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Abstract

Celery (Apium graveolens L.) is a widely cultivated leafy vegetable of significant agro-
nomic and nutritional importance. Owing to its high nutritional value, global demand
for celery has steadily increased. However, under natural cultivation conditions, uncon-
trolled light exposure often prolongs the seedling stage and impairs celery growth quality.
Improving the nutritional quality of celery through artificial regulation of the light envi-
ronment has therefore become an important research focus. This work aimed to elucidate
the impact of varying light–dark cycles on the growth characteristics and nutritional at-
tributes of celery. Six light–dark cycle treatments (4 h/2 h, 8 h/4 h, 16 h/8 h, 24 h/12 h,
32 h/16 h, and 40 h/20 h) were applied, using ‘Oster Ziyu Xiangqin’ as the plant mate-
rial under a constant light intensity of 400 µmol·m−2·s−1. The results revealed that the
24 h/12 h light–dark treatment significantly enhanced plant height, total fresh weight, and
root vigor and showed superior performance in photosynthetic and chlorophyll fluores-
cence parameters. The 32 h/16 h treatment significantly enhanced the accumulation of
soluble sugars, proteins, total phenolic compounds, and flavonoids, as well as the activ-
ities of antioxidant enzymes, while reducing nitrate-nitrogen levels. In conclusion, the
24 h/12 h light–dark cycle was most conducive to the growth and photosynthetic perfor-
mance of celery, whereas the 32 h/16 h treatment optimally enhanced its nutritional quality
and antioxidant capacity.

Keywords: celery; light–dark cycle; nutritional quality

1. Introduction
Celery (Apium graveolens L.) is an annual or biennial species belonging to the genus

Apium of the family Apiaceae [1]. It is an excellent source of dietary fiber, which supports
digestive health, and is rich in various nutrients and minerals [2]. In addition, celery
possesses significant medicinal value. Bioactive compounds present in celery, including
apigenin and coumarin, have been shown to lower blood pressure and regulate lipid
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metabolism [3]. Celery petioles and seeds exhibit multiple pharmacological activities,
including anti-inflammatory, hypotensive, anthelmintic, sedative, and anti-rheumatic ef-
fects [4]. Celery juice combined with carrot juice has been reported to alleviate several
chronic diseases [5]. Traditionally, celery seeds have been used to relieve digestive disorders
and correct metabolic dysfunctions [6].

Light functions as a pivotal environmental determinant that modulates plant growth
and development [7], primarily regulating physiological and metabolic processes through
photosynthesis [8]. Compared with other crops, systematic studies on light environment
regulation in celery remain limited; however, existing research has begun to elucidate the
effects of various light factors. Regarding photoperiod regulation, Booji and Meurs [9]
reported that exposing Apium graveolens L. var. rapaceum (Mill.) DC. to continuous 24 h
illumination after the formation of the primary umbel inflorescence induced flowering
about 8 d earlier than under a 10 h photoperiod. Chu et al. [10] compared two celery
cultivars under different photoperiods and found that both exhibited optimal growth under
the 12 h/12 h regime. Moreover, photoperiodic alternation between light and darkness
affects the biosynthesis and accumulation of secondary metabolites. Chen et al. [11]
demonstrated that a short 6 h/6 h light–dark cycle disrupted the continuous synthesis of
flavonoids, whereas continuous 24 h illumination markedly increased their accumulation.
Liu et al. [12] investigated postharvest preservation and found that, under a 1:1 red–blue
light ratio, a light intensity of 30 µmol·m−2·s−1 was more effective than other treatments
in delaying celery senescence, as indicated by reduced dry-weight loss, smaller color
differences, and a chlorophyll content 2.3-fold higher than that of the control (CK). During
the growth stage, Qin et al. [13] reported that the accumulation of photosynthetic pigments
and nutrients in celery was enhanced at an intensity of 200 µmol·m−2·s−1, whereas chalcone
synthase (CHS) and flavonoid synthase (FNS) showed the highest enzymatic activities
under this treatment. Collectively, accumulating evidence indicates that photoperiod and
light intensity are critical environmental factors governing celery growth and development.
However, the mechanisms by which light–dark cycles influence quality formation and
physiological metabolism remain largely unclear. Systematic investigation of celery’s
response to light–dark cycles is of great significance for refining the theoretical framework
of light-environment regulation and enhancing cultivation efficiency.

Plant circadian rhythms are endogenous biological cycles of approximately 24 h that
enable plants to respond adaptively to environmental cues such as temperature and light.
This rhythmic behavior represents a fundamental feature of eukaryotic organisms. These
rhythms operate at the cellular level and exert pervasive influences on metabolic pro-
cesses [14]. Plant metabolic activities are subject to diel regulation, alternating between
high and low activity states within approximately 24 h intervals governed by the circadian
clock [15]. This complex system modulates gene expression at multiple levels through
intricate transcriptional regulatory networks [16]. Photosynthesis provides the primary
energy source for plant growth and development, fundamentally determining crop pro-
ductivity [17]. The circadian clock regulates key physiological processes, ensuring plant
adaptation to diurnal environmental fluctuations by optimizing photosynthesis, flowering,
and seed germination [18]. Circadian rhythms orchestrate diverse physiological processes,
including gene expression, metabolism, and development [19,20]. In addition, plant circa-
dian rhythms regulate pathogen resistance and modulate both the synthesis and signaling
pathways of phytohormones [21]. Recent studies on vegetable crops have further elucidated
the critical role of circadian rhythm regulation in domestication and yield enhancement.
For example, Anton-Sales et al. [22] first established a direct link between biological clock
deceleration and the domestication and breeding of leafy crops, revealing that bolting-delay
breeding slowed the circadian rhythm in lettuce and indicating that circadian phenotypes
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can predict developmental timing. Similarly, Diego et al. [23] reported that plants can
adapt to unnatural circadian cycles through endogenous clock regulation, demonstrating
that misalignment between the internal clock and the external circadian rhythm does not
necessarily lead to poor growth. They emphasized that extended photoperiods can result
in growth performance comparable to or even exceeding that of short photoperiods under
identical daily light integral (DLI) conditions. In tomato research, Liu et al. [24] identified
the SlPRR1 gene as a central regulator of circadian rhythms and photoperiodic flowering,
whereas Yang et al. [25] revealed that the circadian-related GIGANTEA gene enhances heat
tolerance. Additionally, Zhang et al. [26] demonstrated that CsWOX1 integrates leaf devel-
opment with circadian regulatory factors in cucumber, highlighting the interplay between
morphogenesis and rhythmic signaling. Therefore, understanding plant circadian rhythms
is essential for enhancing agricultural productivity and advancing ecological sustainability
and environmental conservation [27].

Two principal factors describe the light–dark cycle: the total length of the cycle and
the relative proportion of its light and dark periods. When the duration of the light–dark
cycle corresponds to the natural 24 h circadian rhythm, it is defined as a normal cycle;
any deviation from 24 h is regarded as an abnormal light–dark cycle [28,29]. In plant
factory systems, where the natural 24 h circadian rhythm is absent, artificial light sources
are employed to establish controlled abnormal light–dark cycles. Intermittent lighting
is considered a form of abnormal light–dark cycling. Within a 24 h period, intermittent
lighting may involve two or more complete light–dark cycles. Previous studies have
shown that artificially controlled abnormal light–dark cycles can stimulate the biosynthesis
of secondary metabolites in plant cells [30]. The purpose of designing abnormal light–
dark cycles is to enhance light energy utilization, enabling plants to achieve high yield and
improved quality while reducing energy consumption. Therefore, light–dark cycles serve as
critical regulatory factors governing plant growth and photosynthesis processes. Different
light–dark cycles exert distinct effects on plant growth and photosynthetic performance
depending on plant species and the surrounding light environment.

The light–dark cycle plays a pivotal role in regulating plant growth and photosyn-
thetic performance. Studies have shown that intermittent lighting enhances photosynthetic
efficiency in algae, increases leaf area in Arabidopsis thaliana (L.) Heynh., and improves
biomass accumulation and fructose content in lettuce [31]. In addition, light quality affects
the oscillation frequency of the biological clock in lettuce. Kang et al. [32] demonstrated
that shortening the light–dark cycle, particularly under high-intensity photoperiods shorter
than 24 h, significantly promoted lettuce growth and development in plant factory sys-
tems. Cheng et al. [33] reported that shortening the light–dark cycle from 12 h/12 h to
4 h/4 h increased the daily net CO2 exchange rate in Dendrobium officinale Kimura & Migo
but inhibited it in Dendrobium polyanthum Wall. ex Lindl. Chen et al. [34] found that, under
equivalent total light exposure, a shortened 8 h/4 h light–dark cycle, compared with the
conventional 16 h/8 h treatment, significantly increased lettuce shoot dry weight and
improved its nutritional quality. Chihiro et al. [35] observed that lettuce grown under
non-24 h light–dark cycles exhibited a substantially faster growth rate than plants exposed
to the standard 24 h cycle. Shao et al. [36] reported that switching to 12 h or 36 h light–dark
cycles before harvest significantly enhanced lettuce growth, whereas a 48 h cycle inhibited
it. Appropriate adjustment of the light–dark cycle during the later growth stages can en-
hance both yield and nutritional quality in lettuce. However, excessively prolonged cycles
have been reported to negatively affect lettuce growth. Kurata et al. [37] applied 6 h/6 h,
12 h/12 h, 24 h/24 h, and 36 h/36 h light–dark cycles to Coffea arabica L. cell cultures
and found that extending the cycle duration promoted cell proliferation. Hang et al. [38]
revealed that, in contrast to shorter cycles (3 h/3 h), longer cycles (6 h/6 h) enhanced
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lettuce’s stomatal conductance and net photosynthetic rate. Zhou et al. [39] reported
that, compared to shorter photoperiods (6 h/6 h and 3 h/3 h), a longer light–dark cycle
(12 h/12 h) increased both light-response curve parameters and CO2-response curve pa-
rameters. Collectively, these results suggest that a moderate modification of the light–dark
cycle, either by extending or shortening its duration, favors the enhancement of growth,
with effects varying due to plant species, cycle length, and other factors.

The light–dark cycle also exerts a significant influence on plant nutritional qual-
ity. Researchers have investigated how variations in light–dark cycle duration regulate
plant nutrient composition and yield. Cheng et al. [33] reported that, compared with a
12 h/12 h light–dark cycle, a shorter 2 h/2 h cycle markedly enhanced soluble polysaccha-
ride content and yield in Dendrobium officinale Kimura & Migo under aeroponic cultivation,
thereby improving both growth and quality. Chen et al. [40] demonstrated that extending
the light–dark cycle increased ascorbic acid and soluble sugar contents in lettuce, reaching
a maximum under a 120 h/60 h treatment and significantly enhancing nutritional quality.
Tatjana et al. [41] investigated the responses of three solanaceous species to prolonged
light–dark cycles. Their results indicated that, compared with the conventional 16 h/8 h
light–dark cycle, treatments with 48 h/24 h, 96 h/48 h, and 120 h/60 h cycles significantly
increased fruit yields in tomato and pepper. In particular, anthocyanin and flavonoid
contents were significantly elevated under the 120 h/60 h treatment.

In summary, both the prolongation and reduction of the light–dark cycle can enhance
plant nutritional quality, although the responses vary considerably depending on plant
species, specific cycle parameters, and environmental conditions. Therefore, the present
study was conducted to investigate the effects of different light–dark cycles on the growth,
development, and nutritional quality of celery.

2. Materials and Methods
2.1. Experimental Materials and Environment

The experimental trial was performed over a four-month period (June–September
2024) at the plant factory of the Chengdu Academy of Agriculture and Forestry Sciences,
Chengdu, Sichuan, China (103◦51′ E, 30◦42′ N). Uniform, healthy celery seeds (cultivar
‘Oster Ziyu Xiangqin’; obtained from Khalid Seeds Hebei Co., Ltd., characterized by vig-
orous growth and strong disease resistance) were selected and soaked in a 100 mg·L−1

gibberellic acid (GA3) solution in 50 mL centrifuge tubes for 24 h. After rinsing, the
seeds were placed in Petri dishes and transferred to a constant-temperature incubator at
22 ◦C for light-induced germination (light intensity: 200 µmol·m−2·s−1; photoperiod: 12 h
light/12 h dark). The seeds were rinsed once daily with distilled water. When approxi-
mately 80% of the seeds had germinated, they were transferred to hydroponic cultivation
using black sponges (240 × 200 × 20 mm) with cross-shaped perforations (80 holes). When
the two cotyledons of the celery seedlings were fully expanded, the seedlings were trans-
ferred to 1/3 Hoagland’s nutrient solution. The pH was maintained at 6.5 ± 0.5, and
the EC at 0.9 ± 0.1 mS·cm−1. When seedlings reached the four-true-leaf stage, uniform
healthy seedlings without diseases or insect damage were selected and transplanted into
the hydroponic system (one seedling per hole, 18 cm spacing). The plants were maintained
in full-strength Hoagland’s nutrient solution. The pH was maintained at 6.5 ± 0.5, and the
EC at 2.5 ± 0.1 mS·cm−1, with solution replacement every 10 days.

Light was supplied by red-blue LED panels (Guangzhou Inled Lighting Technology
Co., Ltd.; Guangzhou, China. Model: LHTHS8B512R600A7B40N-68P450; dimensions:
680 × 400 × 14 mm; power: 180 W). The photosynthetic photon flux density (PPFD) for all
experimental treatments was measured using a plant light analyzer (OHSP-350P, HOPOO
COLOR, Hangzhou, China).
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2.2. Experimental Treatment

In this experiment (Figure 1), under red–blue mixed light (red–blue = 8:2), the photon
flux density was measured as PPFD = 400 ± 10 µmol·m−2·s−1, and the 16 h/8 h light–
dark cycle was used as the control (CK). Six light–dark cycle treatments were established:
4 h/2 h, 8 h/4 h, 16 h/8 h, 24 h/12 h, 32 h/16 h, and 40 h/20 h. Seedlings with four
leaves were acclimated under uniform light for 5 d and then exposed to different light–dark
cycles. Each treatment included 35 plants, and three plants were randomly selected for
repeatability testing. During the adaptation period, the celery seedlings were maintained
under the 16 h/8 h treatment. Each treatment lasted 30 d, and samples were collected at
the end of the photoperiod. Leaf blades and petioles were randomly collected from five
healthy plants per replicate (three replicates per treatment), immediately frozen in liquid
nitrogen, and stored at −80 ◦C for subsequent physiological analyses.

Figure 1. Irradiation patterns during a 720 h growth cycle under different treatments. L16/D8:
16 h of light/8 h of darkness (as the control group), L4/D2: 4 h of light/2 h of darkness, L8/D4: 8 h
of light/42 h of darkness, L24/D12: 24 h of light/12 h of darkness, L32/D16: 32 h of light/16 h of
darkness, L40/D20: 40 h of light/20 h of darkness. Each treatment group underwent 30, 120, 60, 20,
15, and 12 light–dark cycles during the growth cycle. The arrow indicates that light processing has
ended and dark processing will begin.

2.3. Determination of Growth Indicators

Under 30 d processing, five plants per replicate were randomly selected for growth
index determination. Plant height and root length were measured manually using a ruler.
Petiole width was measured with vernier calipers. Fresh weights of the aboveground and
underground parts were determined with an analytical balance, and dry weights were
obtained following 3 d of oven drying at 75 ◦C.

2.4. Determination of Root Activity

Root activity was measured by spectrophotometry [42]. Washed roots (1 g) were
put in a 200 mL conical flask with 50 mL of an equal-volume mixture of 50 µg·mL−1

α-naphthylamine solution and pH 7.0 phosphate buffer. The roots were incubated in this



Agriculture 2025, 15, 2228 6 of 31

solution for 10 min. The content of α-naphthylamine was measured using 2 mL of the
solution as the initial value. The conical flask was then sealed and placed at 25 ◦C for
3 h, and 2 mL of the solution was taken for the determination of α-naphthylamine content.
Root activity was calculated based on the oxidation of α-naphthylamine.

2.5. Determination of Chlorophyll Fluorescence and Photosynthetic Parameters

After 30 d of treatment, five healthy leaves were randomly selected, repeated three
times, and the net photosynthetic rate (Pn), intercellular CO2 concentration (Ci), transpira-
tion rate (Tr), and stomatal conductance (Gs) were measured using a portable photosynthe-
sis analyzer (LI-COR 6800, Lincoln, NE, USA). Measurements were conducted between 9:00
and 12:00 h. During measurements, CO2 concentration was maintained at 400 µmol·mol−1

using a CO2 cylinder, under controlled conditions of 25 ◦C, 50% relative humidity, and a
photosynthetic photon flux density (PPFD) of 400 µmol·m−2·s−1.

The maximum photochemical efficiency (Fv/Fm), actual photosynthetic efficiency
(Y(II)), photochemical quenching (qP), relative electron transport rate (ETR), and non-
photochemical quenching (NPQ) were measured using a portable fluorometer (Walz PAM-
2500; Effeltrich, Germany). Before measurement, celery leaves were dark-adapted for
30 min, and an illumination intensity of 669 µmol·m−2·s−1 was maintained
during measurement.

2.6. Determination of Photosynthetic Pigments

A 0.5 g sample of fresh leaf blades from each treatment was weighed, immersed in
10 mL of 80% acetone solution, and incubated in darkness at room temperature for 72 h. Af-
ter the leaf blades had completely turned white, absorbance was measured at wavelengths
of 470, 663, and 646 nm [43]. The photosynthetic pigment content was calculated as follows:

Chl.a(mg/g) =
(12.21 × OD663 − 2.81 × OD646)× V

1000 × W
(1)

Chl.b(mg/g) =
(20.13 × OD646 − 5.03 × OD663)× V

1000 × W
(2)

Car(mg/g) =
((1000 × OD470 − 3.27 × Chl.a − 104 × Chl.b)/229)× V

1000 × W
(3)

2.7. Determination of Physiological Indexes
2.7.1. Determination of Antioxidant Enzymes and MDA Content

For enzyme extraction, 0.5 g of fresh tissue was homogenized with 1 mL of pre-chilled
0.05 mol·L−1 phosphate buffer (pH 7.8) on ice. The mixture was poured into a centrifuge
tube until it reached a steady 5 mL volume, centrifuged at 4 ◦C and 4000 rpm for 20 min,
and the supernatant was collected for cryopreservation.

Superoxide dismutase (SOD) activity was assessed through the reduction of nitroblue
tetrazolium (NBT) [44]. The enzyme solution (0.1 mL) was added to 0.5 mL of 30 mmol·L−1

Methionine (Met), 30.5 mL 100 µmol·L−1 Ethylenediaminetetraacetic acid disodium salt
(EDTA-Na2), 30.5 mL of 750 µmol·L−1 NBT, and 30.5 mL of 20 µmol·L−1 riboflavin in
turn, and then placed in an artificial incubator for 30 min. Absorbance was measured
at 560 nm following the process. Peroxidase (POD) activity was measured based on the
guaiacol method. Following the addition of 0.1 mL of the enzyme solution, 50 mL of
0.1 mol·L−1 phosphate buffer (pH 6.0), 0.028 mL of guaiacol, and 0.019 mL of 30% (v/v)
H2O2, the absorbance was measured at 470 nm. Catalase (CAT) activity was determined
spectrophotometrically using the colorimetric method described by [45]. After mixing
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0.1 mL of the enzyme solution with 20 mL of 0.1mol·L−1 phosphate buffer (pH 7.0) and
5.68 mL of 30% (v/v) H2O2, the absorbance was measured at 240 nm.

Malondialdehyde (MDA) content was measured by the thiobarbituric acid (TBA)
reaction method [46]. Fresh tissue (0.5 g) was placed in a 10 mL test tube and mixed with
10 mL of 5% (w/v) trichloroacetic acid (TCA). The sample was ultrasonically extracted
at room temperature for 10 min, followed by centrifugation at 4000 rpm for 10 min. For
10 min, the supernatant was incubated in boiling water after being added to a 0.6% (w/v)
solution of thiobarbituric acid (TBA). Absorbance at 532, 600, and 450 nm was measured
after the mixture had cooled and been centrifuged.

CMDA = 6.45 × (OD532 − OD600)− 0.56 × OD450 (4)

2.7.2. Determination of Proline Content

Proline content was determined according to the method described by Song et al. [47].
Fresh tissue (0.5 g) was homogenized in 5 mL of 3% (w/v) sodium salicylate solution and
subjected to boiling water for 20 min to extract the desired compounds. An aliquot of
0.5 mL of the extract was mixed with 1.5 mL of distilled water. Then 2.0 mL of glacial acetic
acid solution and 2.0 mL of ninhydrin solution were added. The mixture was vortexed
thoroughly and heated in boiling water for 30 min. After cooling, 5 mL of toluene was
added to each test tube, and the mixture was fully oscillated to extract the red product.
After standing in the dark for 2–3 h, the toluene layer was completely separated, and
absorbance readings were taken at a wavelength of 520 nm.

2.7.3. Determination of Antioxidant Substances

Total phenol content was measured using the method of Yan [48]. A dry sample of
celery (0.1 g) was added to 1 mL of acetone and was ultrasonicated at 60 ◦C for 30 min. After
centrifugation, 1 mL of 2% Na2CO3 solution was combined with 0.05 mL of supernatant.
Following 5 min of standing, 0.05 mL of 50% (v/v) Folin-Ciocalteu reagent was applied.
After 30 min of incubation in the dark, absorbance was measured at 760 nm. A calibration
curve was constructed using gallic acid as the standard.

Total flavonoids were quantified spectrophotometrically by the aluminum chloride
colorimetric technique [10]. An aliquot (0.12 mL) of the phenolic extract was mixed with
0.36 mL of 95% (v/v) ethanol, 0.24 mL of 2% AlCl3 solution, 0.24 mL of 1 mol·L−1 potassium
acetate solution, and 0.672 mL of distilled water. The mixture was vortexed and incubated
in the dark at room temperature for 40 min. Absorbance was measured at 415 nm, and
quercetin was used as the standard to construct the calibration curve.

Ascorbic acid (AsA) content was measured using ultraviolet (UV) spectrophotom-
etry [49]. Fresh tissue (0.5 g) was placed in an ice bath. Then, 10 mL of 50 g·L−1

trichloroacetic acid (TCA) solution was added, shaken well, and then centrifuged for
30 min. The supernatant (1 mL) was mixed with 2 mL of 50 g·L−1 TCA solution and 1 mL of
ethanol. After giving the mixture a good shake, 0.5 mL of phosphoric acid-ethanol solution,
0.5 mL of FeCl3-ethanol solution, and 1 mL of BP-ethanol solution were added sequentially.
Absorbance was measured at 534 nm after the completion of the reaction.

Anthocyanin content was determined as described by Li et al. [50]. A 1 g portion of
fresh tissue was subjected to extraction using 15 mL of 1% (v/v) hydrochloric acid–methanol
solution, mixed thoroughly, and incubated in the dark. After centrifugation in a refrigerated
centrifuge (ST16R, Thermo Scientific, MA, USA), the absorbance of the supernatant was
measured at 530, 620, and 650 nm using a microplate reader (SpectraMax M2, Molecular
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Devices, CA, USA). The anthocyanin content in each treatment was calculated using the
following equation:

OD = (OD530 − OD620)− 0.1 × (OD650 − OD620) (5)

In the formula, each 0.1 absorbance unit represents 1 mg of total anthocyanin content
in the sample.

2.7.4. Determination of Nutritional Quality

Soluble protein content was determined according to the method described by Tu-
nio [51]. An amount of 0.5 g of fresh tissue was mixed with 1 mL of pre-chilled 0.05 mol·L−1

phosphate buffer (pH 7.8), and the resulting mixture was adjusted to a total volume of 5 mL
in a centrifuge tube. After centrifugation, 0.1 mL of supernatant was collected. Absorbance
was measured at 595 nm.

Soluble sugar content was measured based on the anthrone reagent method [52].
Weigh 0.5 g of fresh sample, then add 10 mL of distilled water and boil for 10 min. After
cooling, the mixture was centrifuged at 4000 rpm for 15 min. An aliquot (1 mL) of the
supernatant was mixed with 5 mL of anthrone reagent, and the absorbance at 620 nm was
quantified spectrophotometrically.

Free amino acids were quantified spectrophotometrically using the ninhydrin colori-
metric approach [53]. An amount of 0.5 g of fresh sample was weighed, then 5 mL of 10%
(v/v) glacial acetic acid was added and shaken well. The mixture was diluted with distilled
water to a final volume of 100 mL. Then, 2 mL of the supernatant was mixed with 3 mL of
indophenol solution and 0.1 mL of 0.1% ascorbic acid solution. After boiling for 15 min,
the mixture was rapidly cooled. Following the addition of 60% ethanol to a fixed volume
of 5 mL, absorbance was quantified at 570 nm.

Nitrate-nitrogen content was determined by UV spectrophotometry [54]. Weigh 0.5 g
of fresh celery, add 5 mL of distilled water, then place in a 45 ◦C environment and heat for
1 h. After cooling, the extract was centrifuged, and 0.2 mL of the supernatant was mixed
with 0.2 mL of 5% (w/v) salicylic acid–sulfuric acid solution. After 30 min, 4.75 mL of
2 mol·L−1 NaOH solution was added, and absorbance was measured at 410 nm.

Cellulose content was determined according to the national standard GB/T 5009.10–
2003 [55]. A dry celery sample (0.01 g) was weighed, and then 1.2 mL of 3% (m/v) sodium
dodecyl sulfate (SDS) neutral detergent was added. Then, the mixture was boiled in a
water bath for 1 h, centrifuged to discard the supernatant, rinsed repeatedly with distilled
water and acetone, and, finally, 1 mL of the extract was used to measure hemicellulose
content. The residue was incubated overnight at 60 ◦C. Then 0.2 mL of 72% H2SO4 was
added and hydrolyzed at 35 ◦C for 1 h. One milliliter of distilled water was added, the
mixture was boiled for 1 h, and then cooled to room temperature. After centrifugation,
0.1 mL of the supernatant was taken and added to 0.4 mL of distilled water and 2 mL of
anthrone reagent. The reaction mixture was heated in a boiling water bath for 20 min, and
absorbance was measured at 620 nm. A standard calibration curve was generated using
glucose, and the cellulose content was multiplied by 0.9.

Hemicellulose content was assessed by combining 0.1 mL of hemicellulose extract
with 0.4 mL of distilled water for further analysis. Then, 2 mL of lichen phenol was added
and the mixture was boiled in a water bath for 20 min. Finally, absorbance was measured
at 660 nm. A calibration curve was constructed using xylose as the standard, and the
hemicellulose content was multiplied by 0.9 for conversion.
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2.8. Data Analyses

Data were processed using Excel 2021 and SPSS 27.0.1, including statistical analysis
and multiple comparisons. GraphPad Prism 9.5 was used to plot the results. The data are
presented as mean ± SD. The correlation analysis and principal component analysis were
performed using Origin 2024. Comprehensive evaluation value D was calculated using the
membership function (Ui) of the comprehensive index and weights (Wi) [56].

Ui =
Xi − XMIN

XMAX − XMIN
(i = 1, 2, · · · · · · , n) (6)

In the formula, the i-th comprehensive index’s membership function value is repre-
sented by Ui; its value is represented by Xi; its minimum value is represented by XMIN; and
its maximum value is represented by XMAX.

Wi =
ui

∑3
i=1 ui

(i = 1, 2, · · · · · · , n) (7)

In the formula, Wi stands for the i-th comprehensive index’s weight and ui for the
principal component analysis-derived contribution rate of the i-th comprehensive index.

D = Ui × Wi(i = 1, 2, · · · · · · , n) (8)

In the formula, D represents the comprehensive evaluation value.

3. Results
3.1. Effects of Light–Dark Cycle on Growth

Figure 2 shows celery’s growth states in different light–dark cycles. Regarding plant
height (Figure 3A), the 24 h/12 h treatment was higher than the other treatments and
increased by 22.7% compared to CK. Under the 8 h/4 h treatment, root length, petiole
width, and leaf number (Figure 3A,B) increased by 16.0%, 13.4%, and 35.4%, respectively,
compared with CK. These results indicate that both the 8 h/4 h and the 24 h/12 h treatments
effectively promoted celery growth.

 
Figure 2. Growth state of celery under different light–dark cycles.
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As shown in Table 1, all treatments except the 4 h/2 h cycle resulted in significantly
higher fresh weights than CK. In the 8 h/4 h treatment, the shoot fresh weight reached
the highest level, increasing by 47.1% compared to CK. Under the 24 h/12 h treatment,
both shoot and root fresh weights were significantly higher than those of the CK, with
the root achieving the highest fresh weight of 73.2 g. In the dry weight, the shoot dry
weight reached a maximum of 21.2 g under the 8 h/4 h treatment, which was higher than
in other treatments. In terms of root dry weight, the 24 h/12 h and 40 h/20 h treatments
were significantly higher than the other treatments. Compared with the CK, the increases
were 28.7% and 32.4%. These results indicate that the 24 h/12 h treatment is optimal for
promoting celery biomass accumulation.

Figure 3. Effects of different light–dark cycles on the growth indicators of celery. (A) plant height,
(B) root length, (C) petiole width, (D) number of petioles. Distinct letters placed above the bars
denote statistically significant differences (p < 0.05) as assessed by one-way ANOVA followed by
Duncan’s multiple range test.
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Table 1. Effects of different light–dark cycles on celery biomass.

Treatments Shoot Fresh
Weight (g)

Root Fresh
Weight (g)

Shoot Dry
Weight (g)

Root Dry
Weight (g)

CK 153 ± 8 d 52.6 ± 2.7 d 19.5 ± 1.0 b 4.04 ± 0.11 c

4/2 142 ± 6 e 42.3 ± 0.9 e 19.0 ± 0.9 b 2.91 ± 0.32 d

8/4 225 ± 7 a 59.2 ± 3.1 c 21.2 ± 0.5 a 4.60 ± 0.28 b

24/12 218 ± 5 a 73.2 ± 1.8 a 18.5 ± 1.2 b 5.20 ± 0.26 a

32/16 162 ± 6 c 61.8 ± 2.4 bc 17.0 ± 0.9 c 4.61 ± 0.24 b

40/20 178 ± 4 b 63.2 ± 1.7 b 19.6 ± 0.4 b 5.35 ± 0.26 a

Note: The letters in the table denote statistically significant differences (p < 0.05) as assessed by one-way ANOVA
followed by Duncan’s multiple range test.

3.2. Effects of Light–Dark Cycle on Root Activity

In Figure 4, with increasing light–dark cycle length, the root activity of celery
first increased and then decreased, reaching a maximum of 28.4 µg·h−1·g−1 under the
24 h/12 h treatment, which was 112.4% higher than CK. No significant differences were
observed among the 4 h/2 h, 8 h/4 h, and 32 h/16 h treatments. The results show that the
24 h/12 h treatment effectively improved the root activity of celery.

Figure 4. Effects of different light–dark cycles on the root activity of celery. Distinct letters placed
above the bars denote statistically significant differences (p < 0.05) as assessed by one-way ANOVA
followed by Duncan’s multiple range test.

3.3. Effects of Light–Dark Cycle on Photosynthetic Parameters and Chlorophyll Fluorescence

In Figure 5, Pn (Figure 5B) reached its highest value of 19.9 µmol·m−2·g−1 in the
24 h/12 h treatment, which was higher than CK by 46.1%. In contrast, Pn was lowest
under the 40 h/20 h treatment, showing 7.2% lower than CK. For Gs (Figure 5D), the
8 h/4 h, 24 h/12 h, 32 h/16 h, and 40 h/20 h treatments were all significantly higher
than CK, with increases of 46.3%, 211.1%, 160.6%, and 23.8%, respectively. The lowest Gs
(0.17 mol·m−2·s−1) was recorded under the 4 h/2 h treatment. In terms of Ci (Figure 5C),
the 24 h/12 h treatment showed the highest value at 340.1 µmol·mol−1, which was 31.1%
higher than CK. Additionally, Ci values under the 8 h/4 h and 40 h/20 h treatments were
also higher than CK, while the 4 h/2 h treatment showed no significant difference. For
Tr (Figure 5A), there were no significant differences between the 4 h/2 h and 40 h/20 h



Agriculture 2025, 15, 2228 12 of 31

treatments compared to the CK. The 24 h/12 h treatment group showed a 196.2% increase
compared to the CK. A longer light exposure period facilitates complete photosynthesis,
while moderate darkness ensures plant metabolism and energy storage, thereby enhanc-
ing photosynthetic efficiency. Overall, the 24 h/12 h treatment was most beneficial for
improving photosynthetic parameters in celery.

According to Figure 6, Fv/Fm (Figure 6A) and Fv/Fo (Figure 6F) were lower than
CK under different light–dark cycle treatments. For Y (II) (Figure 6B) and ETR (Figure 6E),
the 24 h/12 h, 32 h/16 h, and 40 h/20 h treatments progressively improved relative to CK,
reaching maximum values under 40 h/20 h treatment with significant increases of 5.7% and
2.3%, respectively. In terms of qP (Figure 6C) and NPQ (Figure 6D), different light–dark
cycle treatments exhibited significantly higher values than CK. The results indicate that the
24 h/12 h treatment effectively enhanced chlorophyll fluorescence efficiency in celery.

Figure 5. Effects of different light–dark cycles on photosynthetic parameters of celery. (A) Tr, (B) Pn,
(C) Ci, (D) Gs. Data are presented as mean ± SD (n ≥ 3). Distinct letters placed above the bars denote
statistically significant differences (p < 0.05) as assessed by one-way ANOVA followed by Duncan’s
multiple range test.
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Figure 6. Effects of different light–dark cycles on chlorophyll fluorescence parameters of celery.
(A) Fv/Fm, (B) Y(II), (C) qP, (D) NPQ, (E) ETR, (F) Fv/Fo. Distinct letters placed above the bars
denote statistically significant differences (p < 0.05) as assessed by one-way ANOVA followed by
Duncan’s multiple range test.

3.4. Effects of Light–Dark Cycle on Photosynthetic Pigments

Table 2 showed that the content of these photosynthetic pigments exhibits a parabolic
pattern as the light–dark cycle increases, peaking under the 8 h/4 h treatment with signifi-
cant increases of 41.0%, 51.6%, 44.8%, and 41.7% relative to CK. Photosynthetic pigment
content was lowest under the 40 h/20 h treatment, potentially indicating that extended
darkness inhibits chlorophyll synthesis. Other light–dark cycle treatments demonstrated
significantly higher pigment content than CK, with considerable variation among treat-
ments. These results indicate that the 8 h/4 h treatment was the most effective in promoting
photosynthetic pigment synthesis in celery.
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Table 2. Effects of different light–dark cycles on photosynthetic pigments of celery.

Treatments Chlorophyll a
(mg·100 g−1)

Chlorophyll b
(mg·100 g−1)

Total
Chlorophyll
(mg·100 g−1)

Carotenoids
(mg·100 g−1)

CK 27.0 ± 0.2 f 12.8 ± 0.4 e 39.7 ± 0.2 e 9.4 ± 0.3 f

4/2 31.3 ± 0.2 d 14.9 ± 0.4 c 46.2 ± 0.5 c 10.6 ± 0.1 d

8/4 38.1 ± 0.2 a 19.4 ± 0.3 a 57.5 ± 0.5 a 13.3 ± 0.1 a

24/12 35.7 ± 0.2 b 17.5 ± 0.4 b 53.2 ± 0.4 b 12.6 ± 0.1 b

32/16 35.4 ± 0.2 c 17.9 ± 0.3 b 53.3 ± 0.2 b 12.4 ± 0.1 c

40/20 30.0 ± 0.2 e 14.3 ± 0.4 d 44.3 ± 0.4 d 9.6 ± 0.1 e

Note: The letters in the table denote statistically significant differences (p < 0.05) as assessed by one-way ANOVA
followed by Duncan’s multiple range test.

3.5. Effect of Light–Dark Cycle on Antioxidase and MDA

From Figure 7, for SOD (Figure 7A), SOD activity in blades exceeded that in peti-
oles across all treatments except for the 32 h/16 h and the 40 h/20 h. In leaf blades, all
treatments showed significantly higher SOD activity than CK, with the 32 h/16 h and
40 h/20 h treatments showing increases of 74.6% and 69.8%, respectively. In petioles, SOD
activity was significantly higher than CK under all treatments except for the 8 h/4 h cycle.
Under 40 h/20 h treatment, SOD activity reached the highest level of 93.8 µmol·min−1·g−1,
significantly exceeding CK by 110.4%. In celery leaves, POD activity (Figure 7B) increased
progressively with extended darkness, with all treatments except the 4 h/2 h treatment
showing significantly higher values than CK. Under the 40 h/20 h treatment, POD activity
peaked at 24.0 µmol·min−1·g−1, representing a 68.5% increase compared with CK. Under
40 h/20 h treatment, POD activity reached 5.2 µmol·min−1·g−1, followed by the 32 h/16 h
treatment at 4.5 µmol·min−1·g−1, both significantly higher than CK. In celery blades, CAT
activity (Figure 7C) peaked at 44.3 µmol·min−1·g−1 under the 32 h/16 h treatment (115.8%
higher than CK), while the minimum under the 4 h/2 h treatment was 18.3 µmol·min−1·g−1

(10.6% lower than CK). In petioles, no significant differences were observed among the
4 h/2 h, 8 h/4 h, and CK treatments. For petioles, CAT activity peaked under the 32 h/16 h
treatment (17.0 µmol·min−1·g−1), with the 40 h/20 h and 24 h/12 h treatments showing
increases of 61.8%, 40.6%, and 20.6% relative to CK. The results indicate that both the
32 h/16 h and the 40 h/20 h treatments enhanced antioxidant enzyme activities in celery.
For MDA in blades (Figure 7D), levels first decreased and then increased with longer
light–dark cycles. This pattern may have resulted from prolonged light exposure, inducing
membrane lipid peroxidation. Under the 40 h/20 h treatment, MDA content peaked at
0.18 µmol·g−1 (30.9% higher than CK). Both the 4 h/2 h and 8 h/4 h treatments showed
lower MDA levels than CK, though not significantly. In petioles, MDA content in the
32 h/16 h and the 40 h/20 h treatments was significantly higher (79.0% and 58.9%, respec-
tively) than CK. The 8 h/4 h and 24 h/12 h cycles showed no significant difference from
CK. These findings suggest that the 32 h/16 h and 40 h/20 h treatments enhanced the
antioxidant capacity of celery but also increased MDA accumulation.
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Figure 7. Effects of different light–dark cycles on antioxidant enzymes and MDA content in celery.
(A) SOD, (B) POD, (C) CAT, (D) MDA. Distinct letters placed above the bars denote statistically
significant differences (p < 0.05) as assessed by one-way ANOVA followed by Duncan’s multiple
range test.

3.6. Effect of Light–Dark Cycle on Proline Content

In Figure 8, proline content was lowest in both leaves and petioles under the
8 h/4 h treatment, being significantly lower than that of CK. Other treatments showed
slightly higher proline levels than CK, although the differences were not statistically signifi-
cant. Overall, variations in light–dark cycles had no significant effect on proline accumula-
tion, except for the marked reduction observed under the 8 h/4 h treatment.

Figure 8. Effects of different light–dark cycles on proline content in celery. Distinct letters placed
above the bars denote statistically significant differences (p < 0.05) as assessed by one-way ANOVA
followed by Duncan’s multiple range test.



Agriculture 2025, 15, 2228 16 of 31

3.7. Effect of Light–Dark Cycle on Antioxidant Substances

As shown in Figure 9A, extended light–dark cycles (32 h/16 h and 40 h/20 h) sig-
nificantly increased total phenol content in both leaf blades and petioles. Concurrently,
anthocyanin content (Figure 9D) was markedly enhanced under these treatments. The
petioles under the 32 h/16 h and the 40 h/20 h treatments increased by 14.0% and 21.3%,
respectively, while the blades increased by 53.5% and 49.6%. Total flavonoid content
(Figure 9B) and AsA (Figure 9C) content peaked under the 40 h/20 h treatment in both
tissues. These results indicate that both the 32 h/16 h and 40 h/20 h light–dark cycles
enhanced the accumulation of antioxidant compounds in celery.

Figure 9. Effects of different light–dark cycles on antioxidant substances in celery. (A) Total phenols,
(B) Total flavonoids, (C) Ascorbic acid, (D) Anthocyanins. Distinct letters placed above the bars
denote statistically significant differences (p < 0.05) as assessed by one-way ANOVA followed by
Duncan’s multiple range test.

3.8. The Effect of Light–Dark Cycle on Nutrients

As shown in Figure 10A, under the 32 h/16 h treatment, soluble protein content peaked
and was significantly higher than CK (4.7% and 5.5% increases in blades and petioles,
respectively). This result may indicate balanced growth under this photoperiod, optimizing
photosynthetic carbon gain while sustaining protein synthesis during the dark phase.
Soluble sugar content (Figure 10B) peaked under the 40 h/20 h treatment, whereas the
lowest value was recorded under the 24 h/12 h treatment. The 24 h/12 h cycle maintained
the minimum level of soluble sugar accumulation. This may be attributed to elevated
metabolic activity consuming photosynthates more rapidly than they were produced,
despite enhanced photosynthetic efficiency. Figure 10C indicates that the content of free
amino acids in celery blades and petioles increased to different degrees under different
light–dark cycle treatments. The highest levels of free amino acids in both tissues were
observed under the 24 h/12 h and 40 h/20 h treatments. Under the 24 h/12 h treatment,
nitrate-nitrogen content (Figure 10D) peaked in blades and petioles, which was significantly
higher than other treatments, and increased by 7.0% (blades) and 23.8% (petioles) over CK,



Agriculture 2025, 15, 2228 17 of 31

possibly reflecting greater nitrogen demands during extended photoperiods for protein
biosynthesis, requiring more nitrogen to be absorbed in order to synthesize more proteins
and organic matter. Cellulose (Figure 10E) and hemicellulose (Figure 10F) showed parallel
trends, and the content in petioles was higher than that in blades. Under the 32 h/16 h
treatment, cellulose and hemicellulose content in petioles peaked at 11.5% and 12.6% above
CK, respectively. These findings indicate that the 32 h/16 h light–dark cycle was optimal
for enhancing nutrient synthesis and accumulation in celery.

Figure 10. Effects of different light–dark cycles on nutrients in celery. (A) Soluble protein, (B) Soluble
sugar, (C) Free amino acid, (D) Nitrate nitrogen, (E) Cellulose, (F) Hemi–cellulose. Distinct letters
placed above the bars denote statistically significant differences (p < 0.05) as assessed by one-way
ANOVA followed by Duncan’s multiple range test.

3.9. Correlation Analysis and Principal Component Analysis

Figure 11A shows significant positive correlations between plant height and chloro-
phyll a, chlorophyll b, and Pn. Y(II) was positively correlated with SOD, POD, free amino
acids, MDA, and proline. Carotenoid content was positively correlated with chlorophyll
a, chlorophyll b, and total chlorophyll content. Gs was positively correlated with Ci, Tr,
and free amino acids. Figure 11B showed that qP was significantly positively correlated
with SOD, POD, CAT, AsA, and total phenols content. POD and SOD were significantly
positively correlated with CAT, AsA, total phenol, and MDA. Ci was positively correlated
with transpiration rate, root activity, and cellulose content.
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Principal component analysis of growth and photosynthetic traits (Figure 12A). The
findings showed that 71.2% of the variance was explained by PC1 and PC2 (PC1: 49.6%;
PC2: 21.6%). PC1 correlated positively with Gs, plant height, petiole width, and carotenoids
and negatively with shoot dry weight and relative ETR. For leaf physiology (Figure 12B),
PC1 (55.1%) and PC2 (21.7%) collectively explained 76.8% of the variance. PC1 showed
positive loadings for cellulose, soluble protein, proline, and AsA, and a negative loading
for nitrate-nitrogen. In petiole physiology (Figure 12C), 75.2% of the total variance was
explained by PC1 (56.6%) and PC2 (18.6%). PC1 positively associated with POD, CAT, SOD,
total phenols, proline, and anthocyanin but negatively with nitrate-nitrogen.

Figure 11. Cont.
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Figure 11. Correlation analysis of celery growth and physiology under light–dark cycles. (A) Blade,
(B) petiole. Statistical significance is denoted by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). Note:
Indicators without significant correlation were excluded from the correlation analysis chart.

Principal component analysis (PCA) was conducted using a dimensionality reduction
approach on the growth and photosynthetic parameters (Table 3), as well as the physiologi-
cal parameters of blades and petioles (Table 4), across six light–dark cycle treatments. Three
principal components were extracted based on eigenvalues greater than 1 and cumulative
variance contribution exceeding 80%. In Table 3, the eigenvalue of PC1 was 10.9, with
an explained variance of 49.6%, making it the most influential principal component. The
eigenvalues of PC2 and PC3 were 4.76 and 3.21, explaining 21.6% and 14.6% of the total
variance, respectively. Together, the three principal components accounted for 85.8% of
the total variance. As shown in Table 4, the eigenvalues of PC1, PC2, and PC3 in leaf
physiology were 8.27, 3.25, and 1.14, respectively, and the cumulative contribution rate was
84.4%. For petiole physiological parameters, the eigenvalues of PC1, PC2, and PC3 were
9.06, 2.98, and 1.29, respectively, with a cumulative explained variance of 83.3%.
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Figure 12. Cont.
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Figure 12. Principal component analysis of celery growth and physiological indicators under light–
dark cycles. (A) Principal component analysis of growth and photosynthetic characteristics of celery.
(B) Principal component analysis of blade physiological indicators. (C) Principal component analysis
of petiole physiological indicators.

Based on the results of principal component analysis (PCA), comprehensive scores
and rankings for celery growth and photosynthetic characteristics, as well as for leaf and
petiole physiological parameters, were calculated using a comprehensive evaluation model.
As shown in Table 5, a higher comprehensive score indicated superior growth perfor-
mance and nutritional quality of celery. According to the comprehensive ranking, the
24 h/12 h treatment achieved the highest score for growth and photosynthetic character-
istics, indicating that this light–dark cycle was the most favorable for promoting celery
growth and photosynthesis. In the comprehensive ranking of physiological indexes of
blades and petioles, the 32 h/16 h treatment had the highest score, indicating that this
light–dark cycle improved celery’s nutritional quality and antioxidant capacity. The 4 h/2 h
treatment ranked last in all indicators, suggesting that a too-short light–dark cycle inhibited
celery’s growth and nutritional quality.
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Table 3. Principal component coefficient matrix of growth and photosynthetic traits.

Classification of Indicators

PC1 PC2 PC3
Plant height 0.29 0.08 0.00
Root length 0.26 −0.12 0.06

Petiole width 0.26 0.00 −0.18
Number of petioles 0.23 −0.09 −0.06
Shoot fresh weight 0.24 0.03 −0.26
Root fresh weight 0.21 0.29 −0.05
Shoot dry weight −0.02 −0.13 −0.45
Root dry weight 0.17 0.25 −0.07

Pn 0.28 0.02 −0.11
Gs 0.24 0.23 0.14
Ci 0.24 0.22 0.16
Tr 0.23 0.23 0.09

Fv/Fm −0.05 0.36 −0.30
Y(II) 0.00 0.24 0.35
qP 0.04 0.02 0.48

NPQ −0.01 −0.39 0.25
ETR −0.12 0.35 0.27

Fv/Fo −0.13 0.34 −0.20
Chlorophyll a 0.28 −0.14 0.04
Chlorophyll b 0.28 −0.15 0.03

Total chlorophyll 0.28 −0.14 0.04
Carotenoids 0.28 −0.12 −0.01
Eigenvalue 10.91 4.76 3.21

Percentage of
variance (%) 49.6 21.6 14.6

Cumulative (%) 49.6 71.2 85.8

Table 4. The principal component coefficient matrix of physiological traits of blades and petioles.

Blade Physiology Petiole Physiology

PC1 PC2 PC3 PC1 PC2 PC3
AsA 0.28 0.03 −0.19 0.30 −0.17 0.07

Soluble protein 0.21 0.04 −0.44 0.16 0.29 0.26
Soluble sugar 0.22 −0.37 −0.12 0.26 −0.27 −0.29

Nitrate-nitrogen −0.05 0.52 0.01 −0.21 0.32 −0.10
SOD 0.32 0.03 −0.05 0.32 0.06 −0.01
POD 0.34 0.04 −0.04 0.32 −0.08 −0.12
CAT 0.34 0.07 −0.06 0.30 0.18 −0.06

Free amino acid 0.28 0.28 0.11 0.22 0.26 −0.51
MDA 0.30 −0.06 0.26 0.30 −0.07 0.08

Proline 0.22 0.03 0.66 0.20 0.02 0.63
Total phenols 0.25 −0.27 −0.30 0.27 0.09 −0.25

Total flavonoids 0.22 −0.35 0.37 0.27 −0.28 0.04
Cellulose 0.30 0.11 −0.10 0.15 0.43 0.06

Hemi-cellulose 0.26 0.23 −0.01 0.25 0.27 −0.06
Root activity 0.06 0.50 0.01 −0.03 0.51 0.09

Anthocyanins 0.28 −0.04 0.28
Eigenvalue 8.27 3.25 1.14 9.06 2.98 1.29

Percentage of
variance (%) 55.1 21.7 7.63 56.6 18.6 8.06

Cumulative (%) 55.1 76.8 84.4 56.6 75.3 83.3
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Table 5. Principal component scores, composite scores, and rankings under different light–
dark cycles.

Classification of
Indicators Treatment U1 U2 U3 D Value Rank

Growth and
photosynthetic

properties

CK 0.00 0.71 0.00 0.18 5
4/2 0.07 0.14 0.73 0.20 6
8/4 1.00 0.00 0.02 0.58 3

24/12 0.98 1.00 0.33 0.87 1
32/16 0.86 0.52 1.00 0.80 2
40/20 0.30 0.71 0.58 0.45 4
Wight
(Wi)

0.58 0.25 0.17

Blade physiology

CK 0.00 0.26 0.89 0.15 5
4/2 0.04 0.12 1.00 0.06 6
8/4 0.02 0.35 0.00 0.10 4

24/12 0.54 1.00 0.81 0.61 3
32/16 0.94 0.36 0.49 0.70 1
40/20 1.00 0.00 0.72 0.65 2

Weight
(Wi)

0.65 0.26 0.09

Petiole physiology

CK 0.02 0.17 1.00 0.14 5
4/2 0.08 0.00 0.86 0.14 6
8/4 0.00 0.46 0.00 0.10 4

24/12 0.24 1.00 0.75 0.46 3
32/16 0.94 0.51 0.60 0.81 1
40/20 1.00 0.14 0.00 0.71 2

Weight
(Wi)

0.68 0.22 0.10

4. Discussion
Biological rhythms (biological clocks) are endogenous rhythmic oscillators that regu-

late the expression of different genes by sensing changes in environmental signals, thereby
influencing plant growth, development, metabolism, and physiological activities [57]. The
biological clock exhibits both endogenous and inducible properties. Endogeneity refers
to the ability of biological processes to operate autonomously under specific periodic
rhythms even without external signals [58], while inducibility refers to the ability of the
biological clock to spontaneously adapt to new environmental conditions when stable
external conditions are suddenly disrupted [59]. Photoperiod, as a direct manifestation
of circadian rhythms, is closely linked to plant physiological processes, such as growth
and development [60]. In natural environments, for celery, the gradual extension of the
photoperiod from winter to spring acts as a crucial environmental cue that induces flow-
ering in celery [61]. Several studies have investigated the photoperiodic regulation of
growth and development in Apiaceae plants, including celery [9,62], carrots [63], and
fennel [64]. These studies provide valuable insights into the photoperiodic regulation of
growth and development in Apiaceae species and offer guidance for future research on
photoperiod management.

4.1. Effect of Different Light–Dark Cycles on Celery Growth and Photosynthetic Characteristics

Under different light–dark cycles, the 24 h/12 h cycle significantly increased plant
height, total fresh weight, and underground dry weight and enhanced root activity, thereby
improving the plant’s capacity for nutrient and water uptake. In contrast, the 8 h/4 h
treatment showed the best performance in root length, petiole width, petiole number, total
fresh weight, and total dry weight, thereby promoting overall celery growth. In comparison,
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the 4 h/2 h treatment inhibited growth, with dry biomass accumulating mainly in the
petioles. Longer light–dark cycles significantly increased the root–shoot ratio and root
weight ratio, indicating that plants tend to enhance root development with a prolonged
light–dark cycle. Root activity of the 24 h/12 h treatment was the highest, indicating that
the moderate dark period facilitated root metabolism and energy accumulation. In contrast,
the root activity in the 4 h/2 h and 40 h/20 h treatments was lower, possibly due to the
imbalance in the light–dark cycles.

Photosynthesis plays a crucial role among the various physiological processes of
plants. Green plants convert light energy into chemical energy through photosynthesis, and
photosynthesis contributes over 90% to plant yield [65,66]. In this study, the photosynthetic
pigment content increased initially and then decreased as the duration of the light–dark
cycle was extended. Pigment content peaked under the 8 h/4 h treatment, enhancing
photosynthetic capacity, whereas it declined under the 40 h/20 h treatment. In terms of
photosynthetic parameters, the 24 h/12 h treatment group exhibited higher Pn, Gs, Ci,
and Tr values than other treatment groups, indicating strong photosynthesis. Additionally,
except for the 24 h/12 h treatment, the Fv/Fm values of all other treatments were lower than
CK, whereas ETR was lowest under the 8 h/4 h treatment and highest under the 40 h/20 h
treatment. According to the results, the 8 h/4 h treatment led to an increased accumulation
of photosynthetic pigments, while the 24 h/12 h treatment enhanced photosynthesis and
light energy utilization efficiency.

Based on the results of principal component analysis (PCA), Figure 12A illustrates
that the 24 h/12 h, 32 h/16 h, and 40 h/20 h treatments clustered within the positive
quadrants of PC1 and PC2. This clustering pattern suggests that these light–dark cycle
treatments elicited similar responses across the measured traits. The 4 h/2 h treatment
was distinctly separated in the negative regions of both PC1 and PC2, indicating that this
light–dark regime induced unique physiological and growth responses compared with the
other treatments. The CK and 8 h/4 h treatment also exhibited distinct clustering, further
demonstrating that different light conditions produced distinct biological outcomes. For
growth-related traits (e.g., root dry weight, plant height, petiole width), these vectors were
closely aligned with the positive axis of PC1, indicating a strong association between PC1
and plant growth performance. Accordingly, light–dark treatments clustered in the positive
direction of PC1 (24 h/12 h, 32 h/16 h, and 40 h/20 h) were associated with enhanced celery
growth, whereas treatments with negative PC1 scores (e.g., 4 h/2 h) were associated with
growth inhibition. Vectors for photosynthesis-related traits (e.g., chlorophyll a, chlorophyll
b, Pn, Ci) also trended toward the positive direction of PC1. This relationship indicates
a positive correlation between growth and photosynthetic capacity under different light–
dark regimes, suggesting that photoperiods favorable for growth also promoted pigment
accumulation and carbon assimilation. Vectors representing chlorophyll fluorescence
parameters (e.g., Fv/Fm, ETR, and Y(II)) predominantly occupied the positive axis of
PC2, suggesting that PC2 was primarily driven by PSII efficiency and light-harvesting
capacity. Treatments with higher PC2 scores were associated with optimized PSII function
(e.g., higher Fv/Fm and Y(II) values), whereas the NPQ vector pointed negatively along
PC2, indicating an inverse relationship with PSII efficiency. An elevated NPQ likely
reflected either enhanced photoprotective energy dissipation or a compensatory response
to increased photoinhibition.

Chen et al. [34] indicated that prolonging the light–dark cycle significantly increased
the shoot dry weight of lettuce, which was beneficial for dry matter accumulation. However,
this increase was accompanied by a reduction in photosynthetic pigment content, consistent
with the results of the present study. This may represent an adaptive response by plants
to reduce light energy capture and mitigate photoinhibition caused by prolonged light
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exposure. In addition, Barros et al. [67] proposed that chloroplast activity is regulated by
circadian rhythm genes, and the reduction in pigment content under light–dark cycles
may also be attributed to the regulatory effects of circadian rhythm genes. However, the
underlying regulatory mechanisms require further elucidation. Research conducted by
Cheng et al. [33] indicated that, in contrast to the 12 h/12 h light–dark cycle, the daily net
CO2 exchange rate and fresh and dry weight of Dendrobium officinale Kimura & Migo plants
increased significantly under 4 h/4 h and 2 h/2 h treatments. Similarly, Chen and Yang [34]
investigated the effects of shortened light–dark cycles in lettuce and found that the shoot
fresh and dry weights decreased significantly under the 6 h/3 h treatment. In contrast,
the 2 h/1 h treatment resulted in a significant increase compared to 16 h/8 h, which is
inconsistent with the results of this study, possibly due to differences in factors such as
plant variety and light intensity. These findings suggest that both extending and shortening
light–dark periods can enhance or reduce biomass, indicating that lettuce biomass does not
change in a unidirectional manner with alterations in light–dark period duration.

Notably, interspecific differences exist in plant responses to different light–dark cycles.
Certain key metabolites in plant metabolism are positively regulated by light, whereas other
nutrients are synthesized in the dark. In this study, the 24 h/12 h treatment significantly
enhanced photosynthesis and root growth, thereby promoting overall celery development.
However, the 8 h/4 h treatment was more conducive to the accumulation of photosynthetic
pigments. Photosynthetic efficiency and root activity in the 40 h/20 h and 4 h/2 h treatments
were inhibited, suggesting that excessively long or short light–dark cycles are detrimental
to celery growth.

4.2. Effect of Different Light Cycles on the Antioxidant Capacity of Celery

Sudden changes in the light–dark cycle, particularly its extension, can induce stress
responses in plants. The activation of stress-responsive genes is a hallmark of this type of
stress, increasing the production of reactive oxygen species (ROS) and the accumulation of
jasmonic acid and salicylic acid [68]. Previous studies have shown that as the light–dark
cycle lengthens, the intensity of the stress response gradually increases [69]. Prolonged
duration can induce real stress, while the extension of shorter light–dark cycles is harmless
and may induce beneficial stress [70].

This study showed that the proline content and antioxidant enzyme activity in blades
and petioles treated with 8 h/4 h were the lowest, while the MDA content in 32 h/16 h and
40 h/20 h treatments were significantly higher than CK, indicating lipid peroxidation in
the cell membrane. Regarding antioxidant enzyme activity, SOD activity was highest in the
32 h/16 h and 40 h/20 h treatments, POD activity was highest in the 40 h/20 h treat-
ment, and CAT activity was highest in the 32 h/16 h treatment, indicating that the longer
light–dark cycles (32 h/16 h, 40 h/20 h) caused mild photo-oxidative stress and enhanced
antioxidant enzyme activity. AsA, or vitamin C, is a non-enzymatic antioxidant that par-
ticipates in scavenging free radicals generated during photosynthesis, respiration, and
abiotic stress in plants [71]. In this study, AsA content decreased as the light–dark cycle
lengthened but reached its peak under the 40 h/20 h treatment. In contrast, AsA levels
in petioles under the 8 h/4 h and 4 h/2 h treatments were lower than those in CK. Total
phenols play a vital role in the antioxidant capacity of plants [72]; however, excessive intake
may interfere with statin absorption and adversely affect human health [73]. In this study,
total phenol content was highest in the 40 h/20 h and 32 h/16 h treatments. Celery is rich
in flavonoids (mainly apigenin and luteolin), which confer high medicinal value and serve
as key components of the plant antioxidant defense system under intense light stress [74].
Regarding flavonoids, their content in leaves treated with 40 h/20 h, 32 h/16 h, and
4 h/2 h was higher than that in CK, with the highest content at 40 h/20 h and the lowest at
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8 h/4 h. Anthocyanins are important antioxidant pigments essential for human health [75]
and had the highest content at 40 h/20 h and 32 h/16 h, while their content was lower
than that of CK at 8 h/4 h. These results indicate that the 40 h/20 h and 32 h/16 h treat-
ments enhanced the accumulation of antioxidant compounds in celery. Based on principal
component analysis (PCA), Figure 12B,C showed that in both leaves and petioles, the sam-
ple distributions exhibited distinct clustering patterns among different treatment groups
(4 h/2 h, 8 h/4 h, 24 h/12 h, 32 h/16 h, 40 h/20 h) and the CK. This clustering indicates
significant physiological differentiation in celery under different light–dark regimes. In
terms of variable contributions, antioxidant markers such as SOD, POD, AsA, and MDA
all oriented toward the positive axis of PC1, reflecting their strong influence on the first
principal component.

Previous studies have shown that prolonging the light–dark cycle can promote the
accumulation of anthocyanins and flavonoids [75], which is consistent with the results of
the present study. In this present study, prolonged light–dark cycles did not inhibit plant
growth. The longer light–dark cycle treatments of 40 h/20 h and 32 h/16 h enhanced the
plant’s antioxidant defense system by boosting the buildup of antioxidants to fend against
the light stress reaction. However, Kang et al. [32] reported that shortening the light–dark
cycle (9 h/3 h and 6 h/2 h) significantly reduced anthocyanin content in lettuce. This
discrepancy with the present study may be attributed to the non-unidirectional response of
antioxidant compound accumulation to changes in photoperiod length or to differences
in treatment design and environmental conditions. This study suggests that a moder-
ate extension of the light–dark cycle in celery cultivation, especially the 32 h/16 h and
40 h/20 h treatments, could effectively improve the antioxidant capacity of celery.

4.3. Effect of Different Light–Dark Cycles on the Nutritional Quality of Celery

Soluble sugars are core components of energy metabolism and biosynthetic pro-
cesses [76], and their levels reflect photosynthetic efficiency and energy storage capac-
ity. This study found that the soluble sugar content in celery blades and petioles of the
40 h/20 h treatment was higher than the CK and other treatments, indicating that longer
light–dark cycles promoted sugar accumulation. The soluble sugar content reached its
lowest level under the 24 h/12 h treatment, possibly because high photosynthetic efficiency
coupled with vigorous metabolism resulted in rapid sugar consumption. Soluble proteins
play an important role in plants as osmoregulatory substances and nutrients [77]. The
soluble protein content peaked under the 32 h/16 h treatment, indicating that this treat-
ment was beneficial to protein synthesis. In addition to basic nutrients, free amino acids
are equally important for both plant and human health, playing an irreplaceable role in
nitrogen metabolism [78]. In this study, the free amino acid content reached its highest
levels in leaves treated with 24 h/12 h and in petioles treated with 40 h/20 h. Nitrates
(NO3

−-N) are a common compound that typically do not pose threats to human health;
however, their reaction products and metabolites (such as nitrites and nitrosamines) can
pose serious health hazards [79]. In terms of nitrate-nitrogen, its content was highest
under 24 h/12 h treatment, especially in petioles, indicating that strong photosynthesis
and root activity promoted nitrogen absorption; however, this may pose potential health
risks to humans, particularly infants, young children, and pregnant women, such as stom-
ach cancer, esophageal cancer, and other conditions [80]. Nitrate-nitrogen content in the
4 h/2 h, 32 h/16 h, and 40 h/20 h treatments was lower, possibly due to reduced pho-
tosynthetic capacity or accelerated nitrogen utilization under extended light conditions.
Cellulose and hemicellulose contribute to maintaining plant structural integrity and en-
hancing stress resistance. Cellulose content was higher in leaves under the 40 h/20 h and
32 h/16 h treatments, whereas hemicellulose content was higher in petioles under the
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32 h/16 h and 24 h/12 h treatments. Overall, the 24 h/12 h, 32 h/16 h, and 40 h/20 h treat-
ments increased cellulose and hemicellulose contents in celery, indicating that extended
light–dark cycles promote cell wall synthesis and enhance the plant’s adaptability to light
stress. According to the principal component analysis (PCA) results, Figures 12B,C show
that, in terms of indicator contributions in celery blades and petioles, nutritional factors
such as soluble protein, hemicellulose, and free amino acids all load positively on PC1,
indicating their strong influence on this component. Meanwhile, nitrate-nitrogen and root
activity also loaded positively on PC2, reflecting their contribution to the second principal
component dimension.

Chen et al. [40] indicated that prolonging the light–dark cycles (48 h/24 h,
96 h/48 h, and 120 h/60 h) significantly increased soluble sugars and crude fiber con-
tents in lettuce. As the light–dark cycle lengthened, both soluble sugar and crude fiber
contents increased, peaking at 120 h/60 h. This observation aligns with the results of the
present study. Longer light–dark cycles promote soluble sugar and cellulose accumulation
in plants, likely due to their primary effect on plant growth through carbon metabolism [48].
Longer light–dark cycles enhance the utilization of carbon dioxide and its reduction to sug-
ars. Mengdi et al. [81] reported that the soluble protein and soluble sugar contents in lettuce
leaves under the 8 h/4 h light–dark cycle were significantly higher than those under the
12 h/6 h cycle, whereas the nitrate-nitrogen content under the 8 h/4 h cycle was consid-
erably lower compared to the 16 h/8 h and 12 h/6 h cycles. These findings differ from
those of the present study, possibly due to variations in light–dark cycle gradients or dif-
ferences in plant materials. This study showed that longer light–dark cycles (40 h/20 h,
32 h/16 h) enhanced nutrient accumulation in celery, particularly soluble sugars, cellulose,
and free amino acids, while shorter cycles (4 h/2 h, 8 h/4 h) limited the synthesis of these
nutrients, adversely affecting nutritional quality and edible value. Therefore, appropriately
extending light–dark cycles in celery cultivation can enhance nutritional quality and reduce
nitrate-nitrogen content.

5. Conclusions
In light–dark cycle experiments, varying light and dark durations significantly influ-

enced growth, photosynthetic characteristics, antioxidant systems, and nutritional quality
in purple celery. The 24 h/12 h light–dark cycle was identified as optimal for celery growth,
significantly promoting growth indices (such as plant height, petiole number, total fresh
weight, and underground dry weight), improving root activity, and enhancing photosyn-
thetic efficiency. The extended 32 h/16 h light–dark cycle enhanced celery’s antioxidant
capacity by promoting the accumulation of antioxidant compounds and increasing antiox-
idant enzyme activities. It also promoted nutrient synthesis, particularly accumulating
soluble sugars, cellulose, and free amino acids, thus improving celery’s nutritional quality.
In summary, the 24 h/12 h treatment most effectively promoted celery growth and photo-
synthetic performance, whereas the 32 h/16 h treatment optimally improved antioxidant
capacity and nutritional quality.

Although this study explored the light–dark cycle effects on antioxidant substances in
celery, plant antioxidant mechanisms involve complex signaling and metabolic pathways.
Future research should integrate transcriptomic and metabolomic approaches to elucidate
the molecular basis of celery’s antioxidant responses under varying light environments,
thereby providing theoretical support for optimizing light quality and photoperiod in
controlled cultivation.
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