sensitivity of chlorophyll fluorescence
to light environments expands its application in crops quality
detection and evaluation, and provides a theoretical basis
for LEDs as a artificial light source to improve agricultural
productivity.
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