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Abstract: Coriander (Coriandrum sativum L.) is prized for its aroma and medicinal properties and is
extensively employed in various cuisines. Light intensity and photoperiod greatly impact its pheno-
logical development. The application of light-emitting diodes (LEDs) in facility cultivation systems
enables precise control of lighting conditions, leading to enhanced energy efficiency in coriander cul-
tivation. This study investigated three levels of light intensity (133, 200, and 400 umol-m~2-s~1) and
three photoperiods (8L/16D, 16L/8D, and 24L) to comprehensively assess their effects on coriander’s
morphological development, photosynthetic characteristics, and energy utilization efficiency. The ob-
jective was to identify a combination conducive to efficient and energy-saving coriander cultivation
in PFALs. Results indicated that high light intensity (400 umol-m~2-s~!) with continuous lighting
(24L) reduces coriander’s photosynthetic capacity, while 24-h of continuous lighting can boost yield
at the expense of energy efficiency. An 8-h photoperiod significantly decreases the yield compared to

1

16 h. Low light intensity inhibits plant development, indicating that 133 pmol-m~2-s~! is suboptimal.

For optimal efficiency and yield, a light intensity of 200 pumol-m~2-s7! and a 16-h photoperiod are
recommended in coriander PFAL cultivation. These findings advocate for the adoption of these

specific conditions for the indoor cultivation of coriander within PFAL systems.

Keywords: coriander; light intensity; photoperiod; morphological development; photosynthetic
characteristics; PFALs

1. Introduction

Coriander (Coriandrum sativum L.), also known as cilantro or Chinese parsley, is a
widely used herb in global cuisines, valued for its aromatic flavor [1]. Notably, the entire
coriander plant, from seeds to foliage, is edible. Beyond its sensory appeal, coriander
harbors a plethora of bioactive compounds, including flavonoids, terpenoids, and fatty
acids [2,3]. Pharmacological research has illuminated the extensive biological activities
of coriander extracts, encompassing antioxidant, anti-inflammatory, and neuroprotective
properties [2,4,5]. Moreover, its potent antioxidant and antimicrobial properties make it
a natural alternative for food preservation, potentially replacing synthetic antioxidants.
As evidenced by its capability to inhibit the generation of polycyclic aromatic hydrocarbons
(PAHs) in processed meats, coriander extract spotlights the plant’s potential as a natural
means to curtail PAH content [6]. To summarize, coriander presents a multifaceted profile
as a functional food ingredient, combining significant medicinal utility with profound
economic significance.

While coriander is a globally valued crop, its yield and quality are susceptible to
various challenges, including biotic stress, phenotypic variability, weather extremities, agri-
cultural practices, and genetic influences. Notably, adverse weather conditions, especially
excessive rainfall and cold temperatures during flowering, can impede coriander growth
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and promote disease spread, such as flower blight, leading to significant yield losses [7].
Beet curly top virus (BCTV) outbreaks have been reported to cause severe damage to
coriander plants in natural settings [8]. The chemical composition of coriander varies due
to environmental factors, cultivation practices, and plant characteristics, impacting its qual-
ity [9-11]. Moreover, the performance traits of the same coriander genotype varied with
different agricultural conditions [12]. Further to agronomic concerns, food safety risks asso-
ciated with fresh coriander consumption, linked to chemical and microbial contaminants,
raise significant considerations. For instance, an outbreak of Shigella sonnei in the U.K,,
resulting from tainted coriander in April 2018, underscored the importance of stringent
health and safety protocols in coriander cultivation, distribution, and preparation [13].
Given these intricate environmental and operational factors that influence coriander yield,
there is a pressing need for further research to establish the optimal agronomic parameters
to ensure the production of clean and safe coriander [14,15].

Rising consumer demand for safe, chemical-free fresh produce has spurred interest
in high-quality agricultural goods. Plant factories, leveraging artificial lighting like light-
emitting diodes (LEDs), have emerged as a solution to these demands, permitting precision
control over growing conditions and mitigating reliance on variable natural environments.
Light is fundamental to plant growth and development, influencing morphology, anatomy,
physiology, and photosynthetic parameters. Optimal light intensity is essential. Exces-
sive light may impair photosynthetic tissues and cellular membranes, while insufficient
light restricts photosynthesis in leaf mesophyll. Additionally, light serves as a critical
environmental cue governing plant circadian rhythm. Research indicates that extended
photoperiods enhance photosynthesis, promoting growth and bolstering secondary metabo-
lite levels in vegetables, such as proteins, sugars, and phenolics [16-19]. Therefore, it is
essential to balance light intensity and photoperiod to optimize yields in cultivating crops.
Within PFALs, LED lighting, with customizable spectral qualities, simulated intensity,
minimal heat emissions, and eco-friendliness, has risen as the preferred artificial lighting
source for cultivating crops.

Although PFALSs provide more controlled growing conditions compared to open-air
farming, the high energy costs of using LED lighting for crop production pose a significant
challenge in achieving maximum output with minimal resource consumption and environ-
mental impact to promote the production of high-quality, safe crops. The interplay between
light intensity, photoperiod, and LED lighting efficiency is closely related, making the opti-
mal combination crucial for maximizing production efficiency when cultivating coriander
in PFALs. This study employed three light intensity (133, 200, and 400 pmol'm~2-s1)
and three photoperiods (8L/16D, 16L/8D and 24L) levels to comprehensively analyze the
effects of different combinations of light intensity and photoperiod on the morphological
development, photosynthetic characteristics, and energy utilization efficiency of coriander,
with the aim to identify efficient and energy-saving combinations suitable for coriander
cultivation in PFALSs.

2. Materials and Methods
2.1. Experimental Materials

The coriander seed ‘Sumai’ was procured from Yunnan Zhongle Agricultural Technol-
ogy Co., Ltd. in China. These seeds underwent a pre-germination treatment, wrapped in
gauze, soaked at 55 °C for 15 min, and then stratified in darkness at 4 °C for seven days
to enhance germination. The sprouted seeds were placed in sponges measuring 2.5 cm?
within nursery trays (32.5 cm x 24.5 cm x 4.5 cm) at 0.12 plants/cm? seeding density. Daily
irrigation was maintained using 150 mL of Enshi nutrient solution with a pH of 6.0 = 0.5
and electrical conductivity (EC) of 2.0 4- 0.1 ds:m~!. Seedlings were cultivated for 18 days
under a white light source providing an intensity of 150 pmol-m~2-s~!, using a Li-1500
light meter (Lincoln, NE, USA). Following this phase, seedlings were transplanted to hy-
droponic tanks at a planting density of 50 plants/m?, where they received 11 L of the same
Enshi nutrient solution. Environmental conditions were meticulously regulated throughout
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the cultivation period at 24 °C and 48% relative humidity, with a CO,; concentration of
400 ppm.

2.2. Experimental Design

The study was conducted within PFALs at the Institute of Urban Agriculture, Chinese
Academy of Agricultural Sciences, Chengdu, China (30°39'36” N, 104°03'48" E). White
LED tubes provided the lighting (120 cm x 3 cm, produced by Guangzhou Chenghui
Equipment Agriculture Technology Co., Ltd., Guangzhou, China). Nine experimental
treatments were designed to determine the most effective light intensity and photoperiod
for coriander growth. These comprised a combination of three photoperiods: 8 h of
light followed by 16 h of darkness (8L/16D), 16 h of light followed by 8 h of darkness
(16L/8D), and continuous 24-h lighting (24L), and three light intensity levels recorded at
5 cm above the cultivation board with a Li-1500 light meter (Lincoln, Nebraska, USA):
133, 200, and 400 pmol-m~2:s~!. These conditions were cross-applied to create a unique
treatment scenario, and each scenario was replicated three times. The coriander plants
were harvested after 20 days under variable lighting conditions, and the coriander plants
were harvested. Both side and top views of the plants were documented (Figure 1).
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Figure 1. Top and side views of coriander plants after 20 days of growth under nine different light
intensities and photoperiod coupling treatments (38 days after sowing).

2.3. Sample Collection and Measurements

Following a growth period of 20 days exposed to the nine distinct lighting regimens,
six plants were chosen for detailed assessment, which included morphological characteris-
tics and fresh/dry weight. Besides, three leaves from each selected plant were harvested
for chlorophyll content, photosynthetic capacity, and stomatal parameters analysis. The se-
lected leaves were the terminal leaves from the second branch counted from the bottom of
the plant, labeled as L1.

2.3.1. Morphological Characteristics and Yield Measurements

From each treatment group, six plants were randomly selected for morphometric
analysis. The parameters measured included plant height, stem diameter, number of
branches, and fresh and dry weights of roots, stems, and leaves. Digital images of the
plants’ foliage were captured for analysis using Image] software version 1.45, facilitating
the estimation of total leaf area. The plant samples were subsequently desiccated using
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a DHG-2200B rotary evaporator (manufactured by Zhengzhou Shengyuan Instrument
Co., Ltd., Zhengzhou, China) at a temperature of 70 °C, after which the dry weights were
recorded. Additionally, the stem-to-leaf ratio (5/L) was calculated as the quotient of the dry
weight of the stem to that of the leaves, following the method outlined in the reference [20].

2.3.2. Photosynthetic Pigment Content

The modified method of Lichtenthaler (1987) was used to determine the chlorophyll
and carotenoid content. Fresh coriander leaf samples (0.1 g) were mixed with 10 mL of 95%
ethanol at room temperature 24 °C for pigment extraction until the leaves were completely
bleached. The absorbance of the separated supernatants (200 pL) was measured at 665 nm,
649 nm, and 470 nm using an enzyme-linked immunosorbent assay reader (Flicker BioTech
Co., Ltd., Shanghai, China). The chlorophyll and carotenoid content were calculated using
the following Formulas (1):

Chla(mg-g™1) = (13.95 x Ages — 6.88 X Ags9) /M
Chlb(mg-g™!) = (24.90 x Agsg — 7.32 X Aggs)/M (1)
Car(mg-g™') = (1000 x Ag79 —2.05 x Chla —114.8 x Chl b) /245M

note: Chla: chlorophyll a; Chl b: chlorophyll b; Car: carotenoids; M: extraction mass of fresh
sample/g; A665: absorbance at 665 nm; A649: absorbance at 649 nm; A470: absorbance at
470 nm.

2.3.3. Chlorophyll Fluorescence

Chlorophyll fluorescence was measured using a portable photosynthesis system
(LI-6800XT, LI-COR Biosciences, Lincoln, NE, USA) equipped with a fluorescence leaf
chamber (6800-01A, LI-COR Biosciences, Lincoln, NE, USA). The chlorophyll fluorescence
analysis was started at 7:00 am and ended at 12:00 am. The temperature and CO, concen-
tration were set at 24 °C and 400 pmol-mol~!, respectively. L1 leaves from each treatment
were used for chlorophyll fluorescence measurements. Before measuring chlorophyll fluo-
rescence parameters, a dark adaptation of 2 h (due to the continuous lighting for 24 h in
the study, the dark adaptation time was extended from the usual 30 min to 2 h to ensure
sufficient dark adaptation) was performed to measure the minimum fluorescence (Fo),
followed by the application of a saturating pulse of 8000 pmol-m~2-s~! for 1 s to measure
the maximum fluorescence (Fm). The steady-state fluorescence yield (Ft) at the L1 leaf
of coriander under different light treatments and the maximum fluorescence yield (Fm’)
in light-adapted samples were measured. Subsequently, the maximum quantum yield
of PSII (Fv/Fm, Fv = Fm/Fo), non-photochemical quenching (NPQ = Fm — Fm’), and
photochemical quenching coefficient [qP = (Fm” — Ft)/(Fm’ — Fo’)] were calculated. Each
treatment had six biological replicates.

2.3.4. Photosynthetic Parameters

Photosynthetic indices of coriander L1 leaves were measured using a portable photo-
synthesis system (LI-6800XT, LI-COR Biosciences, Lincoln, NE, USA) and a red-blue (R-B)
light LED chamber (6800-01A, LI-COR Biosciences, Lincoln, NE, USA). The instrument pa-
rameters were set as follows: temperature of 24 °C, CO, concentration of 400 pmol-mol 1,
relative humidity of 60%, flow rate of 500 umol-s~!, leaf-to-air vapor pressure difference of
1.0 = 0.1 kPa. The R-B light ratio in the chamber was set to 3:1. Net photosynthetic rate
(Pn), transpiration rate (Tr), stomatal conductance based on water (Gsw), and intercellular
CO, concentration (Ci) were measured with the light intensity of the treatment. Water
use efficiency (WUE) was calculated using the formula WUE = Pn/Tr, where Pn and Tr
represent the net photosynthetic rate and transpiration rate, respectively. The gas exchange
analyses started at 9:00 am and ended at 11:00 am. Maximum net photosynthetic rate
(Pn max), the initial slope of the fraction of light absorbed by photosystem II («), and dark
respiration rate (Rd) were determined based on the leaf chlorophyll fluorescence response
model [21].
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2.3.5. Stomata

Coriander leaves (L1 leaf from the second topmost branch counting from the bottom)
were used for stomatal observations. Transparent nail polish was applied on both sides of
the leaves (2 X 2 cm), and after drying (at room temperature, for 10 min), the imprints were
carefully peeled off using tweezers. The stomata on the adaxial and abaxial surfaces of the
leaves were observed under an optical microscope (Olympus DP71, Olympus Inc., Tokyo,
Japan) [22]. Stomatal density was measured at 200 x magnification (nine leaf samples per
treatment, six plants), and stomatal length and width were measured at 400 x magnification
(nine leaf samples per treatment, six plants). The length, width, and density of stomata were
measured using Image-Pro Express software version 6.0 (Media Cybernetics, Rockville,
MD, USA).

2.3.6. Electric Energy Use Efficiency

Electric energy use efficiency (EUE, %) is the ratio of the chemical energy of accu-
mulated dry matter to the consumed electrical energy, as calculated by the following
Formula (2).

DW; — DWi-l) X f x D x s x 100%
P xt @)

EUE,; represents the energy use efficiency of coriander between the i and i-1 sampling
periods. DW; and DW;; represent the average dry weight of coriander samples taken
during the i and i-1 periods, respectively, in grams per plant. Since the dry weight of corian-
der seedlings is negligible at transplanting, DW|, is approximately equal to 0. f represents
the conversion coefficient between dry matter mass and chemical energy, estimated as
2 x 104]/g. D; is the planting density before the i sampling, set at 50 plants/m?. t is the
accumulated light exposure time between the two sampling periods, given in seconds. P is
the power of the light source, measured in watts, using an energy meter (Longben Electrical
Co., Ltd., Yongkang, China). s is the cultivation area, which is 0.267 square meters. Daily
light integral (DLI) refers to the cumulative amount of light available for photosynthesis to
plants in a day, calculated as the product of light intensity and duration over 24 h, with
units in mol~!-m~2.

EUE; =

2.3.7. Data Analysis

Data were processed using SPSS 17 (Chicago, IL, USA). One-way analysis of variance
(ANOVA) and Duncan’s multiple range test were performed to analyze significant differ-
ences among treatments. Differences were considered statistically significant at p < 0.05.
Data are presented as mean =+ standard deviation (SD). The stomatal parameters were
measured six times, while all other parameters were measured three times.

3. Results
3.1. Effects of Light Intensity and Photoperiod on Plant Morphology and Biomass

Coriander morphology is significantly influenced by light intensity and photoperiod.
Under the same photoperiod, coriander plants showed significantly increased plant height,
stem diameter, and leaf area when exposed to 200 pmol-m~2-s~! light intensity compared
to 133 and 400 umol-m~2:s~! treatments. Additionally, under a 16-h photoperiod, coriander
plants had the highest stem diameter and leaf area in the 200 umol-m~2-s~! treatment.
Besides, the number of branches was highest in the 16-h x 200 pmol-m~2-s~! treatment
and lowest in the 24-h x 133 pmol-m~2-s~! treatment (Table 1). Both side and top views of
the plants were documented in Figure 1.
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Table 1. Effects of light intensity and photoperiod coupling on coriander plant height, stem diameter,

leaf area, and number of branches.

Photoperiod X

Light Intensity Plant Height Stem Leaf Area Branching
/em Diameter/mm /cm? Number

h x umol'-m—2.s—1

8 x 133 5.80+0.38d 464+043e 70.19 £ 7.14 de 910+ 1.14 cd

16 x 133 824 +0.31c 595+ 0.76 d 7451 +799e 8.60 4 055 d

24 x 133 830+ 0.27c 5.67 £0.30d 93.17 + 5.54 cde 8.4+055d

8 x 200 1220 £ 045a 7.83+0.57c¢ 140.36 £ 8.47 ab 11.60 £ 0.55 b

16 x 200 11.00 £1.0b 9.31+0.52a 160.63 £ 16.82 a 14.00 £ 0.71 a

24 x 200 1268 £1.01a 826 £ 0.09 bc 156.74 £ 10.63 a 10.40 £ 0.89 bc

8 x 400 550+ 0.35d 546 +0.31d 111.00 £ 14.73bcd  10.80 £ 0.84b

16 x 400 8.50 £ 0.87 ¢ 8.84 +0.90 ab 87.93 £ 5.99 cde 10.40 £ 0.55bc

24 x 400 850+ 0.35¢ 6.20 £ 0.56 d 120.25 £ 18.35 bc 109 £ 0.65b

Different letters indicate statistically significant differences among treatments.

As shown in Figure 2, under the same photoperiod treatment, a light intensity of
200 pmol-m~2-:s~1 significantly promoted fresh weight and yield of coriander shoots,
stems, and roots. There was no significant difference in root fresh weight compared to the
8-, 16-, and 24-h treatments, but the aboveground yield increased by 36.06% and 46.50%,
respectively. The lowest aboveground yield was observed in the 8-h treatment under a light
intensity of 133 umol-m~2-s~1. In contrast to the trend in fresh weight, the treatment with
24-h exposure to 400 pmol-m~2-s~! light intensity significantly promoted the accumulation
of aboveground dry matter in coriander, with no significant difference compared to the
16- and 24-h treatments under 200 umol-m~2-s~! light intensity. Among the treatments
with the same photoperiod, root dry weight was increased with increasing light intensity.
There was no significant difference in root dry weight between the 16- and 24-h treat-
ments, but it was significantly higher than the 8-h treatment. Except for the treatment with
200 umol-m~2-s~! light intensity, the stem-to-leaf ratio of coriander increased with the
lengthening of the photoperiod. The treatment with 24-h exposure to 400 pmol-m~2.s~!
light intensity showed the highest stem-to-leaf ratio, with no significant difference com-
pared to the 24-h treatment under 133 umol-m~2-s~! light intensity. In summary, coriander
plants exhibited slow growth under a light intensity of 133 pmol-m2:s~!, while they
showed robust growth and increased yield under a light intensity of 200 pmol-m~2-s~1.
In addition, a photoperiod of 16- or 24-h was favorable for coriander growth based on the
light intensity of 200 umol-m 2.5~ 1.

3.2. Effects of Light Intensity and Photoperiod on Plant Chlorophyll Content

Different light environments significantly affect the photosynthetic pigment content in
crops. Under a light intensity of 133 umol-m~2:s~!, the photosynthetic pigment content
significantly decreased in the 24-h photoperiod treatment compared to the 8- and 16-h
treatments. In contrast to the 133 pumol-m~2-s~! light intensity treatment, under a light
intensity of 200 pumol-m~2-s7!, the photosynthetic pigment content significantly decreased
in the 16-h treatment compared to the 8-h treatment. It also significantly decreased in
the 24-h treatment compared to the 200 umol-m~2-s~! light intensity treatment. The 24-h
treatment under a light intensity of 400 pmol'm~2-s~! had the lowest photosynthetic
pigment content, and compared to other light intensity treatments, the high light intensity
of 400 umol-m~2-s~! significantly decreased the photosynthetic pigment content in all
photoperiod treatments (Table 2).
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Figure 2. Fresh weight of different plant parts (A-C), yield (sum of stem and leaf fresh weight) (D),
dry weight of plant parts (E-G), and the stem-to-leaf ratio of coriander plants (H) under different light
intensities and photoperiod treatments (p < 0.05, n = 6). The x-axis represents different photoperiod
treatments: 8: 8 h of light and 16 h of darkness, 16: 16 h of light and 8 h of darkness, and 24: 24 h of
continuous light. Different letters indicate statistically significant differences among treatments.
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Table 2. Effects of light intensity and photoperiod coupling on the content of chlorophyll a, chloro-

phyll b, carotenoids, and total chlorophyll in coriander.

Photoperiod x Light

Intensity Chloro}lahyll a Chlorollahyll b Caroterlloid Total C{llorophyll
/h x pmolm—7.s-1 /mg-g /mg-g /mg-g /mg-g

8 x 133 0.89 £+ 0.07 ab 0.24 £ 0.01 ab 0.19 + 0.01 abc 1.14 £ 0.09 ab
16 x 133 094 £010a 0.22 £+ 0.03 bc 021 £0.02a 1.16 £ 0.13 ab
24 x 133 0.77 = 0.07 bed 0.19 +0.01 de 0.18 4 0.02 be 0.96 + 0.08 c
8 x 200 095£015a 0.24 +0.04 ab 0.20 £ 0.03 ab 119+ 0.19a
16 x 200 0.80 = 0.11 bc 0.21 +0.03 cd 017 £0.02a 1.01 £ 0.15bc
24 x 200 0.97 + 0.06 a 0.26 = 0.02 a 021£0.02a 123 +0.08 a
8 x 400 0.74 £ 0.07 cd 017 £0.01e 0.17 £ 0.02 bc 0.91 4+ 0.09 cd
16 x 400 0.78 &+ 0.05 bed 0.18 £ 0.01 de 0.19 £ 0.02 ab 0.96 £0.05c
24 x 400 0.65+0.12d 0.14 £0.02 £ 0.16 £0.02 ¢ 0.79 £0.14d

Different letters indicate statistically significant differences among treatments (p < 0.05).

3.3. Effects of Light Intensity and Photoperiod on Chlorophyll Fluorescence Content in Plants

The effects of light intensity and photoperiod on chlorophyll fluorescence content are
shown in Figure 3. Under the 16-h treatment with a light intensity of 400 pmol-m~2-s~!, the
Fo content was the highest. For the 200 and 400 pmol-m~2-s~! light intensity treatments,
the Fo content increased with the increase in daylight hours. In the 133 pmol-m~2-s~! light
intensity treatment, the 16-h photoperiod significantly decreased the Fo content in coriander
plants (Figure 3A). Compared to the 200 and 133 umol-m~2-s~! light intensity treatments,
the Fv/Fm significantly decreased in the 400 umol-m~2-s~! light intensity treatment, and
it decreased with the increase in daylight hours. The lowest Fv/Fm was recorded in the
16-h treatment with a light intensity of 400 pmol-m~2-s~!. The 8-h treatment with a light
intensity of 133 umol-m~2-s~! showed the highest Fv/Fm, and there was no significant
difference between the 8-h treatment with a light intensity of 200 umol-m~2-s~! and the
16-h treatment with a light intensity of 200 tmol-m~2-s~! (Figure 3B). The effect of daylight
hours on NPQ values was more significant. As shown in Figure 3C, compared to other treat-
ments, the 8-h treatment with a light intensity of 400 pumol-m~2-s~! significantly increased
NPQ, while the 24-h treatment with a light intensity of 400 pmol-m~2-s~! significantly
decreased NPQ. The NPQ values showed no significant difference among different light
intensity treatments in the 16-h photoperiod treatment. The 24-h photoperiod treatment
with a light intensity of 133 pumol-m~2-s~! exhibited the highest NPQ. With the increase in
daylight hours, the changing trend of the qP values under different light intensity treat-
ments was opposite to that of the NPQ values, and there was no significant difference
among treatments. The lowest qP values were observed in the 8-h treatments with a light
intensity of 133 and 400 umol-m~2-s~! (Figure 3D).
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Figure 3. Changes in Fo: initial fluorescence (A), Fv/Fm: photosystem II quantum efficiency (B), NPQ:
non-photochemical quenching (C), and qP: photochemical quenching coefficient (D) under different
light treatments . The bars represent the mean values + standard deviation (p < 0.05, n = 6). The x-axis
represents different photoperiod treatments: 8: 8 h of light and 16 h of darkness, 16: 16 h of light
and 8 h of darkness, and 24: 24 h of continuous light. Light intensity is measured in pmol-m 2.5~ 1.
Different letters indicate statistically significant differences among treatments.

3.4. Effects of Light Intensity and Photoperiod on Plant Photosynthetic Characteristics

As shown in Figure 4, the maximum Pn was observed under the 16-h treatment
with a light intensity of 200 pmol-m~2-s~!, while the minimum Pn was recorded in the
24-h treatment with a light intensity of 400 pumol-m~2-s~1. Under the same photoperiod
treatment, Pn reached its peak at a light intensity of 200 mol-m~2-s~! and significantly
decreased at a light intensity of 400 pmol-m~2:s~!. In the 133 pmol-m~2-s~! light intensity
treatment, the 8-h photoperiod significantly promoted Pn (Figure 4A). Ci was highest under
the 24-h treatment with a light intensity of 200 umol-m~2-s~!, and there was no significant
difference among the other treatments (Figure 4B). Tr significantly increased in the 24-h
treatment with a light intensity of 200 umol-m~2:s~!. Under the 8-h photoperiod treatment,
Tr significantly increased at a light intensity of 200 pmol'm~2-s~!, while there were no
significant differences in Tr among the other treatments (Figure 4C). The Gsw, Pn max,
and Tr changes were consistent, significantly increasing in the 24-h treatment with a light
intensity of 200 umol-m~2-s~! (Figure 4D,E). The & was highest under the 16-h treatment
with a light intensity of 200 pmol-m~2-s~! and showed no significant difference compared
to other photoperiod treatments at a light intensity of 200 pumol-m~2-s~!. « significantly
decreased in the 8-h treatment with a light intensity of 400 pmol-m~2-s~! (Figure 4F). Rd
significantly increased in the 8- and 24-h treatments at a light intensity of 200 pmol-m~2-s~1,
as well as in the 16- and 24-h treatments at a light intensity of 400 pmol-m~2-s~!, with
no significant difference among these treatments. Rd significantly decreased in the 16-h
treatment with a light intensity of 200 umol-m~2-s~! (Figure 4G). As shown in Figure 4H,
except for the 16-h treatment with a light intensity of 200 umol-m~2-s~!, WUE significantly
increased in all other treatments under a light intensity of 133 pmol-m~2-s~! compared to
other treatments. The 24-h treatment with a light intensity of 200 umol-m~2-s~! exhibited
lower WUE.
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Figure 4. Effects of different light treatments on Pn (net photosynthetic rate) (A), Ci (intercellular
carbon dioxide concentration) (B), Tr (transpiration rate) (C), gsw (stomatal conductance) (D), « (light-
harvesting efficiency) (E), Rd (dark respiration rate) (F), Pn max (maximum net photosynthetic rate)
(G), and WUE (water use efficiency) (H) in coriander. The bars represent the mean values + standard
deviation (p < 0.05, n = 6). The x-axis represents different photoperiod treatments: 8: 8 h of light and
16 h of darkness, 16: 16 h of light and 8 h of darkness, and 24: 24 h of continuous light. Different
letters indicate statistically significant differences among treatments.
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3.5. The Effects of Light Intensity and Photoperiod on Stomatal Development in Coriander Leaves

The stomatal density on the adaxial surface of coriander leaves was highest under
the 24-h treatment with a light intensity of 133 umol-m~2-s~! and lowest under the 8-h
treatment with a light intensity of 133 pmol'm~2-s~!. Under the 8- and 16-h photoperiod
treatments, the stomatal density on the adaxial surface of the leaves increased with in-
creasing light intensity, reaching the maximum at a light intensity of 400 umol-m~2.s~!
and the minimum at a light intensity of 133 pmol-m~2:s~! (Figure 5A). In all photoperiod
treatments, compared to other light-intensity treatments, the 200 tmol-m~2-s~! treatment
significantly promoted the length of adaxial stomata. For the 400 pmol-m~2-s~! light inten-
sity treatment, the length of adaxial stomata decreased as the photoperiod (daylight hours)
increased, while for the 133 umol-m~2-s~! light intensity treatment, the length of adaxial
stomata increased with increasing photoperiod (Figure 5B). As shown in Figure 5C, except
for the 400 pmol-m~2-s~! light intensity treatment, there was no significant difference in the
width of adaxial stomata among the different treatments. For the 400 pmol-m~2-s~! light
intensity treatment, the width of adaxial stomata decreased with increasing photoperiod.
The length of adaxial stomatal apertures significantly increased with increasing photoperiod
under the 133 pmol-m~2-s~! light intensity treatment. There was no significant difference
in the length of adaxial stomatal apertures between the 200 and 400 pmol-m~2-s~! light
intensity treatments (Figure 5D).

Similarly, high light-intensity treatments also promoted stomatal density on the abax-
ial surface of coriander leaves. Under the same photoperiod, compared to the 133 and
200 umol-m~2-s~! light intensity treatments, the 400 pmol-m~—2-s~! light intensity treat-
ment significantly increased the stomatal density on the abaxial surface. Notably, under
the 16-h treatment with a light intensity of 400 pmol-m~2:s~!, the stomatal density on
the abaxial surface significantly increased, while under the 8-h treatment with a light
intensity of 200 umol-m~2-s71, the stomatal density on the abaxial surface significantly
decreased. Under the 24-h photoperiod treatment, different light intensities did not show
a significant difference in the stomatal density on the abaxial surface (Figure 5E). Unlike
the trend in adaxial stomatal length, except for the 400 umol-m~2-s~! light intensity treat-
ment, the length of abaxial stomata decreased with increasing photoperiod in the 133 and
200 umol-m~2-s~! light intensity treatments, with the most extended length observed un-
der the 8-h photoperiod treatment and the shortest under the 24-h photoperiod treatment
(Figure 5F). Under the 133 and 400 pumol-m—2.s~1 light intensity treatments, the width of
the abaxial stomata decreased with increasing photoperiod. The width initially increased
and decreased for the 200 umol-m~2-s~! light intensity treatment. All light-intensity treat-
ments exhibited the lowest width of abaxial stomata under the 24-h photoperiod treatment
(Figure 5G). The length of abaxial stomatal apertures was highest under the 8-h treatment
with a light intensity of 200 pumol-m~2-s~!, and the other treatments showed no significant
difference (Figure 5H). In summary, photoperiod significantly affects the development of
adaxial and abaxial stomata in coriander leaves, and there are differences in the response
of stomata on the adaxial and abaxial surfaces to different light environments.
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Figure 5. Effects of different light treatments on the stomatal density (A,E), length (B,F), width (C,G),
and aperture length (D,H) of the adaxial and abaxial surfaces of coriander leaves. The bars represent
the mean values + standard deviation (p < 0.05, n = 6). The x-axis represents different photoperiod
treatments: 8: 8 h of light and 16 h of darkness, 16: 16 h of light and 8 h of darkness, and 24: 24 h of
continuous light. Different letters indicate statistically significant differences among treatments.
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3.6. The Influence of Light Intensity and Photoperiod on Plant Energy Utilization Efficiency

The total power consumption increased with increasing photoperiod and light inten-
sity. Among them, under the 24-h treatment with a light intensity of 400 umol-m~2.s~1,
the total power consumption was the highest, which was 5.04, 2.52, and 1.68 times that of
the 8-, 16-, and 24-h treatments with a light intensity of 200 pmol-m~2-s~!, respectively
(Figure 6A). The DLI was consistent between the 24-h treatment with a light intensity of
133 umol'm~2-s!, the 16-h treatment with a light intensity of 200 pmol-m~2-s~1, and the
8-h treatment with a light intensity of 400 pumol-m~2-s~1, but inconsistent with the total
power consumption (Figure 6A,B). The aboveground electrical energy utilization efficiency
was highest under the 8-h and 16-h treatments with a light intensity of 200 pumol-m~2-s~!
and lowest under the 24-h treatments with a light intensity of 400 pumol-m~2-s~!. Under
the 24-h treatment, compared to a light intensity of 200 pmol-m~2-s~1, a light intensity of
133 pmol-m~2-s~! showed a higher aboveground electrical energy utilization efficiency
(Figure 6C). The underground electrical energy utilization efficiency showed a more notice-
able decrease with increasing photoperiod, and under the 133 pmol-m~2-s~! light intensity
treatment, both the 8- and 16-h treatments promoted the underground electrical energy
utilization efficiency of coriander (Figure 6D). Therefore, the 8- and 16-h treatments with a
light intensity of 200 pmol-m~2.s~1 exhibited higher energy utilization efficiency, making
them suitable for cultivating coriander for fresh leaf production.
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Figure 6. Illustrates the changes in total power consumption (A), daily light integral (DLI) (B),
aboveground energy utilization efficiency (C), and underground energy utilization efficiency (D)
under different light treatments. The bars represent the mean values + standard deviation (p < 0.05,
n = 6). The x-axis represents different photoperiod treatments: 8: 8 h of light and 16 h of darkness,
16: 16 h of light and 8 h of darkness, and 24: 24 h of continuous light.

4. Discussion

Plants regulate their developmental processes by perceiving their light environment.
The growth and quality of plants are directly influenced by light. Studies have shown that
the light morphology of seedlings responds earliest during the dark-to-light transition when
the cotyledons emerge from the soil. Newly emerged seedlings exhibit shorter hypocotyls
and expand green cotyledons, enhancing their photosynthetic absorption and conversion
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capacity [16]. Plants reshape their morphology and alter physiological processes to enhance
photosynthetic capacity and adapt to different light conditions [23]. In this study, compared
to moderate light intensity of 200 umol-m~2:s~!, coriander plants under the high light
treatment of 400 pmol-m~2-s~! showed a significant decrease in plant height and leaf area.
In contrast, stem thickness showed no significant difference. The morphological parameters
under the same light intensity did not differ significantly under different photoperiod treat-
ments (Table 1). This is similar to the findings of Tang et al. [24]. Under low light-intensity
treatment, the activation of PIF expression increased the auxin level in this tissue, which
was subsequently transported to the stem, inducing stem elongation [25]. To increase light
absorption by the leaves, photosynthetic products are preferentially allocated to promote
stem elongation rather than increasing stem thickness under lower light intensity. In this
study, the light intensity treatment of 133 pmol-m2-s~! inhibited the growth of corian-
der (Figure 2D), consistent with previous research findings. Compared to the high light
treatment of 400 umol-m~2-s~!, there was no significant difference in plant height under
the weak light treatment of 133 pmol-m~2-s~!, while stem thickness showed a significant
decrease (Table 1). Therefore, under the light intensity treatment of 200 pumol-m~2.s71, the
larger leaf area eliminates the limitations of weak light on photosynthesis. In comparison,
the lower leaf area under the light intensity treatment of 133 pmol-m~2:s~! may affect
light interception [26]. Additionally, the significant decrease in leaf area under the high
light treatment of 400 umol-m~2-s~! also protects the internal photosynthetic structures of
the leaves. In conclusion, the moderate light intensity of 200 pumol-m~2-s~! promoted the
morphological development of coriander.

Consistent with the morphological changes, this study found that a light intensity
of 200 umol-m~2-s~! significantly promoted both the aboveground and belowground
fresh weight of coriander. As the duration of light exposure increased, the dry and fresh
weights significantly increased for all light-intensity treatments, with the high light inten-
sity of 400 pmol-m~2-s~! significantly promoting an increase in root dry weight. Similar
results regarding the promotion of root dry weight accumulation under high light intensity
and continuous light exposure have been reported [19,24,27]. On one hand, this may be
due to more sugars being transported to the roots to promote their growth and devel-
opment [28,29]. On the other hand, intense light induces cytokinin synthesis in tender
leaves, which are transported to the roots through polar transport, promoting lateral root
development [30,31]. In this study, 24 h of continuous light exposure promoted the growth
of coriander, which is consistent with the results of studies on lettuce, watercress, and the
medicinal plant Paeonia lactiflora [3,32,33]. Continuous light exposure may induce chloro-
plasts to exhibit adaptive ultrastructure, biochemical reactions, and specific arrangements
of photosynthetic pigments in thylakoids, thereby increasing photosynthetic quantum
efficiency and enhancing crop yield and leaf dry weight [34]. In contrast, a study found
that higher light intensity and shorter photoperiod treatments promoted the growth of
Amaranthus tricolor. Therefore, the effectiveness of increasing light exposure on crop
growth is influenced by factors such as plant species and lighting strategies [33,35].

Chlorophyll is the central pigment in the photosynthetic system of green plants,
and its content directly affects crop photosynthetic capacity and yield [36]. The weak
light treatment reduced the chlorophyll content in various varieties of Xinjiang melon,
and similar results were also found in cucumber seedlings [37]. This is contrary to the
results of this study, where low light intensity treatment may reduce the damaging effect
on chlorophyll and promote chlorophyll synthesis. The results of this study showed a
significant decrease in chlorophyll a, chlorophyll b, and total chlorophyll content under the
high light intensity treatment of 400 p.mol‘m_z-s_l, which is consistent with the findings
of previous research. Weak light promotes the capture of light energy by the antenna
complexes in chloroplasts, and plants adapt to low light stress by altering chlorophyll
content. On the other hand, high light intensity effectively protects the photosynthetic
machinery by reducing chlorophyll content, reducing light absorption and conversion,
increasing heat dissipation, and avoiding damage to the photosystems caused by excess
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light energy. The eggplant seedlings under continuous light treatment had low levels of
chlorophyll content and even severe wilting and necrosis. This is consistent with the results
of this study, where apart from the light intensity treatment of 200 pmol-m~2-s~!, both
the light intensity treatments of 133 and 400 pumol-m~—2:s~! showed lower chlorophyll
content compared to other photoperiod treatments. This may be because the continuous
light treatment alters the formation and conversion of light-harvesting antenna complexes
responsible for collecting light and transferring energy to the photosystems. These changes
may be related to lower expression of the CAB-13 gene compared to plants tolerant to
continuous light exposure.

Chlorophyll fluorescence signals are byproducts of plant photosynthesis and consist
of red and far-red emissions released from chloroplasts, emitted from both sides of the
leaf. Chlorophyll fluorescence is widely used to assess photosynthetic functionality [38—41].
An increase in Fo indicates a compromised energy capture efficiency of the PSII reaction
center [42]. In this study, Fo increased significantly under continuous light exposure
for 24 h, and under the illumination of 400 urnol~m’2-s’1 for 16 h, Fo also increased
significantly. This suggests that intense and continuous lighting can cause photodamage
to coriander [43]. Both high and low light intensities cause the electron transfer rate in
the photosynthetic system to decline, which is consistent with the changes in Fv/Fm
observed under different light intensity treatments after 16 h of lighting in this study.
Under the 200 pmol-m~2-s~! light intensity, the highest Fv/Fm was observed, while
treatments with 400 and 133 umol-m~2-s~! both resulted in reduced Fv/Fm; furthermore,
under continuous lighting for 24 h, a lower Fv/Fm was observed, which is contrary to the
results of the study by Velez-Ramirez et al. Generally, a reduction in Fv/Fm is associated
with an inhibition of the photosynthetic system, as under stress conditions, protective
mechanisms are overwhelmed by water loss, leading to membrane-related damage [44].
When the function and structure of PSII are compromised, Fv/Fm is reduced, indicating
that coriander is not tolerant to continuous lighting and can suffer functional and structural
damage to PSII under such conditions [45]. The light energy absorbed by chlorophyll
molecules can be dissipated through photochemistry, heat dissipation, and fluorescence.
A substantial part of the absorbed light, referred to as gP, is used to drive photosynthesis.
At the same time, NPQ is harmless, i.e., the dissipating of excess excitation energy of
chlorophyll in the PSII complexes as heat [43]. In this study, continuous lighting reduced
NPQ under all light intensity treatments, suggesting that plants do not suffer adverse effects
on photosynthesis due to NPQ under continuous lighting; on the contrary, a reduction
in qP under 400 and 133 pmol-m~2-s™! after 8 h of light exposure could negatively affect
photosynthesis.

Photosynthesis is when green plants convert solar energy into chemical energy [46].
By measuring the stomatal development and photosynthetic rate of coriander, the study
examined the photosynthetic response and gas exchange of coriander to different light
intensities and photoperiods. The results showed that treatment with a light intensity of
200 pmol-m~2-s~! promoted an increase in Pn; Pn decreased under high light treatment at
400 pmol-m~2-s~1; and there was a downward trend in Pn with increased illumination time,
similar to the trend in Fv/Fm, suggesting that the negative impact of continuous lighting
on photosynthetic capacity may be related to damage to the photosynthetic system [44]; the
negative impact of high light intensity at 400 pmol-m~2-s~! on Pn might be associated with
lower chlorophyll content. Previous research indicated that vigorous photosynthesis causes
a decrease in intercellular CO, concentration, thereby inducing stomatal opening [47].
This study attained similar results: in the treatment with 200 umol-m~2-s~! light intensity,
the length and width of stomata on the adaxial (upper) surface of the leaf, as well as the pore
length, all significantly increased, in the absence of significant differences in Ci. Coriander
has amphistomatous leaves, with stomata on both the adaxial (upper epidermis) and
abaxial (lower epidermis) surfaces responding differently to light [48]. The adaxial stomata
are exposed to more direct radiation, while the abaxial stomata are shaded by the leaf itself,
receiving light transmitted through the leaf mesophyll [49]. The study also found that with
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increased light intensity and illumination time, the length and width of the stomata on the
abaxial surface showed a downward trend, which might be related to the plant’s adaptive
changes under high light intensity exposure, maintaining a constant Ci [49]. Environmental
conditions greatly influence stomatal density. High light intensity and continuous lighting
can raise leaf temperature, prompting the plant to develop more stomata to cool the leaf
environment, preventing damage to the photosynthetic apparatus [50]. In this study, low
light improved the WUE of coriander, suggesting that coriander can accumulate carbon
with less water loss [51].

5. Conclusions

This study examined how different light environments affect the morphological de-
velopment and photosynthetic characteristics of coriander in PFALs under various combi-
nations of light intensity and photoperiod. Results indicated that both a light intensity of
400 pmol-m~2-s~! and continuous lighting for 24 h reduced coriander’s photosynthetic
capability. Although continuous lighting for 24 h at a light intensity of 200 pmol-m~2.s~!
could increase coriander yield, it came with low electrical energy utilization efficiency. An
8-h photoperiod significantly affected coriander yield, showing a decrease of 26.51% to
42.04% compared to a 16-h photoperiod. Low light intensity hampered the development
of plant height, stem thickness, leaf area, and aboveground yield, indicating that a light
intensity of 133 umol-m~2-s~! was unsuitable for coriander growth. Therefore, to opti-
mize electrical energy utilization efficiency, yield, and morphological development, it was
recommended to maintain a light intensity of 200 umol-m~2-s~! with a 16-h photoperiod
in coriander PFALs cultivation.
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