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Abstract

In the face of rapidly changing climatic conditions that are
increasingly threatening the stability of the present
agricultural economy, it has now become mandatory to
evaluate the response of different plants varieties to
conventional greenhouse conditions versus artificially
controlled environments, particularly under LED lighting.
Present study was carried out to evaluate the comparative
response of four lettuce (Lactuca sativa L.) varieties to
Nutrient Film Technique (NFT) hydroponics under precisely
controlled LED lighting versus conventional greenhouse
conditions, with the aim of optimizing yield and quality. A
randomized complete block design with four varieties (V1-
Lugano, V2-Aleppo, V3-Carmesi, V4-Kineta), five
repetitions, and two blocks was implemented over two years
(2023-2024) in the Plant Factory research greenhouse of
USAMYV Bucharest. Plants were grown in an NFT system at
EC 1.2-2.2 mS em™ and pH 6.0, comparing natural sunlight
(average 274.3 umol m=2 s') with LED lighting (181.7
pmol m2 s, 18 h photoperiod, red + blue spectrum).

Morphometric parameters (fresh mass, rosette diameter, leaf
number), sugar content, and nitrate levels were measured
and analyzed by two-way ANOVA and Tukey’s HSD test.
The LED Plant Factory system (LED) significantly
outperformed the conventional greenhouse across all
varieties (p < 0.0001), increasing fresh biomass by 16.9—
68.4 % (highest in Kineta: 238.41 g plant™ vs. 141.56 g
plant™), enlarging rosette diameter, and elevating soluble
sugar content (4.23 vs. 3.71 °Brix). A highly significant
variety X growing-system interaction (p < 0.0001) revealed
genotype-specific responses, with Kineta showing the
strongest positive reaction. Nitrate accumulation was higher
under LED (1243.3 vs. 811.4 mg kg™!), remaining below
critical thresholds. These results demonstrate that LED-
supplemented NFT hydroponics, when matched to cultivar-
specific  responses, substantially = improves lettuce
productivity and nutritional quality while highlighting the
need for integrated spectral and varietal optimization in
controlled-environment agriculture.
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1. Introduction

In the context of intensifying agricultural practices and the need to produce high-quality food on limited land areas, hydroponic
systems have gained significant importance, particularly for leafy green crops such as lettuce (Lactuca sativa L.). Among these,
the Nutrient Film Technique (NFT) represents one of the most efficient soilless cultivation methods. It was initially described
by Cooper (1965) as a system capable of optimizing the use of water and nutrients. Subsequent foundational works, such as
those by Resh (2004), have further consolidated the importance of hydroponics in modern horticultural production. Early and
review studies have highlighted the major advantages of soilless cultivation, including precise control of nutrition and the
reduction of edaphic factor impacts (Sardare & Admane, 2013) '], In this context, NFT systems have proven particularly
effective for lettuce cultivation, enabling rapid and uniform growth while remaining sensitive to variations in the composition
of the nutrient solution.

In recent decades, scientific interest has focused on optimizing growing conditions in controlled environments, especially in
greenhouses. Studies have demonstrated that environmental parameters such as temperature, humidity, and nutrient solution
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composition significantly influence the yield and quality of
hydroponically grown lettuce (Miller et al., 2020) . Wang
et al. (2023) ' showed that hydroponic production systems
exhibit greater sensitivity to ambient temperature but deliver
superior performance compared to soil or solid-substrate
cultivation, recording substantial increases in production
(+134%) and water-use efficiency (+50%), along with
improvements in quality (ascorbic acid and soluble sugars).
Despite higher initial and operational costs, integrated
agronomic, qualitative, and economic analyses indicate that
HPS (particularly treatment H2) is more profitable for
commercial lettuce production. The dynamics of macro- and
micronutrients in NFT systems also play an essential role in
determining final yield (Vought et al., 2024) 1131,

A major technological advancement is the use of artificial
LED lighting, which enables precise control of light
spectrum and radiation intensity. Recent research has shown
that different combinations of red and blue light influence
photosynthesis, morphogenesis, and the accumulation of
bioactive compounds in plants (Nitu et al., 2024; Nitu et al.,
2025a) €. Thus, LED lighting has become a key factor in
optimizing production in closed or semi-closed systems. In
addition to environmental factors, the genetic variability of
lettuce varieties significantly influences their response to
growing conditions. Differences among cultivars have been
observed in growth parameters, yield, and product quality in
NFT hydroponic systems (Pastor et al., 2025; Nitu et al.,
2025b) 71, Furthermore, the concentration of the nutrient
solution and the type of hydroponic system can directly
affect plant development (Soares et al., 2020; Febriani et al.,
2025) (1211,

Recent studies also emphasize the importance of integrating
smart technologies and automated systems in optimizing
hydroponic crops, thereby enhancing production efficiency
and sustainability (Rajaseger et al., 2023; Herrera-Arroyo et
al., 2025) 1'% 31 These modern approaches enable real-time
monitoring of environmental parameters and adjustment of
growing conditions to maximize yield. Excessive
fertilization in soil-based crops can lead to nitrate pollution
of the soil (Marinov si col, 2010; Qin si col., 2019) 2322,
The NFT cultivation system allows the growing of other
species with small root systems (Draghici si col 2016; Chan
si col., 2023; Funk, 2025) '8 27 171 Certain environmental
factors can affect the root growth of lettuce plants, such as
temperature, water quality, and oxygenation of the nutrient
solution (Adams P. 1991; Stoica si col., 2022) 2 201 the
type of water used for plant growth (Enache si col., 2019)
191 or the type of substrate (Schie, 1999; Urechescu si col.,
2022; Micu si col., 2022; Micu si col. 2023) [16.28.25.24],

The hydroponic Nutrient Film Technique (NFT) system has
been widely used for the cultivation of short-cycle
vegetables due to the continuous circulation of the nutrient
solution, which facilitates efficient absorption of nutrients
and oxygen. This has enabled high and uniform yields,
superior to those obtained in traditional soil-based
cultivation systems (Carrasco et al., 2024) 1. Analyzing the
impact of growing conditions on the yield and quality of
various lettuce varieties cultivated in the NFT system in
greenhouses and under LED lighting has represented a
relevant research direction in modern agriculture. The
results obtained have contributed to the development of
efficient and sustainable technologies capable of ensuring
high, consistent, and superior-quality production. In
hydroponic crops grown under controlled environments,
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lighting represents one of the environmental factors with a
major impact on plant growth and development. Light
influences essential physiological processes, such as
photosynthesis, biomass accumulation, leaf development,
and the synthesis of bioactive compounds. In recent years,
concerns regarding light-emitting diode (LED) technology
have led to its increasing adoption in modern horticulture,
owing to its high energy efficiency, long operational
lifespan, and the ability to adjust the light spectrum
according to plant requirements. Panter et al. (2014) 2] state
that the use of LED lighting allows the delivery of specific
wavelengths that can stimulate photosynthesis and improve
the yield and quality of horticultural crops.

Numerous studies have demonstrated that light intensity,
photoperiod, and spectral composition significantly
influence the growth and quality of hydroponically grown
lettuce. For example, the level of illumination and the
duration of light exposure can affect biomass accumulation
as well as the content of sugars, proteins, and carotenoids in
the leaves. Moreover, certain combinations of red and blue
light provided by LEDs can optimize seedling development
and contribute to higher yields and improved nutritional
quality. The interaction among environmental factors has
driven complex physiological processes that influence plant
growth, nutrient uptake, and the accumulation of
biochemical compounds in plant tissues. Optimizing these
conditions has proven essential for achieving high yields
and enhancing the quality of the final product. Considering
the importance of hydroponic crops and the role of
environmental factors in plant development, the present
study aimed to analyze the impact of growing conditions on
the yield and quality of various lettuce varieties cultivated in
the NFT system in greenhouses under LED lighting. The
research sought to evaluate the performance of lettuce
varieties under controlled conditions and to identify the
optimal cultivation parameters that could contribute to
increased yield and improved product quality. The results
obtained have contributed to the optimization of hydroponic
cultivation technologies and to the development of modern,
efficient, and sustainable agricultural systems

2. Materials and Methods

2.1 Experimental Location and Study Design

The study was conducted over two years (2023-2024) inside
the greenhouse at University of Agronomic Sciences and
Veterinary Medicine of Bucharest (USAMYV Bucharest), and
in the Plant Factory (LED) research greenhouse (Fig 1).
This facility was established within the framework of the
China—Romania Demonstration Park for Science and
Technology in Agriculture, a joint project partially funded
by the Chinese Academy of Agricultural Sciences and
USAMYV Bucharest. The study was conducted using a robust
randomized complete block design with repetition,
designated as Varianta Repetitia, to comprehensively
evaluate four variants: V1 (Lugano), V2 (Aleppo), V3
(Carmesi), and V4 (Kineta). The experimental layout
consisted of two identical blocks, with each block
containing all four variants tested across five independent
repetitions (R1 to R5). This structure resulted in a total of 40
experimental units, calculated as 4 variants x 5 repetitions x
2 blocks. Within each block, the variants were arranged
randomly to minimize systematic bias, while the five
repetitions per variant served as technical or spatial
replicates.
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Fig 1: Comparative View of Lettuce Cultivation: LED Plant
Factory (Left) vs. Conventional Greenhouse NFT System (Right)

2.2 Growth Conditions

All experiments were carried out in an NFT hydroponic
system. In the Plant Factory section, environmental
parameters were strictly controlled as follows: air
temperature of 20 °C, nutrient solution temperature of 19-20
°C, photoperiod of 18 h light/6 h dark, and a constant light
intensity of 181.7 pmol m™2 s! provided by LED lamps.
plants were also cultivated under naturally fluctuating light
conditions, with the light intensity varying around an
average of 274.3 pmol-m2-s™'. The nutrient solution had an
electrical conductivity (EC) of 1.2 mS cm™ during the initial
growth stage, which was increased to 2.2 mS cm™ two
weeks after planting. The pH was maintained at 6.0
throughout the experiment in both cultivation environments.

2.3 Data Collection and Statistical Analysis

The following morphometric parameters were measured:
plant height, plant diameter, total plant fresh mass, root
length, and root volume. Quality parameters were also
assessed. Dry matter content was determined by drying 1 g
samples of fresh leaves at 105 °C for 24 hours. Soluble
solids content (°Brix) was measured using a reflectometer.
Nitrate concentration was quantified separately in the basal,
middle, and upper leaves of each plant using a portable
Greentest ECO nitrate meter. Statistical analysis was
performed using STATISTICA software (StatSoft Inc.,
version 10). Two-way ANOVA and independent t-tests was
applied to determine significant differences among
treatments at p < 0.05, 0.01, and 0.001. When significant
effects were detected, means were compared using Tukey’s
Honestly Significant Difference (HSD) test at p < 0.05.

3. Results

Environmental conditions in the greenhouse were
continuously monitored throughout the experiment (Fig 2).
Photoperiod of 18 h light/6 h dark, and a constant light
intensity of 181.7 umol m™ s™ provided by LED lamps.
plants were also cultivated under naturally fluctuating light
conditions, with the light intensity varying around an
average of 274.3 pmol'm2-s!. Nighttime minimum air
temperatures remained stable between 17°C and 18°C,
avoiding cold stress, while daytime maxima ranged from
22°C to 26°C, peaking at 26°C on day 20 after transplanting.
Although these peaks slightly exceeded the optimal daytime
range for lettuce (18—24°C), the overall thermal regime was
generally suitable; however, occasional elevations may have
induced mild heat stress, potentially increasing bolting and
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reducing leaf quality (Fig 1). Relative humidity showed an
increasing trend, with minimum values rising from ~30% to
37% (mean minimum 33%), maximum values from 46% to
58% (mean maximum 52%), and average humidity from
38% to 48% (overall mean 43%). These levels remained
below the recommended optimum for lettuce (50-70%),
suggesting a relatively dry atmosphere that could limit
transpiration and nutrient uptake (Fig 2). Carbon dioxide
(CO2) concentrations were enriched compared to ambient
levels (~400 ppm), with minimum values of 601-690 ppm
(mean ~651 ppm), maximum values of 660—787 ppm (mean
=738 ppm), and an overall mean of 694 ppm.
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Fig 2: Temporal Variation of Temperature, CO- Concentration,
and Humidity Over Different Time Intervals in growing
compartments

Significant differences in plant performance were observed
between the two growing systems (Table 1). The advanced
Plant Factory setup demonstrated consistent superiority over
the conventional greenhouse environment across all four
lettuce varieties tested. This enhanced performance is
attributed primarily to the precise control of light spectrum
and photoperiod provided by LED technology, which
promoted more efficient biomass accumulation compared to
the variable natural solar radiation in the greenhouse. Fresh
biomass production, averaged per plant across three
replications, revealed the following results: V1 (Lugano)
reached 141.11 g in the greenhouse and increased to 189.40
g under Plant Factory conditions, corresponding to a 34.2%
yield improvement. V2 (Aleppo) achieved 145.28 g in the
greenhouse and 210.81 g in the Plant Factory, representing a
45.1% increase. V3 (Carmesi) recorded the highest
greenhouse biomass at 164.14 g, which rose to 191.83 g
under LED lighting, indicating a moderate relative
improvement of 16.9%. V4 (Kineta) exhibited the strongest
response to artificial lighting, with fresh weight increasing
from 141.56 g in the greenhouse to 238.41 g in the Plant
Factory. This represents the highest individual plant
productivity in the experiment, with a yield gain of 68.4%.
These findings highlight substantial genotype x environment
interactions, with certain varieties, particularly Kineta,
exhibiting markedly higher responsiveness to the optimized
lighting and controlled conditions of the Plant Factory
system.
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Table 1: Effect of Growing System (Natural Sun Light vs. LED) on Plant Mass, Rosette Diameter, and Number of Leaves in Different

Lettuce Varieties

Variety Growing System Plant Mass (g/plant) Rosette Diameter (cm) Number of leaves
V1 -Lugano Natural Sun Light 141.11 +14.99 21.3+£2.08 262+2.7
V1 -Lugano LED 189.40 + 23.09 28.24+1.63 262+ 1.8
V2 - Aleppo Natural Sun Light 14528 £12.21 2926 £2.73 304+£29
V2 - Aleppo LED 210.81 £27.31 32.6 = 1.66 29.2+3.5
V3 -Carmesi Natural Sun Light 164.14 +£22.70 282 +1.71 25.0+1.8
V3 Carmesi LED 191.83 £17.81 28.8 +1.88 19.8+1.8
V4 - Kineta Natural Sun Light 141.56 £ 15.61 274+1.77 32.0+3.1
V4 — Kineta LED 238.41 £21.40 32.66 +2.11 39.8+33

The analysis revealed a highly significant main effect of the
growing system (p < 0.0001), indicating that plants grown
under LED lighting produced substantially greater biomass
overall compared to those under natural sunlight. There was
also a significant effect of variety (p < 0.01), showing
inherent differences in growth potential among the varieties.
Most importantly, a highly significant interaction between
variety and growing system was detected (p < 0.0001). This
means the benefit of LED lighting on plant mass was not
uniform; some varieties responded much more strongly than
others. In particular, V4 - Kineta exhibited the largest
increase in mass under LED, while V3 - Carmesi showed a
relatively smaller improvement.

Regarding rosette diameter, both growing system and
variety had highly significant main effects (p < 0.0001 for
both). Plants grown under LED developed significantly
larger rosettes on average (Fig 3). A significant interaction
effect was also present (p < 0.01), suggesting that the
positive impact of LED on rosette size varied depending on
the variety. Varieties such as V1 - Lugano and V4 - Kineta
generally showed clearer gains in diameter under LED,
whereas the response was more modest in others.
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Fig 3: Comparative Rosette Diameter Development of Lettuce
Varieties under Natural Light and LED Conditions over Time

For the number of leaves, variety exerted a very strong main
effect (p < 0.0001), highlighting that this trait is largely
determined by genetic differences among the varieties, with
V4 - Kineta naturally producing more leaves. The growing
system had a moderate significant effect (p < 0.05), with
LED showing an overall influence on leaf number.
However, the interaction between variety and growing
system was highly significant (p < 0.0001). This interaction
indicates that LED lighting affected leaf production
differently across varieties — for example, V4 - Kineta
produced considerably more leaves under LED (39.8 versus
32.0), while V3 - Carmesi tended to have fewer leaves under
LED (19.8) compared to natural sunlight (25.0).

The sugar content and nitrate content of the four lettuce
varieties (V1-Lugano, V2-Aleppo, V3-Carmesi, and V4-
Kineta) were evaluated under two growing systems:
conventional greenhouse and LED plant factory. Overall,
the LED plant factory system resulted in significantly higher
sugar content (4.23 + 0.21) compared to the greenhouse
system (3.71 + 0.31). Similarly, nitrate content was

markedly higher under LED conditions (1243.3 + 163.5
mg/kg) than in the greenhouse (811.4 + 260.9 mg/kg) (Fig

4).

Table 2: Sugar and Nitrate Content in Lettuce Varieties under

Different Growing System

Variety Growing System cf:;ge‘::;s Nztmz;gc/’z;ten s

V1 - Lugano| Greenhouse (Sera) 3.86 992.667

V1 - Lugano| LED Plant Factory 4.25 1336.67

V2 - Aleppo | Greenhouse (Sera) 3.47 810

V2 - Aleppo | LED Plant Factory 4.42 1220
V3 - Carmesi| Greenhouse (Sera) 4.07 443
V3 - Carmesi| LED Plant Factory 4.31 1023.33

V4 - Kineta | Greenhouse (Sera) 3.44 1000

V4 - Kineta | LED Plant Factory 3.94 1393.33
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Fig 4: Comparitive Nitrate Contents in Lettuce Varieties under
Natural Light and LED Conditions over Time

4. Discussion

The present study demonstrates that LED-based Plant
Factory systems significantly enhance lettuce growth and
quality compared to conventional greenhouse production,
with cultivar-dependent responses. Under LED lighting,
fresh biomass increased by 30-56% across varieties, with
V4-Kineta showing the strongest response (56% increase,
reaching 238.41 g/plant). This superior performance is
attributed to several biological mechanisms. First, the
precise spectral composition of LEDs—combining red (623-
673 nm) and blue (427-478 nm) wavelengths—optimizes
photosynthetic  efficiency by matching chlorophyll
absorption peaks, driving electron transport and ATP
synthesis. A comprehensive review by Olle and Virsilé
(2013) 31 confirmed that light intensity between 200-250
umol m™= s with 16-18 h photoperiods using red and blue
LEDs (5-20% blue) optimizes lettuce growth and light use
efficiency. The extended 18-hour photoperiod increases
daily light integral, providing more total photosynthetic
energy for carbon fixation. Importantly, Liu et al. (2017) 32!
demonstrated that adding green light (480-560 nm) to
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growth  spectra  enhances biomass accumulation,
photosynthetic pigments, and CO- assimilation efficiency, as
lettuce grown under full-spectrum LED showed
significantly higher shoot dry mass, stomatal conductance,
and maximum Rubisco carboxylation rates compared to
plants grown without green wavelengths. The highly
significant variety x growing system interaction (p <
0.0001) reflects genetic variation in photosynthetic capacity
and photoreceptor signaling efficiency, consistent with Soufi
et al. (2023) B who reported cultivar-dependent responses
to LED spectra in Lollo Rossa and Lollo Bionda varieties.
Morphological development was substantially enhanced
under LED conditions, with plants developing significantly
larger rosette diameters (p < 0.0001), particularly for V1-
Lugano (from 21.3 to 28.2 cm) and V4-Kineta (from 27.4 to
32.66 cm). This expansion is mediated by blue light
activation of cryptochromes and phototropins, triggering
downstream signaling involving HYS transcription factor,
which regulates cell expansion genes. I1zzo et al. (2018) B3U
found that increasing percentages of blue light (up to 66%)
increased photosynthetic rate, stomatal conductance, and
SPAD index in lettuce, though very high blue percentages
(100%) decreased edible biomass. However, leaf number
responses were divergent—V4-Kineta produced more leaves
under LED (39.8 vs. 32.0), while V3-Carmesi showed
reduced leaf number (19.8 vs. 25.0)—suggesting genetic
variation in shoot apical meristem regulation. Chen et al.
(2018) reported that intermittent red-blue LED exposure
with specific light/dark cycles (8h/4h) increased shoot
biomass and soluble sugar content, particularly fructose,
while improving lettuce taste via enhanced sweetness and
crispness. Regarding quality parameters, sugar content was
significantly higher under LED (4.23 vs. 3.71), representing
a 14% average increase. This elevation results from
enhanced photosynthetic carbon fixation, reduced
photorespiration due to stable 20°C temperatures, and red-
light upregulation of sucrose phosphate synthase genes,
consistent with Virgile et al. (2020) B7 who found that
multi-color LED lighting affects soluble sugar accumulation
cultivar-specifically.

The most concerning finding was markedly higher nitrate
accumulation under LED conditions (1243.3 vs. 811.4
mg/kg), with V4-Kineta showing the highest levels (1393.33
mg/kg). This elevation can be explained by enhanced
transpiration-driven nitrate uptake under lower humidity
(mean 43% vs. recommended 70-80%), combined with
assimilation limitations where nitrate reduction by nitrate
reductase may be rate-limited. However, recent research by
Seyrek et al. (2025) B33 found that specific LED spectra can
actually reduce nitrate accumulation—white LED (1039
mg/kg), red+blue+far-red (1118 mg/kg), and red+blue (1167
mg/kg) treatments produced significantly lower nitrate
levels compared to other spectra, while blue lighting
produced the highest marketable yield. Similarly, Choi et al.
(2016) B% demonstrated that under LED lighting (red:blue
2:1 mixture), nitrate levels were lowest compared to LEP or
HPS lamps, though sugar content was also lower under LED
in that study. Importantly, Philips Lighting research (2020)
confirmed that combining light recipes with dynamic
irrigation strategies can achieve nitrate levels below 1500
mg/kg without affecting yield or quality. The significant
cultivar differences reflect genetic variation in nitrate
reductase activity, as V3-Carmesi showed the lowest nitrate
accumulation (443 mg/kg greenhouse, 1023 mg/kg LED).
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The greenhouse environment experienced mild heat stress
(26°C peaks exceeding the 22-25°C optimum identified by
(Olle & Virsilé) and low humidity (43% RH versus optimal
70-80%), which reduces stomatal conductance and increases
photorespiration, while CO- enrichment (694 ppm) partially
compensated. Overall, these findings demonstrate
substantial ~ genotype X  environment interactions,
emphasizing that variety selection and spectral optimization
must be integrated for controlled environment agriculture.

5. Conclusion

The LED-based Plant Factory NFT system proved markedly
superior to conventional greenhouse cultivation for all four
lettuce varieties, delivering 17-68 % higher fresh biomass,
larger rosettes, and elevated sugar content while maintaining
commercially acceptable nitrate levels. The strong genotype
x environment interaction underscores that variety selection
is as critical as technological optimization; Kineta exhibited
the greatest yield gain and leaf production, whereas Carmesi
showed more modest morphological benefits. Although the
lower relative humidity (mean 43 %) in the controlled
environment contributed to elevated nitrate uptake, levels
remained well below regulatory limits and did not
compromise overall quality. These findings confirm that
precise LED lighting (red + blue spectrum, 18 h
photoperiod, ~182 pmol m™2 s™') combined with stable
temperature (20 °C air / 19-20 °C nutrient solution) and CO-
enrichment significantly enhances photosynthetic efficiency,
biomass accumulation, and soluble solids in hydroponically
grown lettuce. Future research should focus on fine-tuning
light recipes (including green and far-red wavelengths),
dynamic humidity management, and real-time nutrient
monitoring to further reduce nitrate accumulation and
maximize both yield and sensory quality. The study
provides clear evidence that advanced NFT hydroponics
under LED illumination represents a sustainable, high-
efficiency pathway for year-round production of premium
leafy greens, offering substantial agronomic and economic
advantages over traditional greenhouse systems.
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