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ABSTRACT: In plant factory with artificial lighting, precise regulation of environmental and nutritional factors is
essential to optimize both growth and quality of leafy vegetables. This study systematically evaluated the combined
effects of light intensity (150, 200, 250 pmol/(m?-s)) and calcium supply in the nutrient solution (0.5, 1.0, 1.5 mmol/L) on
lettuce morphology, photosynthesis, quality indices, and tipburn incidence. Elevating light from 150 to 200 pmol/(m?-s)
significantly enhanced leaf number, area, photosynthetic rate, biomass, and foliar calcium. These gains plateaued at
250 pumol/(m?*-s), where tipburn incidence surged to 76.5%. Photosynthetic pigments progressively rose with light inten-
sity. Calcium supply showed limited morphological influence but proved critical under high light (250 umol/(m?*-s)):
increasing calcium to 1.5 mmol/L significantly boosted vitamin C and soluble sugars while reducing nitrate accu-
mulation and suppressing tipburn to 12.8%. Elevated calcium also partially compensated for growth and quality
limitations under low light through compensatory effects. Results demonstrated light intensity as the dominant factor
governing morphogenesis and photosynthetic capacity, these findings establish that coordinated optimization of light
and calcium inputs is crucial for simultaneously improving lettuce yield, nutritional quality, and marketability in
controlled environments. This study provides both theoretical insights and practical guidance for efficient and safe leafy
vegetable cultivation in controlled environments.
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1 Introduction

As an advanced and highly intensive production system in protected agriculture, the plant factories
with artificial lighting (PFALs) have become an important solution for achieving stable, high-yield crop
production and consistent quality through precise environmental control [1,2]. Among the key environmen-
tal factors, light management plays a critical role. In PFALs, light-emitting diodes (LEDs) have emerged as
the dominant artificial lighting source for both seedling propagation and leafy vegetable cultivation, due to
their high energy efficiency, tunable spectral properties, and low thermal output [3,4]. Nevertheless, artificial
lighting accounts for approximately 60%-80% of the total energy consumption in PFALs, representing a
major barrier to their widespread adoption and commercial scalability [5]. Several studies have shown that
increasing the daily light integral (DLI)—the cumulative product of light intensity and photoperiod—from
10.80 mol/(m?-d) to 12.96 mol/(m?*-d) significantly boosts the biomass accumulation of tomato seedlings,
while reducing the electric energy consumed per unit of dry mass [6]. However, higher DLI levels also elevate
the internal thermal load, which in turn reduces the system’s overall energy use efficiency due to increased
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cooling demands [7]. These findings underscore the dual challenge faced by PFALs: optimizing light param-
eters to improve productivity and crop quality, while simultaneously minimizing energy inputs. As such,
the development of energy-efficient lighting strategies and environment-responsive light control systems has
become a central focus in recent research on PFAL sustainability and performance enhancement [8].

Lettuce (Lactuca sativa L.) is among the most widely cultivated leafy vegetables in PFALs, owing to its
short growth cycle, high nutritional value, and strong responsiveness to environmental cues [9]. Numerous
studies have confirmed that light intensity is a key factor affecting lettuce growth, morphogenesis, and
quality formation in controlled environments [10]. When the photosynthetic photon flux density (PPED) is
maintained within the range of 200-250 pumol/(m?*-s), both photosynthetic rate and chlorophyll content in
lettuce leaves are significantly improved, contributing to enhanced dry matter accumulation [11]. However,
exposure to light levels exceeding the photoinhibition threshold can induce photoinhibition and lead to
growth stagnation [12]. Moderate optimization of the light environment has thus been demonstrated to
effectively enhance lettuce productivity in PFALs [13]. Nevertheless, accelerated growth induced by high
light intensity may also increase the incidence of physiological disorders such as tipburn, particularly during
the later stages of development [14]. These findings underscore the necessity of precise light management
strategies in PFALs to balance growth promotion and quality maintenance in lettuce production.

Tipburn in lettuce is a common physiological disorder, primarily manifested as chlorosis of emerging
leaves, wrinkling along leaf margins, and browning at the tips, which may progress to tissue necrosis and
eventual decay under severe conditions [15]. The primary cause of tipburn is the mismatch between the
rapid growth of young leaf tissues and the insufficient calcium supply to meet their elevated demand [16].
This imbalance disrupts the formation of the cell wall and middle lamella in expanding cells, resulting
in weakened tissue structure [17]. Moreover, calcium serves as a crucial secondary messenger in cellular
signaling and is essential for proper chromosome segregation during mitosis. Calcium deficiency can impair
this process, leading to mitotic abnormalities and reduced cell proliferation in developing tissues [18]. In
parallel, inadequate calcium supply can exacerbate membrane lipid peroxidation, evidenced by elevated
malondialdehyde (MDA) accumulation, which compromises cell membrane integrity and contributes to the
characteristic browning and desiccation symptoms associated with tipburn [19].

In recent years, the incidence of tipburn in leafy vegetables grown in plant factories has markedly
increased, often exceeding that observed under open-field or greenhouse conditions. To better understand
the etiology of tipburn in lettuce cultivated under fully enclosed artificial lighting systems, extensive
studies have been conducted both domestically and internationally, focusing on factors such as cultivar
susceptibility [20,21], mineral nutrition [22,23], airflow dynamics [24,25], and foliar fertilization [26,27].
While multiple environmental and physiological factors contribute to tipburn in plant factories, the primary
cause is widely attributed to accelerated shoot growth that results in internal calcium deficiency [28].
Enhancing calcium accumulation in leaf tissue is therefore critical for mitigating tipburn in leafy vegetable
production. It is generally accepted that increasing transpiration can alleviate calcium deficiency-related
disorders, and strategies such as reducing relative humidity (increasing vapor pressure deficit, VPD) [29],
enhancing air circulation [30], and moderating growth rate [31] have been proposed. However, these
approaches are often constrained in plant factory environments due to inherently high humidity, low air
velocity (typically <0.5 m/s), and rapid plant growth rates [32], all of which suppress transpiration and limit
calcium transport. Consequently, solely relying on increased transpiration is insufficient to prevent tipburn
under these conditions.

Previous research has demonstrated that moderate increases in light intensity can significantly promote
biomass accumulation in lettuce [33,34], but may also exacerbate calcium depletion in leaf tissue [35].
In contrast, increasing calcium concentrations in the nutrient solution offers a more direct and effective
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approach to enhance calcium uptake. Elevated calcium content not only reduce tipburn incidence but also
improve lettuce quality by increasing vitamin C and soluble protein content [36]. Nutrient solution regulation
has become a preferred strategy for tipburn mitigation due to its controllability and cost-effectiveness [37].
Nevertheless, limited research has addressed the interactive effects of light intensity and calcium supply
on biomass production and tipburn control in plant factories. Therefore, the present study investigates the
interactive effects of light intensity and calcium supply in nutrient solution, aiming to balance the trade-
off between yield and quality in lettuce cultivation. This research seeks to identify optimal light-calcium
combinations that promote biomass production while concurrently mitigating the risk of tipburn under
high-light conditions, thereby providing a scientific basis for the efficient and high-quality production of
lettuce in plant factories with artificial lighting.

2 Materials and Methods

2.1 Experimental Materials

The lettuce (Lactuca sativa L.) cultivar used in this study was “U.S. Great Rapid, provided by the Institute
of Vegetables and Flowers, Chinese Academy of Agricultural Sciences. The experiment was conducted from
March to May 2024 in a plant factory equipped with artificial lighting, located at the Key Laboratory of
Modern Agricultural Equipment and Technology, Ministry of Education, Jiangsu University.

Prior to sowing, seeds underwent warm water treatment and pre-germination, and were then sown
in 72-cell plug trays filled with a substrate composed of peat, vermiculite, and perlite in a volumetric ratio
of 3:1:1. Seedlings were grown under controlled environmental conditions: daytime/nighttime temperatures
of (22 +£1)°C/(18 £ 1)°C, relative humidity of (70 + 5)%/(60 + 5)%, and a photosynthetic photon flux
density (PPFD) of 200 pmol/(m?-s). The photoperiod was maintained at 12 h per day (08:00-20:00), with
illumination provided by LED fixtures (WR-LED-T5-16W, Beijing Shengyanggu Technology Co., Beijing,
China) emitting a red-to-blue light ratio (R:B) of 1.2 and a photosynthetic photon efficacy of 2.8 umol/(s-W).
During the light period, the CO, concentration inside the PFAL was maintained at 500 pmol/mol by
supplying CO, from a liquid CO, cylinder equipped with a feedback control valve. During the dark period,
no supplemental CO, was supplied, as plant respiration typically caused the CO, concentration to remain at
or even exceed 500 pmol/mol.

Five days after sowing, seedlings were irrigated with a half-strength Yamazaki nutrient solution
(Ca(NO3),-4H,0O, 236 mg/L; KNO;, 404 mg/L; MgSO4-7H,0, 123 mg/L; NHyH,POy4, 57 mg/L; Na,Fe-
EDTA, 15.38 mg/L; H3BO;3, 1.127 mg/L; MnSO4-H, 0, 0.615 mg/L; ZnSO,-5H,0, 0.088 mg/L; CuSO4-5H,0,
0.039 mg/L; (NH4)sMo;0,-4H,0, 0.013 mg/L). From the seventh day after sowing onward, a full-strength
nutrient solution of the same formulation was applied.

2.2 Experimental Design

Once the lettuce seedlings had developed four true leaves, uniformly vigorous individuals were selected
for transplantation. After gently removing the root substrate and rinsing the roots with water, the seedlings
were transplanted into plastic pots (15 cm in diameter, 14 cm in height) filled with a mixed growing medium
composed of peat, vermiculite, and perlite in a volumetric ratio of 3:1:1. Each treatment comprised no
fewer than 18 plants. During the vegetative growth stage of lettuce, the environmental conditions—including
temperature, relative humidity, CO, concentration, and nutrient solution composition—were kept consistent
with those applied during the seedling stage. At this stage, the leaf-level VPD in plant factory with artificial
lighting was maintained at 1.06 kPa during the daytime and 0.62 kPa at night, aligning well with the optimal
VPD range for commercial lettuce production [38].
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During the cultivation period, light cycles were regulated using an automated timer set to maintain a
photoperiod of 12 h per day (08:00-20:00). Illumination was provided by LED light sources with a R:B of 1.2,
and light intensity were set to 150, 200, and 250 umol/(m?s) (named P1, P2 and P3). The nutrient solution
was formulated to adjust Ca?* concentration to 0.5x (Cl), 1.0x (C2, standard), and 1.5x (C3) of the standard
level, while maintaining the concentrations of other essential ions unchanged. In the Cl treatment, halving
Ca(NO;), reduced both Ca** and NO; therefore, the missing NO;~ was compensated by adding NaNO;. In
the C3 treatment, additional Ca>* was provided as CaCl,, so that nitrate concentration remained identical
to that of C2. As a result, differences among treatments mainly reflect Ca®* availability. The use of Na* and
CI” as balancing ions did not substantially affect lettuce growth, as supported by previous studies, and the
EC values among the three nutrient solutions remained similar. A full-factorial experimental design was
implemented, comprising two factors—light intensity and calcium supply in nutrient solution—each with
three levels, resulting in a total of nine treatment combinations.

2.3 Measurement Methods
2.3.1 Measurement of Morphological Growth

At 28 days after transplanting, eight lettuce plants were randomly selected from each treatment to
evaluate morphological growth parameters. The leaf number was recorded as the total count of fully
expanded leaves per plant. Leaf length and width were measured using a ruler, corresponding to the longest
and widest dimensions of the largest leaf, respectively. Total leaf area was determined by scanning all leaves
using a flatbed scanner (LiDE-110, Canon, Ho Chi Minh City, Vietnam), and the scanned images were
analyzed using Adobe Photoshop to calculate the cumulative leaf area per plant. The methodology for leaf
area determination was based on the protocol described by Song et al. [39].

2.3.2 Measurement of Photosynthetic Characteristics

Six leaves were randomly collected from the same relative position on different lettuce plants within
each treatment to determine pigment concentrations. Chlorophyll a, chlorophyll b, and carotenoid contents
were measured using the 80% acetone extraction method. Total chlorophyll content and the chlorophyll a/b
ratio were subsequently calculated following the protocol described by Ali Lakhiar et al. [40].

In addition, eight lettuce plants were randomly selected from each treatment to assess photosynthetic
parameters. A portable photosynthesis system (LI-6400XT, LI-COR Inc., Lincoln, NE, USA) equipped with
a 6400-02B standard light source leaf chamber (2 x 3 cm?®) was used to measure the net photosynthetic
rate, stomatal conductance, intercellular CO, concentration, and transpiration rate of the largest fully
expanded leaf between 09:00 and 11:00. Measurement procedures were conducted in accordance with the
method described by Hussain Tunio et al. [41]. The conditions inside the leaf chamber were maintained
as follows: photosynthetic photon flux density (PPFD) of 200 pmol/(m?*-s), reference CO, concentration of
500 pmol/mol, airflow rate of 500 umol/s, and a leaf chamber temperature of 20°C.

2.3.3 Measurement of Biomass Accumulation

Six intact lettuce plants were randomly selected from each treatment for biomass analysis. The shoots
and roots of each plant were thoroughly rinsed with deionized water, and residual surface moisture was
gently blotted using absorbent paper. Fresh weights of the aboveground and belowground parts were then
measured separately using an electronic balance (ME204E, Mettler Toledo Technology Co., Ltd., Greifensee,
Switzerland). Subsequently, the shoot and root tissues were placed in separate kraft paper envelopes and
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subjected to an initial drying at 105°C for 2 h to inactivate enzymatic activity. This was followed by oven-
drying at 85°C until a constant weight was reached. After cooling to room temperature in a desiccator, the
dry weights of the shoot and root were determined using the same electronic balance. Total fresh weight,
total dry weight, and root to shoot ratio were calculated accordingly. The calculation procedures followed
the method outlined by Dou et al. [42].

2.3.4 Determination of Nutrient Quality

In each treatment, six lettuce leaves were randomly selected from different plants at identical leaf
positions to serve as samples for biochemical analysis. Following collection, the leaves were rinsed with
distilled water and gently wiped to remove surface moisture. The cleaned samples were then immediately
flash-frozen and ground in liquid nitrogen to produce a homogeneous tissue powder for subsequent analyses.

Nitrate nitrogen content was quantified using the sulfosalicylic acid colorimetric method, following
the procedure described by Zhan et al. [43]. Vitamin C concentration was determined via titration with
2,6-dichlorophenolindophenol, in accordance with the protocol of Shyamala and Jamuna [44]. Soluble sugar
content was measured using the sulfuric acid-anthrone colorimetric method, as outlined by Song et al. [23].
Soluble protein concentration was assessed using the Coomassie brilliant blue G-250 dye-binding assay,
based on the method reported by Tunio et al. [45].

2.3.5 Assessment of Tipburn Incidence and Calcium Content in Lettuce Leaves

At the time of harvest, the occurrence of tipburn was investigated in all lettuce plants across treatments.
Plants exhibiting necrotic lesions or brownish spots larger than 2 mm in diameter on any leaf were identified
as having tipburn. The number of affected plants and the incidence rate of tipburn were then calculated. For
calcium content analysis, six representative plants were randomly selected from each treatment. From each
plant, the first to second innermost leaf layers were collected, inactivated at 105°C for 2 h, and subsequently
dried at 80°C to a constant weight. The dried samples were ground into a fine powder, and 0.2 g of powder was
digested with nitric acid. The calcium content of the leaves was then determined using an atomic absorption
spectrophotometer (UV-2800A, Unico (Shanghai, China) Instrument Co., Ltd.), following the procedure
described by Jahan et al. [46].

2.4 Data Processing and Statistical Analysis

Data organization and preliminary figure preparation were performed using Microsoft Excel 2019.
Statistical analyses were conducted using IBM SPSS Statistics 26.0. All measured variables were subjected
to two-way ANOVA to evaluate the effects of light intensity, calcium supply, and their interaction. Multiple
comparisons were conducted using the Waller-Duncan method (p < 0.05), with significant differences
denoted by asterisk (*) and non-significant differences by “NS” in figures and tables. When a significant
interaction was detected, simple effects analysis was performed. Principal component analysis (PCA)
was carried out using Origin2021 to visualize the integrated effects of light and calcium on multivariate
lettuce traits. Data were standardized prior to analysis, and principal components with eigenvalues >1
were interpreted.

3 Results
3.1 Effects of Light Intensity and Calcium Supply on Leaf Morphological Traits of Lettuce

As shown in Table 1, both light intensity and calcium supply in the nutrient solution significantly
affected the morphological development of lettuce leaves. An increase in light intensity led to a significant
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rise in leaf number and total leaf area across all treatment combinations. At calcium supply of 0.5 and 1.0
mmol/L, leaf width progressively increased with higher light intensity, while leaf length exhibited an initial
increase followed by a slight decline. At a light intensity of 150 umol/(m?-s), the leaf number, leaf length,
leaf width, and total leaf area all increased with higher calcium supply in nutrient solution. However, at 200
and 250 pmol/(m?:s), no significant differences in these morphological parameters were observed among
the calcium treatments. Analysis of variance revealed that light intensity and its interaction with calcium
supply had significant effects on leaf morphological characteristics, whereas calcium supply did not exert a
statistically significant effect.

Table 1: Morphological traits of lettuce in different treatment

Treatments Leaf number piece/plant Leaflength cm Leaf widthcm  Leaf area cm?/plant

P1C1 65+04d 142 +13e 10.7 £1.2d 104.7 +18.4d
P1C2 72+0.7c 16.3+15d 109 +1.8d 128.7 +22.5d
P1C3 7.7 £ 0.5 bc 175+ 2.6 cd 13.6 £ 2.2 bc 174.6 £ 259 ¢
P2C1 8.0 £ 0.8 bc 21.7 £1.6Db 13.0 £ 1.4 be 231.5+30.8b
P2C2 83+0.6b 251+25a 14.0+12b 2823 +36.5a
P2C3 85+0.7b 22.7 £19 ab 125+1.6¢ 241.6 + 274 ab
P3C1 1.0+ 0.6a 193+21c 16.0+12a 242.4 + 23.4 ab
P3C2 11.0+ 0.8 a 194 +18c¢ 16.2+16a 253.8 +26.2 ab
P3C3 101+ 0.6a 19.8 + 2.4 bc 15.4 + 1.7 ab 2347 £22.6b
ANOVA
PPFD >* >* * *
Ca NS NS NS *
PPFD x Ca * * * *

Note: P1, P2 and P3 represent the light intensity of 150, 200 and 250 pmol/(m?s) respectively, and C1, C2 and C3
represent the calcium concentration of 0.5, 1.0 and 1.5 mmol/L in nutrient solution. The results are expressed
by mean + standard deviation (SD, n = 8), and treatments with different letters are significantly different at
p < 0.05. PPFD represents the photosynthetic photon flux density (light intensity), Ca represents the calcium
supply in nutrient solution, and PPFDxCa represents the interaction effect between light intensity and calcium
supply in nutrient solution. “*” denotes statistical significance, while “NS” indicates that the results were not
statistically significant.

3.2 Photosynthetic Performance of Lettuce in Response to Light Intensity and Calcium Supply

Light intensity had a significant effect on chlorophyll content in lettuce leaves (Table 2). As the
light intensity increased, the contents of chlorophyll a, chlorophyll b, carotenoids, and total chlorophyll
in the leaves showed an overall increasing trend. However, no significant differences were observed in
chlorophyll a, chlorophyll b, or carotenoid contents between the treatments with light intensity of 150 and 200
umol/(m?-s). Except under the light intensity of 250 pmol/(m?-s), the calcium supply in the nutrient solution
did not significantly affect chlorophyll accumulation. At 250 umol/(m?-s), the contents of chlorophyll a,
chlorophyll b, and total chlorophyll were significantly lower in lettuce treated with the calcium supply of 0.5
umol/L than in the other treatments, whereas no significant differences were found between the treatment
with the calcium supply of 1.0 and 1.5 pmol/L. According to the results of the analysis of variance, the
interaction between light intensity and calcium supply had a significant impact on all measured chlorophyll
parameters except for the chlorophyll a/b.
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Table 2: Chlorophyll content in lettuce leaves in different treatment

Total
Chl hylla Chl hyllb  Carotenoid
Treatments orophyTa orophy arofenot chlorophyll Chlorophyll a/b
mg/g mg/g mg/g
mg/g
P1C1 0.147 £ 0.014 ¢ 0.047 £0.014c 0.024 £0.009c 0.22+0.03d 313+£0.24b
P1C2 0.145+0.022 ¢ 0.046 + 0.009c 0.024 +0.014c  0.22+0.02d 315+ 0.34b
P1C3 0.152 £ 0.019¢c 0.045+0.016 ¢ 0.028 + 0.006 ¢ 0.23 + 0.02 cd 338 +0.33b
P2C1 0.160 + 0.041 bc 0.043 £ 0.012c 0.033 £ 0.010 bc  0.24 + 0.03 cd 3.72 £ 0.45 ab
P2C2 0.160 £ 0.027 bc  0.042 + 0.015¢ 0.036 + 0.011bc  0.24 £ 0.02 ¢ 381+0.36a
P2C3 0.163 + 0.049 bc 0.043 £ 0.018 ¢  0.036 £ 0.006 b  0.24 £ 0.02 ¢ 3.79+037a
P3C1 0.203 £ 0.030b 0.055+ 0.006b 0.047 £0.010ab 0.31+0.02b 3.69 + 0.41 ab
P3C2 0.286 +0.043a 0.083+0.021a 0.051+0.012a 0.42+0.03a 3.45 £ 0.42 ab
P3C3 0.278 £+ 0.049a 0.081+0.023a 0.055+0.018a 0.41+0.03a 3.43+0.33ab
ANOVA
PPFD * * * * NS
Ca NS NS NS NS NS
PPFD x Ca * * * * NS

Note: P1, P2 and P3 represent the light intensity of 150, 200 and 250 pmol/(m?-s) respectively, and Cl, C2 and C3
represent the calcium concentration of 0.5, 1.0 and 1.5 mmol/L in nutrient solution. The results are expressed by
mean =+ standard deviation (SD, n = 8), and treatments with different letters are significantly different at p < 0.05.
PPFD represents the photosynthetic photon flux density (light intensity), Ca represents the calcium supply in nutrient
solution, and PPFDxCa represents the interaction effect between light intensity and calcium supply in nutrient
solution. “*” denotes statistical significance, while “NS” indicates that the results were not statistically significant.

Asshown in Table 3, under the same calcium supply in the nutrient solution, the net photosynthetic rate,
stomatal conductance, and transpiration rate of lettuce leaves increased progressively with increasing light
intensity, while the intercellular CO, concentration gradually decreased. However, no significant differences
were observed between the treatments with the light intensity of 200 and 250 pmol/(m?*-s). Under the same
light intensity, calcium supply in the nutrient solution had no significant effect on net photosynthetic rate,
stomatal conductance, or transpiration rate, except for stomatal conductance at 150 pmol/(m?-s). According
to the analysis of variance, light intensity and the interaction between light intensity and calcium supply had
significant effects on the net photosynthetic rate and stomatal conductance of lettuce leaves, whereas calcium
supply alone had no significant influence on any of the measured photosynthetic parameters.

Table 3: Photosynthetic characteristics of lettuce leaves in different treatment

Net Intercellular
) Stomatal e L.
photosynthetic CO, Transpiration rate
Treatments conductance . 2
rate 2 concentration mmol/(m*-s)
) mol/(m?*-s)
umol/(m*-s) pmol/mol

P1C1 82+14c 0.196 + 0.025d 463 £29a 214 £ 0.14 ¢
P1C2 13.2 + 1.0 ab 0.367 + 0.043 b 413 + 31bc 242 +0.18b
P1C3 13.4+11ab 0.421 + 0.056 ab 409 + 29 bc 2.60 + 0.29 ab

(Continued)
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Table 3 (continued)
Net Intercellular
. Stomatal e L.
photosynthetic CO, Transpiration rate
Treatments conductance . 2
rate ) concentration mmol/(m*-s)
N mol/(m*-s)
pmol/(m*-s) pmol/mol
P2C1 95+17c¢ 0.221 + 0.038 cd 452 + 26 a 2.26 + 0.24 bc
P2C2 129 £ 1.6 ab 0.356 + 0.028 b 429 + 33 ab 2.52 +0.25ab
P2C3 146+17a 0.457 £ 0.062 a 386 +29 ¢ 2.59 + 0.20 ab
P3C1 9.6 £1.6¢ 0.235 £ 0.027 ¢ 455 + 34 ab 2.28 +0.22 bc
P3C2 125+14Db 0.352 + 0.038 b 422 +28b 2.43 £ 0.19 ab
4 .
P3C3 131+ 11ab 0 09:1:)0 039 411 + 27 be 2.68 £0.25a
ANOVA
PPFD * * NS NS
Ca NS NS NS NS
PPFD x Ca * * NS NS

Note: P1, P2 and P3 represent the light intensity of 150, 200 and 250 pmol/(m?s) respectively, and Cl, C2 and C3
represent the calcium concentration of 0.5, 1.0 and 1.5 mmol/L in nutrient solution. The results are expressed by
mean + standard deviation (SD, n = 8), and treatments with different letters are significantly different at p < 0.05.
PPFD represents the photosynthetic photon flux density (light intensity), Ca represents the calcium supply in nutrient
solution, and PPFDxCa represents the interaction effect between light intensity and calcium supply in nutrient
solution. “*” denotes statistical significance, while “NS” indicates that the results were not statistically significant.

3.3 Effects of Light Intensity and Calcium Supply on Biomass Accumulation of Lettuce

Light intensity and calcium supply in the nutrient solution had significant effects on the biomass
accumulation of lettuce plants (Fig. 1). Under same calcium supply in the nutrient solution, the fresh and
dry weights of both shoots and roots increased with increasing light intensity. Specifically, at a light intensity
of 250 umol/(m?*ss), the shoot fresh weight, root fresh weight, shoot dry weight, and root dry weight were
45.3%, 106.7%, 44.0%, and 81.5% higher, respectively, than those observed under 200 pmol/(m?*:s). At a
light intensity of 200 pmol/(m?*-s), shoot and root fresh and dry weights increased progressively with rising
calcium supply in the nutrient solution. However, no significant differences were observed among calcium
treatments under 250 pmol/(m?*:s), indicating that light intensity was the dominant factor in promoting
biomass accumulation under higher irradiance conditions. According to the ANOVA results, both light
intensity and the interaction between light intensity and calcium supply in the nutrient solution significantly
affected the biomass accumulation of the shoot and root in lettuce, whereas the effect of calcium supply in
the nutrient solution alone on the dry matter accumulation of both shoot and root was not significant.

The total fresh and dry weights of lettuce plants exhibited trends consistent with those observed in
the shoot and root fresh and dry weights. As shown in Fig. 2, under the same calcium supply in the
nutrient solution, both total fresh weight, total dry weight, and the root to shoot ratio of lettuce plants
significantly increased with rising light intensity. At a light intensity of 150 umol/(m?*:s), total fresh weight
increased markedly with higher calcium supply, and a similar trend was observed for total dry weight at
200 pmol/(m?-s). However, under a light intensity of 250 umol/(m?-s), neither total fresh nor dry weight
was significantly affected by the calcium supply in the nutrient solution. Additionally, under identical light
intensities, the root to shoot ratio did not follow a consistent pattern across calcium treatments. Therefore,



Phyton-Int ] Exp Bot. 2025;94(11)

3619

light intensity and its interaction with calcium supply significantly influenced the root to shoot ratio of lettuce
plants, whereas the main effect of calcium supply alone was not statistically significant.
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Figure 1: Biomass accumulation of lettuce plants. Note: P1, P2 and P3 represent the light intensity of 150, 200 and
250 pmol/(m?*-s) respectively, and Cl, C2 and C3 represent the calcium concentration of 0.5, 1.0 and 1.5 mmol/L in
nutrient solution. The vertical bars above the histograms indicate standard deviation (SD, n = 6). The treatments
with different letters are significantly different at p < 0.05. PPFD represents the photosynthetic photon flux density
(light intensity), Ca represents the calcium supply in nutrient solution, and PPFDxCa represents the interaction effect
between light intensity and calcium supply in nutrient solution. “*” denotes statistical significance, while “NS” indicates
that the results were not statistically significant
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Figure 2: Root to shoot ratio of lettuce plants. Note: P1, P2 and P3 represent the light intensity of 150, 200 and
250 umol/(m?*-s) respectively, and Cl, C2 and C3 represent the calcium concentration of 0.5, 1.0 and 1.5 mmol/L in
nutrient solution. The vertical bars above the histograms indicate standard deviation (SD, n = 6). The treatments
with different letters are significantly different at p < 0.05. PPFD represents the photosynthetic photon flux density
(light intensity), Ca represents the calcium supply in nutrient solution, and PPFDxCa represents the interaction effect
between light intensity and calcium supply in nutrient solution. “*” denotes statistical significance, while “NS” indicates
that the results were not statistically significant



3620 Phyton-Int ] Exp Bot. 2025;94(11)

3.4 Effects of Light Intensity and Calcium Supply on Nutritional Quality of Lettuce

As shown in Fig. 3, both light intensity and calcium supply in the nutrient solution significantly affected
the nutritional quality of lettuce leaves. Under the same calcium supply, the contents of vitamin C, soluble
proteins, and soluble sugars in the leaves increased with rising light intensity, while nitrate content showed a
decreasing trend. Under constant light intensity, vitamin C and soluble sugar contents increased with higher
calcium supply, and nitrate content decreased accordingly. However, no consistent pattern was observed
in the soluble protein content in response to varying calcium supply. According to the ANOVA results,
both light intensity and the interaction between light intensity and calcium supply in the nutrient solution
significantly influenced the nutritional quality of lettuce leaves. Except for soluble protein content, the
calcium supply in the nutrient solution exerted significant effects on the vitamin C content, nitrate nitrogen
content, and soluble sugar content of lettuce leaves.
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Figure 3: Nutritional quality of lettuce leaves. Note: The vertical bars above the histograms indicate standard deviation
(SD, n = 8). PPFD represents the photosynthetic photon flux density (light intensity), Ca represents the calcium supply in
nutrient solution, and PPFDxCa represents the interaction effect between light intensity and calcium supply in nutrient
solution. “*” denotes statistical significance, while “NS” indicates that the results were not statistically significant

Under the combined influence of light intensity and calcium supply in the nutrient solution, certain
treatments led to the occurrence of pronounced tipburn symptoms in lettuce plants (Table 4). At a light
intensity of 150 umol/(m?:s), no tipburn symptoms were observed in any treatment. When the light intensity
was increased to 200 pmol/(m?-s), tipburn occurred in plants supplied with 0.5 umol/L and 1.0 pmol/L
calcium, although the incidence rate did not differ significantly between these treatments. At a light intensity
of 250 umol/(m?-s), all lettuce plants exhibited tipburn symptoms, with the incidence rate decreasing as the
calcium supply increased. Under the light intensity of 150 pmol/(m?-s), leaf calcium content increased with
higher calcium supply in the nutrient solution, whereas at higher light intensities, no significant changes in
leaf calcium content were observed in response to calcium supply in nutrient solution. Regardless of calcium
concentration, leaf calcium content showed a clear downward trend with increasing light intensity.
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Table 4: Tipburn incidence and calcium content in lettuce plants

3621

Treatments Tipburn incidence % Calcium content %
P1C1 0.0+00d 0.53+0.03b
P1C2 0.0+0.0d 0.63+0.03a
P1C3 0.0+0.0d 0.64 £0.05a
pP2C1 10.5 + 3.6 bc 0.43 + 0.04 cd
pP2C2 59+34c 0.45+0.04c
P2C3 0.0+0.0d 0.49 + 0.04 bc
P3C1 223+49a 0.35+0.04d
P3C2 16.9 £ 5.4 ab 0.38£0.04d
P3C3 104 £3.7b 0.42 +0.04 cd

ANOVA
PPFD * *
Ca * NS
PPFDxCa * *

Note: P1, P2 and P3 represent the light intensity of 150, 200 and 250 pmol/(m?-s)
respectively, and Cl, C2 and C3 represent the calcium concentration of 0.5,
1.0 and 1.5 mmol/L in nutrient solution. The results are expressed by mean
+ standard deviation (SD, n = 8), and treatments with different letters are
significantly different at p < 0.05. PPED represents the photosynthetic photon
flux density (light intensity), Ca represents the calcium supply in nutrient
solution, and PPFDxCa represents the interaction effect between light intensity
and calcium supply in nutrient solution. “*” denotes statistical significance,
while “NS” indicates that the results were not statistically significant.

3.5 Correlations among Indicators and with Light Intensity and Calcium Supply

To clarify the interrelationships among the indicators themselves and with light intensity and calcium
supply concentration, this study conducted a correlation analysis on the primary indicators: light intensity,
calcium supply concentration, Calcium content, leaf area, net photosynthetic rate, vitamin C content, nitrate
reduction rate, and tipburn incidence. The results are presented in Fig. 4. As shown in the figure and
consistent with previous descriptions, while light intensity showed significant positive correlations with leaf
area (r = 0.74, p < 0.01), vitamin C content (r = 0.90, p < 0.01), and nitrate reduction rate (r = 0.840, p < 0.01),
it also exhibited a highly significant positive correlation with tipburn incidence (r = 0.85, p < 0.001). This
indicates that high light intensity can compromise lettuce quality to some extent. Although calcium supply
showed no significant correlation with leaf area (r = 0.11, p > 0.05), it demonstrated a significant negative
correlation with tipburn incidence (r = —0.41, p < 0.05). Calcium content showed a negative correlation with
tipburn incidence (r = —0.63, p < 0.1), significant negative correlations with leaf area (r = -0.67, p < 0.05) and
vitamin C content (r = —0.72, p < 0.05), and a highly significant negative correlation with nitrate reduction
rate (r = —0.94, p < 0.01). Increasing calcium supply can effectively reduce tipburn incidence.Notably, while
leaf area itself showed a significant positive correlation with tipburn incidence (r = 0.61, p < 0.05), it was also
positively correlated with vitamin C content (r = 0.72, p < 0.05) and nitrate reduction rate (r = 0.70, p < 0.01).
These findings highlight the complexity of how light intensity and calcium supply regulate lettuce growth
and quality.
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Figure 4: The correlation among main indicators

To further elucidate the effects of light intensity and calcium supply on lettuce, this study conducted
a principal component analysis (PCA) on six key indicators encompassing growth and morphogenesis,
photosynthetic capacity, and nutritional and metabolic quality: leaf area, net photosynthetic rate, vitamin C
content, nitrate reduction rate, tipburn incidence, and total chlorophyll content, with results presented
in Fig. 5. The first two principal components (PCs) accounted for over 80% of the total variance, with
PCI explaining 65.0% and PC2 explaining 21.8%; therefore, the variation among indicators was analyzed
based on the distribution within these first two PCs. PC1 (Growth-Quality Axis) was primarily positively
driven by leaf area (loading = 0.424), vitamin C content (loading = 0.493), and nitrate reduction rate
(loading = 0.482), reflecting the synergistic effect between plant growth and nutritional quality, while PC2
(Photosynthesis-Health Axis) was mainly characterized by a positive contribution from net photosynthetic
rate (loading = 0.785) and a negative constraint from tipburn incidence (loading = —0.552), representing the
functional health status of the leaves. The distribution of treatment groups within the PCA space revealed
distinct patterns: the P2C2 treatment was positioned near the balance point of PC1 and PC2; compared
to P2C2, the P3C3 treatment reached its peak on PC1 (score = 1.31) but was constrained by its lower PC2
score (0.23); and the P3Cl treatment scored lowest on PC2. Comprehensive analysis indicated that the
P2C2 treatment was the most favorable for enhancing lettuce growth and quality among all treatments.
Furthermore, high-light intensity treatment groups (P3) showed significant rightward shifts along the PC1
axis, and high-calcium treatments (C3) consistently shifted upwards along the PC2 axis. Specifically, the
low-light/high-calcium treatment (P1C3) performed notably well on PC2 (score = 0.87), while the low-
light/low-calcium treatment (PI1C1) scored —1.03 on PC2; thus, the P1C3 treatment surpassed P1CI by a
significant margin of 1.9 units on PC2. Collectively, these results suggest that light intensity remains the
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primary driver for lettuce growth and quality enhancement, while increasing calcium supply can improve
photosynthetic performance under low-light conditions.
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Figure 5: Principal component analysis among core indicators

3.6 Enhancing Effect of High Calcium Supply on Lettuce Growth under Low Light Intensity
Key Translation Choices Explained

Given the aforementioned results, this study further analyzed the increase rates of nine key indicators:
total chlorophyll content, carotenoid content, net photosynthetic rate, leaf area, total fresh weight, nitrate
reduction rate, vitamin C content, and soluble sugar content—in the high-calcium treatments C2 and C3
relative to Cl, across the light intensity gradient. The results are presented in Fig. 6.

Regarding photosynthetic pigments and photosynthetic capacity, total chlorophyll content (Fig. 6a)
under P1light showed a slight increase of 3.4% in C3 compared to Cl, while C2 decreased by 1.36%. Under P2
light, C3 and C2 increased by 9.09% and 12.50%, respectively. This indicates that chlorophyll content changes
under P1 conditions are primarily dominated by light intensity, with the enhancement effect of high calcium
being relatively weak. Carotenoid content (Fig. 6b) under P1 light increased by 16.7% only in C3, with no
difference in C2. Under P2 light, C3 increased by 9.1% and C2 by 12.50%, demonstrating a positive response
of carotenoid accumulation to the C3 calcium concentration under low light (P1). Stomatal conductance
(Fig. 6¢) under P1 light increased substantially by 115% in C3 and 87% in C2; under P2 light, increases
were 107% in C3 and 61% in C2, indicating a strong enhancement of stomatal opening with increasing
calcium concentration. Net photosynthetic rate (Fig. 6d) under P1 light increased by 61% in C2 and 63%
in C3; under P2 light, increases were 36% in C3 and 30% in C2. This demonstrates that calcium supply
exceeding the C2 level can significantly enhance photosynthetic rate under low light, with the C3 treatment
consistently showing a higher increase rate than C2, potentially linked to the observed improvement in
stomatal conductance.
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Figure 6: Enhancement effects of calcium concentration

In terms of morphogenesis and biomass, leaf area (Fig. 6¢) under P1 light exhibited a high increase rate

of 66.8% for C3, surpassing the 22.9% increase in C2, suggesting that leaf area expansion under P1 light
intensifies with higher calcium concentration. Under P2 light, the increase rate for C3 dropped to 4.46%,
while that for C2 rose to 48.52%, indicating that the promotive effect of the C3 treatment on leaf area is
sensitive to light intensity; the trend of increase rates for C3 and C2 under P2 light paralleled that of leaf
area itself. Total fresh weight (Fig. 6f) under P1 light showed a 42.6% yield increase for C3 compared to Cl,
while C2 resulted in a 5.6% reduction, highlighting the high sensitivity of biomass accumulation to calcium
concentration under low light. Conversely, under P2 light, C3 showed a 12.29% yield reduction and C2 a
3.24% reduction compared to Cl, demonstrating that the yield-increasing effect of high calcium supply (C3)
is also significantly influenced by light intensity.

Regarding physiological metabolism and quality indicators, the nitrate reduction rate (Fig. 6g) under
P1 light was 18.75% higher in C3 than Cl, approximately six times the reduction achieved by C2. Under P2
light, C3 achieved a 27% nitrate reduction, about 23% higher than the reduction by C2, indicating superior
regulation of nitrate reduction by the C3 calcium concentration. Vitamin C content (Fig. 6h) under P1 light
was 123% higher in C3 than Cl, exceeding the C2 level by 110%. Under P2 light, C3 was 28% higher than
Cl1 and C2 was 23% higher, showing a more pronounced promotion of vitamin C accumulation by the C3
calcium supply. Soluble sugar content (Fig. 6i) under P1 light was significantly increased by 300% in C3,
markedly higher than the 166% increase in C2. Under P2 conditions, the increase rate for C3 decreased to
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155%, while that for C2 rose to 266%, reflecting the positive effect of the C3 calcium concentration on sugar
accumulation in lettuce under low light (P1).

4 Discussion
4.1 Light Intensity as the Dominant Factor Influencing Lettuce Morphogenesis

This study systematically investigated the effects of combined regulation of light intensity and calcium
supply in nutrient solution on leaf morphology, biomass accumulation, nutritional quality, and the incidence
of tipburn in lettuce grown in a plant factory artificial lighting. The aim was to identify optimal light
intensity—calcium supply coupling parameters to improve yield, enhance quality, and mitigate the risk
of tipburn.

Our findings demonstrate that light intensity is the primary factor governing lettuce leaf morphogenesis
under controlled plant factory conditions [47]. With increasing light intensity, both the number of leaves
and total leaf area showed significant enhancement, aligning with the results reported by Miao et al. [48] and
Kang et al. [49], who observed increased leaf area index in spinach and lettuce under high light conditions.
Although calcium supply in the nutrient solution did not exhibit a statistically significant main effect on leaf
morphology, a notable interaction between light intensity and calcium supply was detected. This interaction
is likely attributable to the role of calcium in stabilizing cell walls and its involvement in coordinating light-
regulated processes such as cell division and expansion [50]. These results are consistent with the findings
of Luo et al. [51], who also reported an interactive effect of light intensity and calcium concentration on the
morphological development of lettuce.

4.2 Enhanced Photosynthetic Capacity through Light Intensity and Light-Calcium Interaction

Elevated light intensity significantly increased chlorophyll content and enhanced key photosynthetic
parameters in lettuce leaves. As light intensity increased, net photosynthetic rate, stomatal conductance,
and transpiration rate also increased, whereas intercellular CO, concentration decreased. These patterns
indicate that an appropriate level of light intensity effectively improves photosynthetic photon efficacy in
lettuce leaves [52]. This trend is consistent with the findings of Hesham et al. [10], who reported enhanced
photosynthetic performance in vegetable crops under higher light intensities. Although calcium supply in the
nutrient solution had no statistically significant effect on photosynthetic traits when analyzed independently,
its influence became evident under high light conditions (250 pmol/(m?s)). Under such conditions, calcium
deficiency inhibited chlorophyll biosynthesis and reduced Photosystem II activity, indicating a typical stress
response in calcium-starved lettuce leaves [53]. These observations underscore the essential role of calcium
as a stabilizing factor in the antioxidant defense system, particularly under high light conditions, where its
contribution to photoprotection becomes critical [54].

4.3 Light-Calcium Regulation Promotes Biomass Accumulation with a Saturation Effect

Under identical calcium supply in the nutrient solution, increasing light intensity significantly enhanced
both shoot and root fresh and dry weights of lettuce plants. These trends are consistent with the observed
improvements in leaf morphology and photosynthetic performance, confirming that light intensity serves as
a primary driver of photosynthetic carbon assimilation and biomass accumulation in lettuce [55]. Notably,
the promotive effect of light intensity on biomass accumulation was more pronounced under conditions
below 200 umol/(m?-s), aligning with the findings of Loconsole et al. [56]. However, when light intensity
increased from 200 to 250 pumol/(m?*:s), the incremental gains in several biomass-related indices became
marginal or statistically insignificant. This suggests the existence of a “light saturation point” beyond which
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plants exhibit limited capacity to utilize additional LED light energy [l1]. In this study, the saturation
threshold for lettuce biomass accumulation occurred at relatively low light intensities, possibly due to the
high proportion of blue light in the employed LED spectrum.

Under a light intensity of 200 umol/(m?-s), increasing calcium supply in the nutrient solution sig-
nificantly promoted biomass accumulation in lettuce plants, consistent with previous findings [57]. At
250 umol/(m?:s), overall biomass was higher than at 200 pmol/(m?-s) across all treatments, reflecting the
increased daily light integral and total carbon assimilation. However, differences in calcium supply did not
result in statistically significant differences in biomass at this PPFD, although C1 consistently exhibited lower
net photosynthetic rate compared with C2 and C3. The relative pattern of net photosynthetic rate among
treatments was in agreement with the relative pattern of biomass, suggesting that calcium primarily affected
photosynthetic capacity rather than biomass accumulation being limited by photooxidative stress [58].

4.4 Light-Calcium Regulation Enhances Lettuce Quality and Reduces the Incidence of Tipburn

The contents of vitamin C, soluble sugars, and soluble proteins in lettuce leaves increased significantly
with elevated light intensity, consistent with findings reported by Dai et al. [59] and Min et al. [60].
Additionally, the nitrate content of lettuce leaves exhibited a decreasing trend as light intensity increased,
in agreement with the results of Zhou et al. [61] and Fu et al. [52]. The highest nitrate content in this study
was observed in the combination treatment of low light intensity (150 umol/(m?s)) and low calcium supply
(0.5 mmol/L). Notably, even under these conditions, this content remains well below the limit specified
for greenhouse-grown lettuce (<4500 mg/kg) by the European Union standard (EC No. 1258/2011), while
all other treatments were lower than the safety threshold for nitrate in leafy vegetables (<3000 mg/kg)
established by the Chinese national standard (GB 19338-2003).This may be attributed to the promotion of
photosynthetic activity under higher light intensity, which accelerates the conversion of inorganic nitrogen
into amino acids and proteins, thereby reducing nitrate accumulation in leaf tissues [62,63]. Moreover,
elevated light intensity can enhance nitrate reductase activity, further promoting nitrate assimilation [11].
These results suggest that moderate increases in light intensity can improve lettuce leaf quality while
suppressing nitrate accumulation. Simultaneously, increasing calcium supply in the nutrient solution within
an appropriate range also significantly enhanced the contents of vitamin C and soluble sugars, while reducing
nitrate levels. This supports the role of calcium in improving plant quality by modulating metabolic activity
and maintaining ion homeostasis [64].

Importantly, this study found that the incidence of tipburn in lettuce leaves exhibited a positive
correlation with light intensity but a negative correlation with calcium supply in the nutrient solution. At
a light intensity of 250 umol/(m?*-s), tipburn symptoms were observed across all treatments, indicating
that excessive light intensity may drive rapid shoot growth beyond the capacity of calcium supply [65].
However, increasing calcium supply in the nutrient solution effectively reduced the incidence of tipburn,
corroborating the findings of Miao et al. [48], and confirming the suppressive effect of calcium on tipburn
development in lettuce [26]. These findings are consistent with the study by Gilliham et al. [66], which
associated calcium transport limitations with chlorosis and tipburn in leaf tissues. Furthermore, under high
light intensity, a reduction in leaf calcium content was observed in the present study. Although elevated
transpiration can enhance calcium mass flow, our results showed that high light intensity (250 pmol/(m?-s))
did not significantly increase the transpiration rate. Instead, the reduced calcium content under high light is
likely attributable to a dilution effect caused by accelerated biomass accumulation, which may have outpaced
calcium uptake and translocation [62]. Additionally, high light may induce photooxidative stress that could
impair root uptake or vascular transport of calcium. This resultant insufficiency of calcium supply to rapidly
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developing tissues ultimately contributes to the observed tipburn symptoms [67], which is consistent with
the incidence reported in this study.

4.5 Light-Calcium Synergy Improves Nutritional Quality and Mitigates Low-Light Stress

Current research indicates that the regulation of lettuce growth and quality by light intensity and
calcium supply is complex. This complexity primarily manifests in their synergistic effects on lettuce
physiological functions [23,68]. The study by Jiang et al. [69] found that, under 200 pmol/(m?*s) light,
foliar spraying of loose-leaf lettuce ‘Lvya’ with a 0.5% calcium nutrient solution, compared to no calcium
application, significantly increased plant height and leaf width (+29%), fresh weight (+13.7%), root fresh
weight (+50.6%), root activity (+13.9%), soluble protein (+43.6%), soluble sugar (+19.1%), and vitamin C
content (+14.9%), while simultaneously significantly reducing tipburn incidence (-81.6%). However, nitrate
content significantly increased by 22.3%. In contrast, our study observed a 123% increase in vitamin C
content, a 300% increase in soluble sugar content, and an 18.8% decrease in nitrate content in high-calcium
treatments compared to the low-calcium group. This discrepancy may be related to factors such as calcium
application method and concentration thresholds.

The complexity of light-calcium synergy is further evident in the ability of high calcium supply to
partially compensate for the adverse effects of low light intensity on lettuce growth and quality. Research
by Luo et al. [51] demonstrated that for the temperate lettuce variety ‘Baby Butter’ cultivated in the tropics,
while high calcium supplementation under low light could not fully eliminate yield reduction, it increased
yield by 161%, significantly enhanced chlorophyll concentration by 22.2%, significantly raised the shoot/root
calcium content ratio by 30.3%, and resulted in a slightly higher Fv/Fm (the maximum quantum efficiency
of photosystem II) ratio (0.813) compared to the low-light/low-calcium group (0.802). Collectively, these
results suggest that high calcium under low light cannot completely reverse the growth limitations caused
by insufficient light intensity. However, it can significantly enhance lettuce’s physiological resilience under
low-light stress by boosting chlorophyll synthesis, maintaining photosystem stability, and promoting the
effective allocation of calcium to functional leaves, thereby providing a pathway for quality improvement.
Our study found that under low light intensity (150 umol/(m?:s)), the 1.5 mmol/L high-calcium treatment
significantly promoted stomatal conductance (increase of ~115%) and net photosynthetic rate (increase
of 63%) in lettuce. This implies that high calcium supply may maintain stomatal function by activating
Ca**-ATPase channels, thereby improving CO, supply and ultimately alleviating the limitation of low-light
stress on carbon assimilation rate [70], supporting the view that calcium nutrition helps mitigate low-light
deficits and maintain leaf health functionality. However, the biomass enhancement effect of high calcium
supply under low light in our study was relatively limited; for instance, the fresh weight increase was 42.6%,
significantly lower than the biomass increase (161%) observed in Luo et al’s study. This difference may be
related to factors such as the lettuce varieties tested. On the other hand, the high-calcium treatment in our
study demonstrated superior improvement effects on several key quality indicators, such as a 123% increase
in vitamin C content, a 300% increase in soluble sugar content, and an 18.8% decrease in nitrate content.
These results further suggest that calcium supplementation measures may hold greater practical potential
for alleviating the negative impact of low light on lettuce nutritional quality, particularly concerning sugar
accumulation and antioxidant compound synthesis.

Collectively, the results demonstrate that a high calcium supply (1.0-1.5 mmol/L) can partially com-
pensate for the adverse effects of low light intensity (150-200 umol/(m*:s)) on photosynthesis and quality
in lettuce. This compensatory mechanism is likely achieved through the stabilization of Photosystem II and
the optimization of stomatal function, providing a novel strategy for high-quality lettuce production under
light-limiting conditions.
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It is essential to note that the conclusions drawn in this study are derived from preliminary data obtained
in an exploratory cultivation experiment. Notably, the responses observed across the various indicators
exhibited asynchrony. The precise calcium saturation threshold requires further validation through ded-
icated dose-response experiments. Additionally, the magnitude of improvement for some indicators was
relatively limited. While the findings presented here serve as exploratory evidence, practical application
necessitates further in-depth research. This should include constructing a light-calcium interaction model
and conducting multi-variety validation across different lettuce cultivars.

5 Conclusions

This study systematically evaluated the interactive effects of light intensity and calcium supply in the
nutrient solution on lettuce yield and quality. The results elucidate the synergistic mechanisms between
light environment and mineral nutrition in regulating crop performance. Light intensity emerged as the
dominant factor influencing leaf morphological development, photosynthetic performance, and biomass
accumulation. Moderate increases in light intensity significantly enhanced photosynthetic activity, nutrient
accumulation, and overall yield. However, when the light intensity exceeded 250 pmol/(m?*:s), the increase
in biomass plateaued, and the risk of physiological disorders such as tipburn markedly increased. Although
calcium supply had a limited impact on leaf morphology and photosynthetic traits under low to moderate
light conditions, it significantly improved nutritional quality, reduced nitrate accumulation, and alleviated
tipburn symptoms under high light intensity. A significant interaction between light and calcium factors
was observed, indicating that an optimal combination of light intensity and calcium supply is essential
for the coordinated enhancement of both yield and quality in lettuce. These findings provide theoretical
guidance and practical insights for the efficient and safe production of leafy vegetables in artificially lit plant
factory systems.
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