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quantity vegetable production in a plant factory. Aiming to investigate the
role of light spectra on growth, chlorophyll fluorescence, photosynthesis and
stomata parameters in lettuce plants grown in a plant factory, a factorial
experiment was conducted based on a completely randomized design with
two lettuce cultivars (Lollo Rossa and Lollo Bionda) and four spectra LED
illumination red (656 nm), red/blue (3:1) (656 nm), blue (450 nm) and white
(449 nm). The results showed that the combination of red and blue LED light
had the greatest effect on stomatal conductance (gs), number of stomata,
length and width of stomata in both lettuce cultivars. On the other hand, the
maximum substomatal CO, concentration (Ci) was observed in both lettuce
cultivars when they were treated with red LED light. The results also showed
that the maximum CO, assimilation rate (PN) was observed in Rossa variety
under white LED and in Bionda cultivar under blue LED light. Contrary to the
results related to some of photosynthetic parameters, the highest values of
vegetative traits (plant height, dry and fresh mass of shoots and roots, leaf
number and leaf area) of plants were observed in the treatment of red and
blue light combination. It is concluded that plant growth, chlorophyll
fluorescence characteristics, photosynthetic and stomatal properties can be
affected by different spectra and cultivars of lettuce, so that the choice of
proper lighting is a fundamental requirement for the cultivation of this plant.

* Corresponding author: H. R. Soufi . . .
E-mail address: hamidrsoufi70@gmail.com Publisher: Arak University

© Author


mailto:hamidrsoufi70@gmail.com
https://10.0.239.2/gppj.1.1.1

The roles of light in a plant factory: photosynthesis efficiency and gas exchange... -

1. Introduction

The crucial factors that strongly influence the bio-synthesis and accumulation of various
secondary plant compounds in lettuce are the quality, intensity and duration of light quality
(Yang et al., 2022). Atrtificial lighting LED is a good light source for plant growth in plant
factory, because this light source can regulate the light quality and quantity; thus, the use of
this light source provides the necessary light for overall plant growth and development (Han
et al., 2017). In addition, the light can improve the morphology of plants to numerous biotic
and abiotic stresses (Meng et al., 2019). LEDs produce light with emission wavelengths, high
photoelectric efficiency, photon flux or irradiance, and low heat generation. The use of LED
lamps is one of the non-thermal food processing methods, with wavelengths ranging from
200 to 780 nm (Prasad et al., 2020). Light also plays an important role in photosynthetic
apparatus and stomatal conductivity, so light deficiency and excess negatively affect
photosynthetic parameters and stomatal conductivity level. Thus, bright light and low CO,
concentrations stimulate stomata opening, while high CO, concentration, even in bright light,
leads to stomata closing (Raschke, 1975). The use of LED lamps with the amount of radiation
adapted to the needs of individual plants can cause the photosynthetic efficiency and increase
of yield or biomass, especially in leafy vegetables (Kim et al., 2004). Meng et al. (2019)
reported that treatment of lettuce plants with combination of red/blue (7R: 3B) light-emitting
diodes had no negative effects on gas exchange and quantum vyield but this light quality
promoted the number of leaves, leaf width, number of roots, superoxide dismutase, and
catalase activities, chlorophyll synthesis, and the accumulation of Chl a and Chl b and led to
the highest fluorescence parameters. Muneer et al. (2014) indicated that high-intensity blue
LEDs promote plant growth by controlling the integrity of chloroplast proteins that optimize
photosynthetic performance in the natural environment.

The composite family (Asteraceae) is one of the largest families of flowering plants, with
over 1600 genera and 2500 species worldwide. Some of its best-known taxa include lettuce,
chicory, artichoke, daisies, and dandelions. Members of the Asteraceae have been used in
food and medicine for centuries (Rolnik and Olas, 2021). Lettuce (Lactuca sativa L.) is one
of the most widely consumed leafy vegetable crops worldwide. In 2018, the annual global
production of lettuce was 27.6 million tons, and the top five producers were China, the
United States of America, India, Spain, and Italy (Pérez-Urrestarazu et al., 2019). Lettuce
leaves contain all recommended macro- and micronutrients for a healthy diet (Mou, 2012).
Lettuce is low in calories and rich in fiber, vitamin C, and minerals, especially iron (Kim et
al., 2016). Scientists also use lettuce as a reference species for the development of plant
factories and, in general, for biological studies of vegetables in closed soilless systems
(Miras-Moreno et al., 2020).

Today, water is a crucial natural resource, a basic human need, and a valuable natural
resource (Zhushi Etemi et al., 2020). Agriculture, as the largest water user, is the most
affected when a drought disaster occurs (Labedzki and Bogdan, 2017). In this situation,
scientists are looking for solutions to reduce water consumption in agriculture. One of them is
growing plants hydroponically, because the benefits of hydroponics are numerous. In
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addition to higher yields and better water efficiency, hydroponic systems, when operated in a
controlled environment, can be designed to provide continuous production throughout the
year (Barbosa et al., 2015). Hydroponic systems are also used to grow various crops and
specialty crops such as tomatoes, cucumbers, peppers, eggplant, strawberries, lettuce, and
many others (Barbosa et al., 2015). Floating raft systems are one of the hydroponic systems
for the production of vegetable crops, especially lettuce. Moreover, this system allowed the
production of vegetables with high quality and quantity (Pantanella et al., 2010). In this
method of hydroponic system, lettuce plants floating on styrofoam plates in a pond with
nutrient solution grew well (Hussain et al., 2014; Silva et al., 2015). In this method, waste
and loss of nutrient solution were reduced because the nutrient solution was prepared based
on the nutrient needs of the plant.

Nowadays, chlorophyll fluorescence is proposed as a measurement criterion to measure
the effects of environmental stress and to determine the degree of stress resistance (Strasser et
al., 2004). Zheng and Van labeke (2017) suggested that 100% blue light and 75% red light
with 25% blue light had the greatest effect on maximum quantum yield (F./Fn) and quantum
efficiency in ornamental plant species. Light also has a great influence on plant growth and
development. In addition, light as a source of energy can affect photosynthesis and related
parameters, as well as the opening and closing of stomata. Photosynthesis affects several
traits, and these parameters are influenced by light quality, with blue and red light playing the
most important roles (Zheng and Van labeke, 2017). Photosynthetic parameters (especially
net photosynthetic rate (Py), stomatal conductance (gs), transpiration rate (E), and
intercellular CO, concentration (C;)) respond differently to different light spectra (Roni et al.,
2017). Hogewoning et al. (2010) reported that increasing blue light increases Py and gs in
cucumber plants. On the other hand, blue light affects components of stomatal function that
appears to have a direct role in photosynthetic performance. The causes of the increase in
photosynthesis under the influence of blue light treatment include a higher ratio of
chlorophyll a and b (Leong and Anderson, 1984) and a higher content of ribulose-1,5-
bisphosphate carboxylase/oxygenase (Ru-BisCO) (Eskins et al., 1991). Also researchers
indicated that 100% blue light increased stomatal conductance that was associated with an
increase in stomatal index and stomatal density (Zheng and Van Labeke, 2017). Although , a
re-duction in blue light during the growth phase of lettuce decreased the photosynthetic rate
more than red light, but the application of more than 10% blue light to lettuce plants
increased the photosynthetic rate (Son and Oh, 2015; Brechner and Both, 2014). Roni et al.
(2017) found that Eustoma leaves grown under blue light had higher net photosynthetic rates
(Pn), stomatal conductance (gs), and transpiration rates (E). Muneer et al. (2014) found that
the use of high-intensity blue LED light promoted plant growth in lettuce plants by
controlling the integrity of chloroplast proteins that optimize photosynthetic performance in
the natural environment.

Researchers found that an increased ratio of red to blue light significantly increased the
growth parameters of lettuce (Lactuca sativa L. var Lollo rosso), but a high proportion of
blue light increased photosynthetic parameters and pigment content at different growth stages
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(Azad et al., 2020). In another study, growth parameters such as leaf area, fresh and dry mass,
and leaf optical indices such as chlorophyll and carotenoids were found to elicit a species-
dependent response under the combination of red and blue LED light (Brazaityté et al.,
2021). Borowski et al. (2015) found that the combination of red and blue LED light increased
the yield of lettuce plant in plant factory. The results of the study on 'Elizium' romaine lettuce
showed that the combination of red and blue LED light increased the vegetative
characteristics (Matysiak et al., 2021). Red light was reported to significantly increase shoot
and leaf biomass, plant height, number of leaves per plant and stem diameter by increasing
Chl content, thus promoting the highest photosynthetic capacity in ramie (Boehmeria nivea
L.) (Rehman et al., 2020). Also, Oh et al (2021) reported that the fresh and dry mass of
shoots and roots in Rubus hongnoensis was highest under R and RGB light. Other studies
found that red light was most important for biomass production and chlorophyll b content of
Brassica Juncea, while blue light was preferable for Chlorophyll a (Afridi et al., 2020).
Although chen et al (2021) reported that red light increased growth parameters and
photosynthetic pigments such as chlorophyll a, b and total chlorophyll and carotenoids in
lettuce plants. Dysko and Kaniszewski (2021) indicated that the use of LED light in
cucumber and tomato increased vegetative parameters as well as total and marketable yields

In this study, we used a replacement nutrient solution based on the needs of the plants,
based on previous experience with tomatoes (Gent and Short, 2010) and lettuce and basil
plants (Domingues et al., 2012; Trejo-Téllez et al., 2012; Mattson and Peters, 2014; Gent,
2017; Van der Lugt et al., 2020) in a closed hydroponic system. The advantages of this
method of plant feeding are better water and nutrient management, lower water and nutrient
consumption, lower environmental impact, and higher yield per unit area. In the replacement
treatment (invented by the author) based on the needs of the plant, obtained from the process
of element uptake by the lettuce plant based on scientific sources (Gent and Short, 2010,
Gent, 2017; Ronzoni, 2017); potassium nitrate was used completely in the same
concentration as in the original solution, but the consumption of calcium nitrate, magnesium
sulfate and potassium dihydrogen phosphate was reduced by three quarters and the
microelements (iron, zinc, copper and manganese) were reduced by half and added every two
days based on the volume of water added to the plastic container in which the plants were
cultivated. For example, if the lettuce plant took up one liter of the solution in two days, one
liter of distilled water was first added to the plant's container to compensate. The amount of
concentrated solution of various fertilizers required for this one liter was determined based on
the original formula, and concentrated solutions in the ratio given above were used instead of
the complete ones. The reason for this was to prevent the accumulation of elements such as
magnesium, calcium, phosphorus, and even microelements in the solution and to avoid their
toxicity to the plant, since their absorption rate, according to the sources, is lower than that of
potassium and nitrate. In this study, the concentrations of nutrients such as nitrogen
(Kjeldahl), calcium and magnesium (by titration), potassium and sodium (flame photometer),
phosphorus (spectrophotometer), iron, manganese, copper and zinc (atomic absorption)
(Estefan et al., 2013) were measured weekly in the solution used for this study. Every year,
greenhouse keepers inject millions of liters of water and nutrient elements into the

Greenhouse Plant Production Journal 1(1) (2024), 1-26



- Soufi et al.

environment after each use for plants, which causes severe damage to the environment and,
on the other hand, wastes a large amount of water and nutrient elements. According to the
mentioned cases, the purpose of this experiment is to increase the vegetative and
physiological characteristics of lettuce varieties (Lollo Rossa and Lollo Bionda) in floating
culture with the least amount of water and nutrients. Also, we intend to increase the morpho-
physiological characteristics of lettuce plants grown in a factory plants under floating culture
conditions by manipulating the light spectrums.

2. Materials and Methods
2.1.Plant material and growth conditions.

This experiment was conducted in the plant experiment factory of Vali-e-Asr University in
2020. The seeds of two lettuce cultivars (Lollo Rossa and Lollo Bionda) were obtained from
Sepahan Rooyesh Isfahan and Rijk Zwaan Co. Lettuce seeds were planted in a seed tray filled
with perlites. After the four-leaf stage, the seedlings were repotted into a small plastic pot
with perlite. These small pots were placed in the holes of the floating systems. After
transferring the plants to the floating systems, the Resh nutrient solution formulated for
lettuce (Resh, 2022) (EC: 1.2 ds m™, pH: 6.5) was used (Table 1). The floating system
consisted of 24 square plastic containers measuring 25 x 30 x 30 cm, each floating on a
Styrofoam measuring 5 x 30 x 30 cm, and four plants planted in each container. All culture
containers were connected to the air pump (HAILA, model: ACO-388 D) through holes and
the nutrient solution was aerated for 24 hours. Every second day, the consumption of the
nutrient solution was measured. Then, the plastic container was refilled with a modified Resh
nutrient solution according to the nutrient needs of the plant during the growing period.
Plants were grown in the plant factory at a temperature of 25/15 (day/night), a photoperiod of
12/12 hours (day/night), and a relative humidity of 50 + 10%.

Table 1 The concentration of Resh nutrient solution (Resh, 2022) was used in this experiment.

Macronutrients Concentration (mg L™) Micronutrients Concentration (mg L™)
N 139 Fe 0.94
P 31 Mn 0.14
K 215 Zn 0.13
Ca 84 B 0.16
Mg 24 Cu 0.03
S 35 Mo 0.03

2.2. LED tubes and the light treatments.

Lettuce plant cultivated under LED lamps with 24W of power (Parto Roshd Novin
Company, Iran) of different spectral ranges: red (R, with peak 656 nm), red/blue (3:1) (R: B,
with peak 656 nm), blue (B, with peak 450 nm) and white (W, with peak 449 nm). Photon
flux density (PPFD) was 215 + 5 umol m? s™ in all treatments (Fig. 1 and Table 2). The
photoperiod of 12 hours was maintained. The LED light systems were mounted 30 cm above
each of the plants separately.
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Figure 2 Relative distribution of different spectral LEDs (red, red/blue (3:1), blue and white) used during
plant growth

Table 2 characteristics of LEDs used in this experiment

Manufacture - N. of Light Power Lens Input DC Output Output
Efficiency coverage .
Company LEDs area consumption type Voltage Voltage Current Frequency
. 40cm x " AC100- 600mA+
0, -
Iran Grow Light 90% 24 100em 24x3W 90 260V 54-84V 50 50/60Hz

2.3. Vegetative characteristics

At the end of the experiment (40 days after transplanting), the plants were harvested from
each plastic container and divided into shoots and roots. Dry mass (DM) was obtained when
samples were dried in an oven for 72 h at 70 °C. The number of green leaves and leaf area
(with Leaf area meter, CI1-202, USA) and stem diameter (with caliper) for each treatment was

recorded in the end of the experiment.

2.4. Yield index

To measure the yield index, at the end of the experiment, the plants will be separated
from the crown area and then the mass of each plant will be calculated by a digital scale.
According to the number of plants per unit area and the total mass of plants in each treatment,
the biomass yield (head mass) per unit area will be determined and finally the yield index will
be calculated based on the mass of the plant per square meter.

2.5. Measurement of photosynthetic pigments

The amount of chlorophyll a and b and total chlorophyll was measured using Porra's
method (1989) with random sampling of 0.25 grams of leaf mass of three mature leaves of
each plant and three replication and extraction with 80% acetone and centrifuged at 350 rpm
for 10 minutes and then the samples was read using a spectrophotometer at wavelengths of
646.6 and 663.6 nm. Total carotenoid measurement Carotenoids were used according to the
method of Lightenthaler (1987) and the absorbance was read at the wavelength of 470 nm.

Total Chl = [(7617 X OD645.6) + (734 X OD663.6)] X [V/W]
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Chl a= [(1225 X OD663.6) - (2/22 X OD646.6)] X [V/W]

Chlb = [(OD645,5 X 2031) - (OD663_9 X 914)] X [V/W]

Car= (1000 ODy4zo - 3.27 [chl a] - 104 [chl b])/227)

OD: read absorbance V: the volume of acetone used W: sample mass (grams)

2.6. Evaluation of Chlorophyll Fluorescence

Chlorophyll (Chl) fluorescence was measured 45 days after LED lamps application using
the portable photosynthetic efficiency analyzer (PEA, Hansatech Instruments Ltd., UK).
After samples (fully developed leaves) dark adaptation for 15 min, Chl fluorescence
parameters were measured and further ones were calculated (Table 3) with the help of the
‘PEA Plus’ software package (version 1.02). Basic Chl fluorescence parameters derived from
the fluorescence parameters were as follows Bresti¢ and Ziveak (2013).

Table 3 Chl fluorescence parameters

Basic parameters derived from the extracted data

Fo Minimal fluorescence yield of the dark-adapted state Fo = F50us

Fm Maximal fluorescence yield of the dark-adapted state Fn=F,

Fy Variable fluorescence Fv=Fn—Fo
F./Fn, Maximal quantum yield of PSII photochemistry FulFm = 1- (FolFy)

Relative variable fluorescence at time 2 ms (J-step) after the

Vs start of an actinic light pulse V= (F2ms — Fo)/(Fm — Fo)

Relative variable fluorescence at time 30 ms (I-step) after the _
Vi start of an actinic light pulse Vi = (F30ms — Fo)/(Fm — Fo)
Area The area above the OJIP curve; expresses the size of the

reduced PQ pool

Quantum yields

The probability that a trapped exaction moves an electron into _
YEO the electron transport chain beyond QAo =(1-V)
®D0 Quantum yield of energy dissipation ®D, = FolFy
oET Quantum yield of electron transport from QA to QB in PSII @ET20 = ®Py(1 - V)

Quantum yield of reduction of end electron acceptors at the _
¢RE PSI acceptor side OREI0 = @Po(1 - V)
p| The performance index for the photochemical activity (basic Plaps = [1— (Fo/Fin)1/(MofV3)

abs formula on absorption basis) x (Fn— Fo)lFo x (1 - V)IV,
p| The total performance index for the photochemical activity Pliot = Plans(1 — VIV, -
total (including the flow beyond PSI) )
Specific energy fluxes (per QA-reducing PSII reaction center)
TRO/RC Trapped energy flux per RC (at t = 0) Mo(1/V3)
ETO/RC Electron transport flux per RC (att = 0) Mo(1/V o
Leaf Gas Exchange

Pn Net photosynthetic rate (umol m™ mol™)
E Transpiration rate (mol (H,0) m™s™)
Os Stomatal conductance (mol H,0 m*s ™)
G Intercellular CO, concentration (umol (CO,) mol™)
Pn/Ci Instantaneous carboxylation efficiency
WUE; Intrinsic water-use efficiency (Pn/gs) (umol CO, mol H,0™)

2.7. Stomata Characteristics and Leaf Gas Exchange

Samples were collected from the three fully expanded second leaves of two plants at the

same position for each treatment. For the measurement of stomata parameters (width, length,
and density), transparent nail polish was smeared on the surface of the leaves. The slides of
three plant of each three replication made by the leaf epidermal fingerprint with the transplant
nail polish method Zheng et al. (2013) were observed by optical microscope (Olympus Inc.,
Japan). The length, width, and density of stomata were measured with Image-tools software.
To measure photosynthesis traits were used by IRGA (LCi Ultra Compact, ADC
BioScientific Ltd, Herts, UK). For measurement, three adult leaves from each plant in each
container were selected from each replicate and placed in a special holder for the device, after
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six minutes, the relevant parameters were recorded. Instantaneous carboxylation efficiency
(mmol/m?) was obtained by dividing photosynthesis by Sub-stomatal CO, concentration. To
determine the instantaneous intrinsic water-use efficiency (micromoles of CO, per mol of
H,0), the amount of photosynthesis was divided into stomata conductance (Ritchie et al.,
1990).

2.8. Statistical Calculations

The experiment was a complete randomized design with two factors in three replications
in factorial form and two plants of each variety in plastic container. Using SAS software
version 9.4 to analyze all data (SA stitute, Cary, NC, USA). All data were statistically
analyzed using two-way ANOVA model.When analysis of variance (ANOVA) indicated
significant treatment effects, significant mean differences (P<0.05) were calculated by the
LSD Multiple Range Test as a post hoc. Once the differences between the means are
demonstrated, it is possible to determine which means are different using post hoc range tests
and pairwise multiple comparisons. Range tests identify homogeneous subsets of means that
do not differ from each other. The chlorophyll fluorescence parameters were calculated using
the software "PEA Plus™ version 1.12 (Hansatech). A correlation plot was drawn with Origin
Pro software version 2021. The graphs were made using Excel 2013 (Microsoft, Redmont,
WA, USA). The results were expressed as mean values and their standard errors (SE) using
MS Excel software.

3. Results

3.1. Vegetative parameters and yield index

The results showed that vegetative parameters, especially fresh and dry mass of shoots,
fresh and dry mass of roots, leaf area, number of leaves, leaf width, plant height and stem
diameter were influenced by different LED quality, lettuce varieties and their interactions
(Table 4), but leaf length was influenced only by light quality. Yield index was also affected
by LED quality and the interactions between LED quality and lettuce cultivars, but lettuce
cultivar alone did not affect this trait (Table 4). The results of this study showed that using the
combination of red and blue LED in the Lollo Rossa cultivar increased the fresh and dry mass
of the aboveground parts, but in the Lollo Bionda cultivar, the combination of red/blue and
white LED light increased these traits compared to the other two LED light qualities (Table
5).

In this study, the fresh mass of the roots increased in the variety Lollo Rossa under the
influence of the combination of red and blue light, which showed no statistically significant
difference in the variety Lollo Bionda to the light qualities red, combination of red/blue and
white LED (Table 5). The results also showed that the use of the combination of red and blue
light resulted in an increase in root dry mass of the variety Lollo Bionda compared to the
other interactions used. In the Lollo Rossa cultivar, the combination of red and blue light
increased the root dry mass compared to the other LED light treatments (Table 5).

The results of our tests showed that the leaf area of the variety Lollo Rossa increased with
the combination of red and blue light LED compared to the control treatment (white light).
Also in Lollo Bionda variety, the use of red light and the combination of red/blue LED light
and white LED light resulted in higher values of leaf area compared to red and blue LED
light (Table 5).

Also, the number of leaves increased in this study under the influence of the combination
of red and blue LED in both lettuce varieties compared to white light (Table 5). In addition,
the results of our study showed that the combination of red and blue LED light in Lollo Rossa
cultivar and the combination of red and blue LED light and white LED light in Lollo Bionda
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cultivar increased leaf width compared to red and blue monochromatic light treatment (Table
5).

In the present study, white LED light had the greatest effect on plant height in the Lollo
Rossa cultivar, but the highest plant height was observed in the Lollo Bionda cultivar with the
combination of red and blue LED light (Table 5). Stem diameter increased in this study in the
Lollo Rossa cultivar with the combination of red and blue LED light, but in the Lollo Bionda
cultivar, the combination of red and blue light and red monochromic increased the stem
diameter (Table 5).

The yield index of lettuce cultivars was affected by the combination of red and blue LED
light in both lettuce cultivars compared to other light treatments, but in Lollo Bionda cultivar,
no significant difference was observed between the combination of red/blue LED light and
white LED light in terms of yield index. (Table 5).

3.2. Photosynthetic pigments

The results of this study showed that SPAD index and photosynthetic pigments were
affected by different LED quality, lettuce varieties and their interactions (Table 6). The
results also showed that using a combination of red and blue LED light increased spade index
in lollo Bionda cultivar, also in lollo Rossa cultivar, treating plants with a combination of red
and blue LED light increased spade index, but there was no significant difference with the
combination of red/blue light, monochromatic red light and white LED light in the variety
lollo Bionda with the spade index in the combination of red/blue in the variety lollo Rossa
(Table 7).

The amount of chlorophyll a, b, total chlorophyll and caretonied was increased by the
combination of red and blue LED and white LED light in the cultivar lollo bionda, but in the
cultivar lollo rossa the combination of red/blue had the highest amount of chlorophyll a and b
compared to other light treatments (Table 7).

3.3. Chlorophyll fluorescence parameters

The results showed that chlorophyll fluorescence parameters, especially Fo, Fr, and area
were affected by different LED quality, lettuce cultivars, and their interactions (Fig. 3A-F and
Table 8). Also Fy, Plys and ®ET10 was affected with LED quality and interactions of LED
quality and lettuce cultivars but lettuce cultivar alone did not effect on F,, Plas and ®ET10..
The results also showed that the white LED spectra in Rossa lettuce cultivar and the red and
blue LED light in Lollo Bionda had the highest F, value, which was a significant difference
from the other treatments (Fig. 3A). The results showed that the highest amount of Fp, was
observed in the Lollo Rossa cultivar treated with the white LED quality but other light quality
in this cultivar had no statistically significant togather, furthermore the use of blue LED light
in lollo Bionda was increased the amount of Fm compared to the other light qualities (Fig.
3B). The results of Chl fluorescence also showed that the interaction of white LED and Rossa
variety and blue LED and Bionda variety had the highest F, value (Fig. 3C). The highest area
was observed in the interaction between the Bionda variety and the blue LED light (Fig. 3D).
The interaction between the Bionda cultivar and the blue LED also showed the highest Plaps
value compared to the other treatments, and there were no significant differences between the
LED spectra of the Rossa cultivar (Fig. 3E). Results also showed that the use of blue LED
light on Lollo Rossa and combination of Red/Blue on Lollo Bionda increased amount of ®ET
but other interactions between LED light and lettuce varieties had no significant effect on
®ET (Fig. 3F).
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Table 4 ANOVA results of the effect of different light spectra and lettuce variety on growth parameters in lettuce.

Shoot Shoot Root Root .
Source of variations df Fersh Dry Fersh Dry I'&?:; E?Teb:fr th;ﬁgth Vbie(?tfh I—T ;?;t:t Stem Diameter Iq:jeég

Mass Mass Mass Mass
Light (L) 3 19509**  7.04** 74.3*%* 2.98**  19600**  85.1**  30.0** 4.33**  31.06** 2.58* 45.20**
Variety (V) 1 4752%* 4.6%* 36.6** 0.011*  11932** 114.7**  0.62™  1.04** 4.27** 0.91** 0.15ns
LxV 3 6406** 2.7%* 38.7** 0.52** 7991**  150.4** 3.8™ 2.30%*  19.11** 1.17** 18.96*
Error 16 93.6 0.05 5.33 0.002 19.7 2.18 3.69 0.014 0.074 0.02 5.97
CV% - 3.88 3.55 12.62 1.68 1.30 6.5 18.7 2.17 1.71 3.95 19.06

** * and ns—significant at P>0.01 and p<0.05 and non-significant, respectively.

Table 5 Effect of the interaction of different light spectra and variety on growth parameters of lettuce. Means followed by the same letter for a parameter are not

significantly different according to the LSD (p < 0.05).

Shoot

Leaf Area

Plant

Stem

Light Variety  Fersh Mass Shoot Dry Root Fersh Root Dry (cm? per Number of  Leaf Width Height Diameter Yield Ingex
Spectra © Mass (g) Mass (g) Mass (g) olant) Leaf (cm) (cm) (mm) (Kg/m®)
red 224.2+4.6d 6.2+0.05d 17.9+0.06b 2.3£0.02g 297.4x0.6f 18.3+0.8e  5.26+0.06d 15.54£0.06e  4.01+0.02c  12.5+0.26bc
Red/blue ROSsa 353.8+3.2a 8.61+0.30a 23.940.34a 3.47+0.03b 441.3+0.8a 32.4+13a  7.27+0.08a 14.4+0.05f 5.54+0.04a 18.2+0.63a
white 196.4+1.7e 5.7+0.15e 17.2+0.18b 3.10+0.02c 313.0+0.4e 16.6+£0.7ef  4.87+0.05e 20.9+0.09a 3.91+0.08c 11.2+0.48bc
blue 165.1+1.4f 4.52+0.14f 9.15+.16¢ 2.66+0.04e 220.0+0.59 14.240.6f  3.86+0.04f 11.340.05g 2.90+0.09d 9.4+0.43c
red 257.245.0c 6.7+0.21c 19.6+0.37ab  2.45+0.05f 385.0+0.7b 21.6+1.1d  5.66+0.07c 16.0£0.04d 4.54+0.15b 9.42+0.95c
Red/blue Bionda 294.9+3.2b  7.23+0.25b 19.9+0.35ab  4.31+0.03a 384.9+0.8b 28.9+0.7b  6.13+0.05b 17.440.04b 4.67+0.13b 16.9+0.8ab
white 294.3+2.9b 7.18+0.25b 20.4+0.38ab  2.87+0.02d 353.0+0.5¢ 22.4+0.6d  5.94+0.06b 16.840.05c 4.62+0.1b  14.7+0.7b
blue 205.8+1.8e  6.04+0.18de  18.0+0.25b 2.13+0.02h 327.2d+0.6 26.0+0.8c  5.20+0.07d 15.240.08e  4.09+0.09c  11.7+0.6bc
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Table 6 ANOVA results of the effect of different light spectra and lettuce variety on photosynthesis and
stomatal parameters in lettuce.

Source of variations Df ?Eéoég Chlorophyll a Chlorkc)) phyll Chl-g?cflaalhyll Carotenoid
Light (L) 3 1777.7%* 0.095** 0.03** 0.26** 0.05**
Variety (V) 1 45,7** 0.023** 0.01** 0.12** 0.0005**
LxV 3 1178.4** 0.074** 0.01** 0.19** 0.03**
Error 16 1.79 0.0002 0.00007 0.001 0.00007
CV% - 1.64 1.69 1.94 3.32 2.40

** and *—significant at P>0.01 and p<0.05 respectively.

Table 7 Effect of the interaction of different light spectra and variety on spad index and photosynthetic
pigments of lettuce. Means followed by the same letter for a parameter are not significantly different
according to the LSD (p < 0.05).

Total .

. . SPAD Index Chlorophyll  Chlorophyll b Carotenoid
Light Spectra  Variety (%) a (Mg/FM) (mg/FM) C(hr:gﬁ:pl\%" (Mg/FM)
red 70.7+1.15e 0.74+0.05e  0.38+0.003de 1.08+0.006e 0.34+0.003d
Red/blue Rossa 84.4+0.85bc  0.86+0.04c  0.48+0.004b 1.34+0.004c 0.42+0.003c
white 70.1+.78e 0.75+0.02d  0.37+0.001e 1.09+0.005e 0.25+0.002g
blue 54.2+0.5f 0.59+0.01f  0.29+0.001f 0.85+0.002f 0.27+0.002f
red 84.9+0.75bc  0.87+£0.01c  0.46+0.005c 1.34+0.006¢ 0.31+0.003e
Red/blue Bionda 93.2+0.28a 1.13+0.02a  0.59+0.003a 1.73+0.005a 0.55+0.005a
white 86.5+1.25h 0.94+0.01b  0.48+0.002b 1.44+0.003b 0.46+0.004b
blue 76.4+1.29d 0.78+£0.02d  0.39+0.004d 1.21+0.002d 0.26+0.002fg

mWhite mRed mBlue mRed/Blue mWhite mRed mBlue mRed/Blue

R 3500 - a = 16000 -
g 3000 - be | ab anc § 14000
C [&]
P i=
S
S 2000 - 3
= 1500 “é 8000
é, S 6000
£ 1000 1 %4000
s 500 - = 2000
o 0 ) E o
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Figure 3 A-F The effect of different light spectra and varieties on Fq (A), Fr, (B), Fy (C), Area (D), Pl (E)
and ®ET (F) of lettuce in the plant factory. Bars indicate standard error. Columns with different letters
are significantly different at P<0.05. F, — Minimal fluorescence yield of the dark-adapted state; Fp, —
Maximal fluorescence yield of the dark-adapted state; F, —Variable fluorescence; Area - Area above the
OJIP curve; it expresses the size of the reduced PQ pool; Pl Performance index for the photochemical
activity and ®ET- Quantum yield of reduction of end electron acceptors at the PSI acceptor side.

3.4. Leaf gas exchange

Analysis of ANOVA (Table 9) showed that different light spectra, lettuce varieties, and
their interaction have a significant effect on photosynthesis. The highest amount of the
internal CO; concentration (C;) was observed under red LED and Rossa variety compared to
other treatments (Table 10). The use of red/blue LED on the Bionda variety and on the Rossa
variety caused the highest and lowest amount of transpiration from the surface of lettuce
leaves respectively (Table 10). Results indicated that the combination of red and blue LEDs
light in both varieties of lettuce had a significant effect on the stomatal conductance
compared to other treatments, and the lowest amount of stomatal conductance was observed
in the red, blue and white LED and Rossa variety (Table 10). The results also showed that
(Table 10) the white LED in Rossa and blue LED in Bionda variety caused the highest
amount of CO; assimilation rate against other treatments. Also, the lowest amount of CO,
assimilation rate was observed with red LED spectrum in the Bionda variety.

The white LED spectrum in Rossa lettuce variety and blue LED spectrum in Bionda
caused the maximum amount of intrinsic water-use efficiency against other treatments, but
there was no statistical difference between them. Furthermore, the use of the combination of
red and blue LEDs light in Rossa variety and red LED spectrum in the Bionda variety have
the lowest amount of intrinsic water-use efficiency (Table 10). The white LED spectrum in
Rossa lettuce variety and blue LED spectrum in Bionda caused the maximum amount of
instantaneous carboxylation efficiency against other treatments. Furthermore, the minimum
amount of instantaneous carboxylation efficiency was observed in both lettuce verities under
red LED spectrum (Table 10).
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Table 9 ANOVA results of the effect of different light spectra and lettuce variety on photosynthesis and stomatal parameters in lettuce.

Photosynthesis parameters

Stomata parameters

Source of

variations b C E gs Pu WUE; PA/C, No. of Length  Width
stomata

Light (L) 3 371976** 0.68** 0.002** 72.12%* 91.6** 0.0002** 700** 7.17**  3.97**

Variety (V) 1 31755** 1.17** 0.003** 38.25** 2.05** 0.0001** 600** 12.7%*  3.72**

LxV 3 82417** 0.005* 0.00001** 26.34** 26.59** 0.0001** 500** 1.06**  0.25**

Error 16 291.1 0.001 0.00002 0.056 0.057 0.0000002 25 0.07 0.009

CV% - 2.10 2.51 9.19 2.85 3.65 4.22 12.5 1.64 0.74

** and * —significant at P>0.01 and p<0.05, respectively.

Table 8 ANOVA results of the effect of different light spectra and variety on chlorophyll fluorescence parameters of lettuce plants in the plant factory

szﬁzleozz Fo Fn F. F/Fm  Area V, ®do w0  TRORC  ETORC  Ply, Plow  ¢ET ®ET

Light (L) 3 *x *x * ns *x ns ns ns ns ns ns *x ns ns **

Variety (V) 1 *x *x ns ns *x ns ns ns ns ns ns ns ns ns ns

LxV 3 *x *x ** ns *x ns ns ns ns ns ns ** ns ns wx

CV% - 8.06 6.15 11.25 5.53 459 403 1486 1078 4.95 24.63 6.40 1294 981 11.04 16.79

** *and ns—significant at P>0.01 and p<0.05 and non-significant respectively.
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Table 10. Effect of the interaction of different light spectra and variety on photosynthesis and stomatal parameters of lettuce. Net photosynthetic rate (Py);
Transpiration rate (E); Intrinsic water-use efficiency (WUE;); Intercellular CO, concentration (C;); Stomatal conductance (gs). Means followed by the same letter
for a parameter are not significantly different according to the LSD (p < 0.05).

Light ) G E gs ) Py ) WUE Stomata Stomata
Spectra Veriaty (umol (CO,)  (mol (H,0)  (mol H,O m™s (wmol m’ (umol CO, PN/Ci N. stomata length (mm)  width (mm)
mol™) m?s?) D) mol™) mol H,0™)

White 476+1.52° 0.88+0.008°  0.03+0.003° 13.09+0.15°  0.027+0.0002° 30+2.88%  16.2+0.05°  12.57+0.032% 14.8+0.20°
Red Rossa 1302+11.2*  1.01+0.003"  0.03+0.003" 4.8+0.09° 0.003+0.0001" 50+2.88"  18.4+0.10°  13.7+0.07° 4.7+0.11°
Blue 809+0.57° 1.04+0.02f 0.04+0.0001°  4.85+0.11° 0.005+0.0001° 30+2.88"  16.9+0.06°  12.31+0.02°  4.6+0.08°
Red/Blue 801+2.08° 1.67+0.008°  0.07+0.003" 5.39+0.18¢ 0.006+0.0002° 70+2.88°  19.4+0.26°  14.04+0.09°  3.21+0.10°
White 721+2.33° 1.33+0.008°  0.06+0.0001°  12.36+0.18°  0.017+0.0003° 30+2.88%  15.9+0.03  11.74+0.06"  9.27+0.19"
Red Bionda 1031+22° 1.53+0.02° 0.06+0.003° 4.2+0.09' 0.004+0.0001" 30+2.88Y  16.240.08°  12.4+0.02° 2.740.10
Blue 583+11.2f 1.45+0.02¢ 0.06+0.0001°  13.01+0.08°  0.022+0.0005° 40+2.88°  15.5+0.32"  11.84+0.03"  8.93+0.18"
Red/Blue 761+4.93¢ 2.060.03° 0.1+0.005° 8.66+0.12° 0.011+0.0001% 40+2.88°  17.4+0.09°  13.54+0.05°  4.19+0.015¢

*Columns with different letters are significantly different at P<0.05

3.5. Correlation analysis

The correlation plot (Fig. 4A-D) shows the correlation between vegetative parameters, photosynthetic pigments, chlorophyll fluorescence,
and gas exchange parameters of two lettuce cultivars. The results also show that under white LED light, a positive and significant correlation
was observed between Ci, E and WUEI with growth parameters such as shoot fresh mass, root fresh mass, leaf number, leaf area, leaf height
width and plant height, stem diameter, yield index and spad index and photosynthetic parameters (such as chlorophyll a, b and total chlorophyll
and carotenoids). The results also show that vegetative parameters, chlorophyll a, b and total chlorophyll and carotenoids were positively
correlated (Fig. 4A). The correlation of PN, WUHi and PN /Ci, stomata length and width with FO, Fm, Fv and area over OJIP curve was
statistically significant and positive. (Fig. 4A).

The results also show that in red light LED area over OJIP curve is positively correlated with vegetative parameters, photosynthetic pigments
(except carotenoids), and in this light quality PN and WUEI are positively correlated with stomata, vegetative parameters (except yield index),
SPAD, Chlorophyll a, b, and total chlorophyll. In addition, the correlation of growth parameters (such as shoot and root fresh and dry mass, leaf
number and leaf area, leaf height and width, and plant height) and chlorophyll pigments (such as chlorophyll a, b, and total chlorophyll) was
statistically significant and positive (Fig. 4B) .
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In this study, lettuce cultivars E, gs, Py, WUH; and Py /C; treated with blue LED light showed
positive correlation with Fy, Fr,, Fy, area, TRO/RC, Pliy and ®ET. The results also showed that
Ci had a positive correlation with stomata length and number, growth parameters (except root dry
mass and leaf height), and photosynthetic pigments (except carotenoid). The correlation of
stomata number, length and width was positive with the growth parameters (except root dry mass
and leaf height) and photosynthetic pigments (except cadaver formation). The results of growth
parameters (except root dry mass) of lettuce palms and photosynthetic pigments (except
carotenoids) were also statistically significant and positive (Fig. 4C).

Our results also showed that in the lettuce cultivar treated with a combination of red and blue
spectra (in a ratio of 3:1), a high correlation was observed between Fy, Fn, Area, Plys, and Ci
with stomata parameters, vegetative parameters (except root dry mass), and SPAD, chlorophyll
a, b, and total chlorophyll and carotenoids. Also, for the quality of LED lamps, the correlation
between stomata parameters and growth parameters (such as shoot fresh mass, root dry mass,
leaf number and area, leaf height and width, and plant height except root dry mass) and
chlorophyll pigments (such as chlorophyll a, b, and total chlorophyll and carotenoids) was
statistically significant and positive (Fig. 4D).
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Figure 4 A-D. Correlation plot between growth parameters (shfw- shoot fresh mass; shdw- shoot dry mass,
rfw- root fresh mass; rdw- root dry mass; LA- leaf area; LN- leaf number;LH- leaf hieght; LW -leaf width;
SD- stem diameter; Hieght- plant hieght; Yield- yield index); SPAD- spad index; photosynthetic pigmants
(Chl a- chlorophyll a; Chl b- chlorophyll b, Total Chl- total cholorophyll, Car- cartenoied), chlorophyll
fluorescence parameters and gas exchange parameters (Net photosynthetic rate (Py); Transpiration rate (E);
Intrinsic water-use efficiency (WUE)); Intercellular CO, concentration (C;); Stomatal conductance (gs),
Instantaneous carboxylation efficiency (Py /C;) of two lettuce cultivars treated with the different LED spectra
(A- RED, B-Combination of Red and Blue, C- Blue and D- White spectra) in floating hydroponics. The size
and color intensity of circles are proportional to Pearson’s correlation coefficient at P < 0.01. Red circles
indicate positive correlations, while blue are negative correlations. In the correlogram scale from — 1 to + 1,
Pearson’s correlation coefficient for variables is on the vertical and horizontal axis. *Indicates values that are
statistically different at P < 0.01. A correlation plot was drawn with Origin Pro software version 2022b.

4. Discussion

Among the many environmental factors that affect plants, light is one of the most important
factors affecting vegetative parameters. It has been found that different light qualities greatly
alter the vegetative characteristics of plants, including leafy vegetables (Naznin et al., 2019).
Light quality also stimulates signal transduction systems through different mechanisms to alter
plant morphology, as light quality can regulate plant growth through different photoreceptors
(Ward et al., 2005). Inhibition of plant height is regulated by the photoreceptor crypto-chromes
and the maximum activity of this photoreceptor is stimulated by blue light (Ahmad et al., 1997;
Ahmad et al., 2002). Researchers have shown that the combination of red and blue LED light
increases the fresh mass and dry mass of shoots of lettuce, spinach, basil, kale and bell pepper
(Naznin et al., 2019), lettuce (Wang et al., 2016) and eggplant and tomato (Wojciechowska et
al., 2020), which is consistent with the results of this study. Also Zhang et al (2020) reported that
the combination of these two spectrums improved the growth of Salvia miltiorrhiza more
efficiently, For instance, the number of leaves, plant height and fresh mass of the whole plant. In
this study, the combination of Red and Blue (70:30) stimulated plant height. In another study,
Naznin et al. (2019) it was reported that different percentages of red and blue light had a
significant effect on leaf number of spinach, basil and bell pepper, and these researchers also
indicated that the effect of different percentages of R and B LEDs on leaf number depended on
the plant species. In this study, leaf number was affected by the combination of red and blue
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LED light, which is consistent with the results in spinach, basil and bell pepper (Naznin et al.,
2019) and cucumber (Hernandez et al., 2012). The results of our study also showed that the use
of white LED light had a greater effect on vegetative traits of lettuce cultivars compared to red
and blue monochromatic LED light. The increase in vegetative traits under the influence of the
combination of red and blue LED light may be attributed to the role of these lights in
photosynthetic traits and photosynthetic pigments (Bantis et al., 2018; Kang et al., 2016).
Researchers also reported that the differences in vegetative traits under different light qualities
may depend on the variety of lettuce plants (Fraszczak et al., 2021). A previous study showed
that the combination of red and blue light LED (4R:1B) promoted the growth parameters,
photosynthetic pigments, leaf structure characteristics and quality of spinach plant (Nguyen et
al., 2021).

In the present study, the increase of photosynthetic pigments was observed under the
influence of the combination of red and blue light. According to the results of lettuce and kale
(Naznin et al., 2019), chili paper (Gangadhar et al., 2012), lettuce (Zhang et al., 2020) and
lamb's lettuce (Wojciechowska et al., 2013), it was found that the combination of red and blue
LED light increased the amount of chlorophyll a, b, total chlorophyll and carotenoids. Increasing
the production and transfer of photosynthetic compounds is a factor for increasing the growth
and development of plants, because red and blue light can promote the photosynthetic process,
and blue light has the greatest effect on the production and transport of chlorophyll and the
crucial catalyst to increase the carotenoid content in plant leaves (Hogewoning et al., 2010; Li et
al., 2012; Briggs and Chirstie, 2002). In previous studies, the results showed that the
combination of red and blue LED light increased the biomass of lettuce plant, resulting in higher
Chl content and water and energy use efficiency (Pennisi et al., 2019). Also, in other studies, the
combination of red and blue LED light increased photosynthetic performance and photosynthetic
pigments (Hern&ndez et al., 2016; Wang et al., 2015; Sabzalian et al., 2014). Fan et al. (2013)
reported that the concentration of photosynthetic pigments and precursors of chlorophyll
biosynthesis were higher under red/blue LED light in Chinese cabbage (Brassica campestris L.)
without head. In this study, the results showed that the combination of red/blue LED light and
white LED light increased photosynthetic pigments, especially chlorophyll a, b, total chlorophyll
and carotenoid in lettuce cultivar Lollo Bionda. Nguyen et al (2021) reported that the
combination of red/blue LED light (4R:1B) increased photosynthetic pigments in spinach plant.

In plants, chlorophyll fluorescence has been emitted as a sign of functioning photosynthetic
machinery when abiotic and non-abiotic stress is applied to plants (Strasser et al., 2004).
Chlorophyll (Chl) fluorescence techniques have been reported to be a very powerful tool for the
non-destructive study of photochemical and non-photochemical processes in thylakoid
membranes, chloroplasts, plant tissues, and whole plants (Rohacek et al., 2008). In this
experiment, blue LED light had more effect on the F,, Area, and Ply,s and ®ET10 (Fig. 3 A-F),
but the greatest Fv and Fm was absorbed in white LED light treatment (Fig. 3 A-F), which was
different from the results of Meng et al (2019). The increase in Fv and Fm under white light
treatment is Plants are most effective in carrying out the process of photosynthesis under white
light, which includes all wavelengths. While plants take in all colors and wavelengths of light,
some colors affect the plant species more than others (Williams et al., 2015). In addition, the use
of monochromatic red light and the combination red/blue light spectrums could not have a
significant effect on the parameters compared to white LED light. The use blue LED light
treatment had a positive impact on the stimulation of PS | in the photosynthesis process which
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has been reported in Cyanobacteria Bacteria and Arabidopsis thaliana in previous research
(Lamb et al., 2018). Also, in the current study, the significant photosynthesis activities under
blue LED light treatment did not translate into an improvement in the growth rate of lettuce
verities. Esmaeilizadeh et al. (2021) reported that the use of blue and white LED spectra had a
positive effect on Fo, Fy, Frn, and Area in strawberry plants. Studies have shown that the use of
different light qualities has a significant effect on chlorophyll fluorescence parameters in plants
such as cucumber (Moazzeni et al., 2020). In another study, Meng et al. (2019) reported that the
use of blue LED spectrum in gerbera decreased the amount of Fo, but when they were treated
with red and combined blue and red light, the values of Fn, and F, parameters increased. The
results of Moazzeni et al. (Wang et al., 2021) also showed that cultivar Sinningia speciosa
treated with a combination of red and blue LED light had the highest performance index of
absorption energy flux. A significant decrease in Fo and Fm was observed when the plants were
treated by red and blue monochromic in Lollo Rossa and red monochoromic in Lollo Bionda
lettuce varieties, which manifested as a smooth straight line in the kinetics of original Chl a
fluorescence. The decreases in Fv with time in the kinetics of original Chl a fluorescence were
attributed to stress that reduced the amount of chlorophyll in the leaf tissues, increased the
dissipation of non radiative energy (DIO/RC), and rendered the PSII reaction center inactive
(Tsai et al., 2019).

Our results in this experiment showed that, red LED light and the combination of red and blue
LED spectrum had the greatest effects on Ci, E, and gs, stomata numbers, stomata widths and
stomata lengths compared to white LED spectrum in both lettuce cultivars (Table 6). Also in the
current research, the highest intrinsic water-use efficiency and net photosynthetic rate was
observed in the treatment of white LED light. Therefore, we could suggest that the reduction in
Pn under different light quality occurred perhaps due to the stomatal limitation, compared with
the plants under W. It was also observed in acacia (Yu and Ong, 2003), and cucumber (Wang et
al., 2009). Water use efficiency is defined as the amount of CO, taken up by plant
photosynthesis relative to the amount of water lost through transpiration or evapotranspiration
(Cernusak 2018). It can be determined using several methods according to the targeted scale for
the study and the experimental design of the experiment (Zhang et al. 2023). Briefly, intrinsic
water use efficiency (WUEI) considers ecophysiological processes driving CO; influx and water
efflux without being sensitive to vapour pressure deficit (de Almeida Lobo et al. 2023).
Therefore, this method, applicable on C3 plants, is particularly suitable for estimating WUE at
the tree scale. Calculations of WUEI have recently been improved to embed the impact of
mesophyll conductance on CO; diffusion in leaf cells (Stangl et al. 2019; Vernay et al. 2020).
The results of this experiment show that the use of red and a combination of red and blue light-
emitting diodes as light sources affects photosynthesis and stomata parameters may be by
increasing chlorophyll absorption, which has also been reported by other researchers (Piovene et
al., 2015; Kang et al., 2016). Of all the parameters affecting plant growth, light is an important
environmental parameter affecting stomatal conductance (Wang et al., 2016; Kang et al., 2016).
In addition, researchers reported that the combination of red and blue LED light is an effective
and useful source for plant photosynthesis (Azad et al., 2020). It has been found that the low
photosynthetic parameters of plants under red LED light were due to low nitrogen content in
plant leaves, which is due to low chlorophyll and carotenoid content (Kim et al., 2004).
Manipulation of LED spectra and especially the use of red and blue spectra (red peaks at 634 and
665 nm and blue peak at 451 nm) are more efficient for plant growth and photosynthesis (Roni et
al., 2017). The combination of red and blue is used in commercial research and horticulture
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because these light wavelengths play an important role in photosynthesis and the efficiency of
photosynthesis decreases if they are not used (Miao et al., 2017). Ahmad et al., (2016) reported
that the use of red and blue light-emitting diodes increased the photosynthetic rate, transpiration
rate, and stomatal conductance in lettuce plants. The researchers found that more than 90% of the
blue and red light was absorbed by the plants. Blue light can have an indirect effect on stomata
opening, and this effect is independent of photosynthetic activity (CO, decrease in the leaf); on
the other hand, blue light can increase transpiration without having a significant effect on
photosynthesis (Ahmed et al., 2022). Red light plays a role in stomata opening due to the
response of stomatal guard cells to a decrease in intercellular CO, concentration and the direct
response of chloroplast guard cells to red light (Matthews et al., 2020,; Shimazaki et al., 2007).
Hogewoning et al. (2010) reported that blue light plays an essential role in chlorophyll
biosynthesis; red light is also essential for this process. It is reported that the use of red light
increases CO, assimilation rate, transpiration rate, and stomatal conductance. In addition, blue
light, white light, and a combination of red and blue light were found to have the most significant
effects on internal CO, concentration, intrinsic water use efficiency, and instantaneous
carboxylation efficiency of strawberry plants (Miao et al., 2016). He et al., (2019) reported that
combined red/blue spectra LED were more effective in promoting photosynthesis of lettuce than
red LED or blue LED alone. Previous studies have shown that the use of blue light on lettuce
plant had a positive effect on well-organised guard cells with open stomata and increased the
number of stomata (Zheng et al., 2017). The results of our experiment showed that most open
stomata and the number of stomata were observed under the combination of red and blue light
(Table 6). In plants, stomata are important channels for the exchange of water and gases with
external environmental conditions, so stomata conductance and proton driving forces are affected
by light (He et al., 2019). Muneer et al. (2014) pointed out that one of the reasons for the
reduction in transpiration rate and stomatal conductance in lettuce could be the closure of
stomata with reduced normalised expression and number of stomata; also, in our study, the
results showed that the use of a combination of red and blue light had the highest transpiration
rate compared to other LED treatments in both lettuce cultivars. Based on results of our
experiment, the growth parameters, photosynthetic pigments, gas exchange and stomatal
characteristics had significant correlation under all used light spectrums (Fig. 4A-D). Stomatal
movements control CO, uptake for photosynthesis and water loss through transpiration, and
therefore play a key role in plant productivity and water use efficiency (Lawson and Vialet-
Chabrand, 2019). Also, plant gas exchange and photosynthetic activity give insight into the
energy balance of plants. These parameters, as well as transpiration, stomatal conductance,
intercellular CO, concentrations, leaf chlorophyll and nitrogen contents, are especially
interesting because they can be measured directly on the living organs (Parolin et al., 2010). The
control of gaseous exchange between the leaf and bulk atmosphere by stomata governs
photosynthetic CO, uptake for photosynthesis and transpiration, determining plant productivity
and water use efficiency. The balance between these two processes depends on stomatal
responses to environmental and internal cues and the synchrony of stomatal behavior relative to
mesophyll demands for CO, (Lawson et al., 2014). Doheny-Adams et al. (2012) reported that the
strong correlation between stomatal density and size was maintained within mutant plants: plants
with lower stomatal densities also showed a greater mean stomatal size, whereas smaller stomata
were found in leaves with greater stomatal densities. Van der Tol et al. (2009) reported a positive
relationship between passively measured steady-state chlorophyll fluorescence and actual
photosynthesis. In another study, it was found that significant link between net photosynthesis
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and steady-state fluorescence obtained under natural sunlight conditions (Zarco-Tejada et al.,
2013).

5. Conclusions

Our work showed that lettuce plants treated with blue and white LEDs exhibited the highest
values of photosynthetic efficiency, as evidenced by the increase in the values of Fy, F,, Fp,
Area, and Pl parameters in Rossa and Bionda cultivars. The results also showed that had the
greatest effects on vegetative traits, Ci, E, and gs, stomata numbers, stomata widths and stomata
lengths were observed in the treatment of red and blue light combination compared to white LED
spectrum in both lettuce cultivars which shows the effect of this light spectrum on other growth
effective factors in plants. Increasing the photosynthetic performance of plants by applying a
particular light spectrum will be associated with poorer or better use of available water in the
growth medium. This is a crop species dependent issue.
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