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Abstract

Various aspects of light, including intensity, quality, and the period of light
irradiation, affect plant growth and development, as well as their response to
gas relations. In this study, the effect of ditferent light spectra on growth
characteristics, photosynthetic performance, and phenolic content of the D.
moldavica plant was investigated. To this end, six light treatments including
white light (w), red light (R), blue light (B) and three combined lights
(R70B30, R50B50, and R30B70) emitted from LED lamps were used in a
completely randomized design with three replications. The results revealed a
significant effect of different light spectra on the studied traits at the 5% and
1% levels. The combined light of R70B30 improved plant growth
characteristics. The height of plants grown in the red light treatment was the
highest compared to other treatments. The highest fresh and dry weights of
the shoot were observed in the R70B30 light spectrum, and the lowest in the
blue light spectrum. Growth indices decreased with increasing proportions
of blue light and improved with increasing proportions of red light. The
maximum content of photosynthetic pigments was recorded in the
combination of red and blue light treatments. The highest fluorescence
intensity in all stages of the OJIP test was observed with red light, and the

lowest fluorescence value was recorded with the combined lights of R50B50
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and R70B30. The efficiency of the photosystem II water splitting system
(Fv/F0) and the maximum efficiency of the photosystem (F,/F) were minimal
in the red light treatment. Red light lowered the efficiency index of the system
per absorbed light (PIags) and increased the quantum yield of energy loss
(®Dy), the light absorption rate per reaction center (ABS/RC), and the
electron capture rate (TRo/RC). The highest total phenolic content (136.94 ng
gallic acid/g wet weight) and antioxidant capacity (42.51%) were observed in
plants grown under the R70B30 light conditions. The highest essential oil
content (2.07% vol/wt) was observed in the R70B30 light environment,

showing a 113.4% increase compared to white light.

Keywords: Essential oil, LED lighting, light quality, photosynthesis, D.

moldavica, Secondary metabolites

Introduction

Light is one of the main factors regulating plant growth and development, as
well as an energy source for photosynthesis and an important signal that
plays a major role in plant growth, morphological characteristics,
photomorphogenesis, production of secondary metabolites, cell molecular
biosynthesis and gene expression during plant growthl. Internal signals
generated after light exposure can regulate the biosynthesis and growth of
carotenoid plastids2. LED lamps with specific wavelengths of light spectra
cause diversity in plant responses. Photosynthetic pigments absorb most red
and blue wavelengths, so these lights are more effective for exciting electrons
in this photosystem. The effects of red and blue lights on the growth and
physiology of various plant species have been studied3 4 2. 6. Many light
sources such as fluorescent lamps, metal halide lamps, high-pressure sodium
lamps and incandescent lamps are commonly used in greenhouses to increase
the photosynthetic photon flux density for plant growth, but these light
sources have some problems, for example, they have low energy efficiency

and in some cases, part of their spectrum is not in the range of photosynthetic



active radiation and are not suitable for inducing plant growthZ. Increasing
the blue light ratio is necessary to enhance growth, pigment production, and
antioxidant content of plants, although the optimal ratio depends on the
species®. The effect of light quality and intensity on plants and easy access to
different light spectra are an opportunity to use this knowledge to evaluate
different light spectra and introduce the best light regime for plants
according to market needs. Studies on different plant species have shown
that the same light composition has different effects on photosynthetic,
morphological and biochemical parameters in different plant species?.
Therefore, more extensive studies on species and their specific responses to
different light spectrum compositions are needed. The response of plants to
light depends on the growth stage and environmental conditions. With the
advancement of photobiological research, ongoing research in the field of
plant photobiology has led to improved plant yieid and quality through the

use of LED lampsl0. Light composition will have a great impact on the
improvement of bioactive compounds'112, Precise control of light quality and

intensity is only possible in greenhouses, where artificial light is used!3. In
greenhouses, artificial light supplements natural sunlight. However, there
are differences of opinion about the optimal light spectrums, intensities and
durations. Some studies support far-red light supplementation to stimulate
photosynthesis, while others report adverse physiological effectsl%4. The
variable light conditions—including alternating low and high intensities—can
improve photosynthesis, redox regulation, and antioxidant accumulation.
These processes increase carbon sequestration efficiency and protect the
plant from oxidative stressl2. Plants of the Lamiaceae family are of particular
importance due to their essential oil active ingredient. Dracocephalum
moldavica belongs to the family Lamiaceae, which is used for its antioxidant,
antimicrobial, anti-inflammatory, and aromatic essential oils such as borneol,

geranial and geranioll®.17.18 Duye to its popularity and economic potential,



the extensive cultivation of D. moldavica has increased in Iran, and more than
300 hectares are dedicated to its growth in West Azerbaijan province alone.
In recent years, the cultivation of this plant in greenhouses and controlled
environments has been the focus of many studies. Since the light conditions
in these places can be adjusted and controlled, investigating the effect of
different light spectra on the growth and physiological characteristics of D.
moldavica can be very informative for choosing the appropriate conditions
for cultivating this plant. However, no comprehensive study has yet
investigated the integrated effects of mixed red-blue LED spectra on
photosynthetic performance, phenolic content, and essential oil yield in D.
moldavica under controlled conditions. Therefore, in this study, the effect of
different LED light spectra on the growth, photosynthetic, and biochemical
characteristics of D. moldavica in a controlled environment was studied to

introduce the optimal lighting mode for this plant.
Materials and Methods
Plant materials and growth condiiions

In order to study the effects of light on the morphological and photosynthetic
characteristics of . moldavica, a pot experiment was conducted in a
completely randomized design with 6 treatments and 3 replications (4 plants
for each replication) in the plant growth chamber of the Research Laboratory
of the Horticultural Science and Engineering Department of Torbat-e-Jam
university in 2024 as soilless cultivation. The experiment was conducted for
90 days. The seeds of D. moldavica plant were obtained from commercial
company (Pakan Seed company Isfahan). To prepare seedlings, one seed was
sown in each hole of the seedling tray. The seedlings were transplanted
individually into 0.8 L-pots. The cultivation bed for the plant included a
mixture of Cocopeat, perlite and vermiculite in a ratio of 2:1:1 (v/v/v). The

ingredients needed to prepare the nutrient solution are listed in the table 1.

Table 1. Chemical components and nutrient elements concentrationt?



Chemical component Nutrient sollution Concentration

compounds
Macronutrients (mmol.L1)
Potassium nitrate KNO3 5
Calcium nitrate Ca(NO3), 5
Magnesium sulphate MgSO,4 2
Potassium dihydrogen KH,PO, 1
phosphate
Micronutrients (mg.kg?)
Boric acid H3BO;3 2.86
Manganese chloride MnCl, 1.81
Zinc sulfate ZnSO, 0.22
Copper sulfate CuSO, 0.08
Molybdic acid H>,Mo0O, 0.02
Ferric-EDTA Fe-EDTA 5

Day and night temperatures were set at 20 = 2°C and 16 *= 2°C,
respectively20. Although the relative humidity in the growth chamber could
not be adjusted, its level varied between 40 and 55 percent. Watering was
done daily until the seedlings emerged and after the seedlings emerged,
feeding was done daily with half Hoagland nutrient solution. After the
seedlings reached the 4-leaf stage, seedlings that were vegetatively stronger
and almost the same size were selected and transferred to the main pots with
a height of 20 and a diameter of 14 cm. After transfer, the plants were grown
under different light spectra until the end of the experiment. The cultivation
medium of the main pots was a mixture of perlite (40%), cocopeat (40%) and
vermiculite (20%). After the main plants were transferred to the pot, feeding

was done using Hoagland nutrient solution every other day.
Light treatments

Different light treatments used in this study were consisted of white light (W,
400-700 nm), red (R, peak at 656 nm), blue (B, peak at 450 nm), red: blue (R:
B, peak at 656 nm) with ratios of (70:30, 50:50 and 30:70). The light intensity
was set at 250 £ 10 micromoles photons per square meter per second (PPFD)

and with 14 and 10 hours of light and darkness respectively. To apply the



light treatments, chambers with dimensions of 2 meters in length, 1.5 meters
in width and 1 meter in height were constructed and equipped with two 24
W LED floodlights (Parto Roshd Novin Ltd Co., Iran) with different light
spectra. In order to prevent the entry of light from other treatments and also
to ensure uniform light dispersion inside the chambers, light insulating
fabrics (reflectors) were used around the chambers. The intensity of the
photosynthetic photon flux density and the light spectrum were measured
using a photometer (Sekonic C-700, Japan) at a distance of 30 cm from the
plant surface?l. One of the advantages of LED lamps over other light sources
is relatively cool radiation levels with minimal heating. However, the growth
chamber was equipped with two circulator fans, keeping the air flow in all

chambers (Cabinet) the same.

The wavelengths of different light spectra are slhiown in Fig. 1 and the
characteristics of LEDs are given in table 2. Foliowing the plant growth, the
metal clamps were adjusted to evenly distribute light over the plant surface
evenly, maintaining a distance of approximately 30 cm between the lamps

and the plant.
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Figure 1. Light spectra in blue (B), red (R), R50: B50, R70: B30, R30: B70,
and white (W) treatments



Table 2. Specific characteristics of LEDs used in the present study

Manufacture CRI No. Light Power Lens Input DC Ouf

company (color of coverage consumption type voltage Voltage cur
rendering LEDs area

index) |

Iran grow 90% 24  40x100 24x3 W 90° AC 54-84 6

light cm 100- \Y mA:

260 V

Measurement of morphological and growth indices

Plant height was measured using a ruler. A leaf area meter (CI-202 Area

Meter) was also used to measure the leaf area of each plant22.

Measurement of photosynthetic pigments

Frozen weighed plant leaves (0.5 g) were homogenized under liquid nitrogen
and an aliquot of 2 g was weighed into a 50-mL centrifuge tube with 10 mL
of acetone/water mixture (4:1). After vortexing (1 min), mixing, and shaking
for 30 min, samples were centrifuged for 15 min at 3000 g at room
temperature. The procedure of acetone/water extraction was repeated twice
and organic fractions were combined in a volumetric flask (50 mL). The final
volume of organic extract was reached to 50 mL by acetone/water mixture
(4:1). The absorbance of the solution at wavelengths of 663 and 646 nm was
measured using a spectrophotometer (UV-Vis array, Photonix-Ar2017, Iran).

In addition, the amount of photosynthetic pigments was calculated based on

milligrams per gram of fresh weight using the following equations23.24,
Chl a (mg/g) = (12.21xA663) - (2.81xA646)

Chlb (mg/g) = (20.13xA646) - (5.03xA663)

Chl a+b (mg/g) = Chla + Chlb

Induction of chlorophyll a fluorescence using the OJIP test



To perform this test, young and developed leaves of plants were first placed

in the dark for 20 minutes. Then, by implementing the OJIP protocol, fate of

the excited electrons in photosystem II were evaluated?®. Final calculations

were performed using PAR-Flourpen software. The measured parameters

(Table 3) were analyzed, and the physiology of photosystem and the possible

energy flow between the individual parts of photosystem II were studie

Table 3. The O-]J-I-P parameters measured in this study

Abbreviation definitions Formula
Basic parameters
Fo (O-step of O-]J-I-P transient) Fsoms
Fy Fluorescence rate at the J-step of O-J-I-P Foms
Fi Fluorescence rate at the I-step of O-J-I-P Feoms
Fluorescence
Parameters (-
| Maximum fluorescence, when al! PSII RCs Fls = Fp
are closed (P-step of OJiP transient)
F, Variable fluorescence of the dark-adapted Fm -Fo
leai
P, Maximum yield of PSII 1 - (Fo/Fm)
Quantum Yields and
Efficiencies/Probabilities _
w, Electron that moves further than QA ETo/TRg
OE, _The quantum yield of electron transport ETy/ABS
®Dy Quantum yield of energy dissipation Fo/Fm
O Pav Average quantum yield ©po (Sm/tem)
Plags Performance index for the photochemical [(yRC/1 - yRC)

activity

(@po /1- @PO) (WEo
/1 -Wgo)]

Specific Energy Fluxes
(Per QA Reducing PSII

RC)
ABS/RC The energy fluxes per RC My (1/V7)(1/@po)
TRo/RC Trapped energy flux (leading to QA Mo (1/Vy)
reduction) per RC
ETy/RC Electron transport flux My (1/Vy)(1-Vy)
DIy/RC Dissipated energy flux (ABS/RC) - (TRy

/RC)




Total phenol measurement

For this purpose, one gram of fresh mature and developed leaf tissue was
mixed with 10 ml of 80% methanol and placed on an incubator shaker for 24

hours and were centrifuged at 13,000 rpm for 20 minutes. Total phenol was
evaluated using the Folin-Ciocalteu reagent and the method of Chen26. For

this purpose, 250 pl of the extract was mixed with 1.75 ml of distilled water
and 100 pul of Folin-Ciocalteu, and after two minutes, one ml of 20% sodium
carbonate (Na;Co3) was added to it. Then, the samples were kept at room
temperature and in the dark for 2 hours, and their absorption was
subsequently measured at a wavelength of 730 nm using a UV-Vis array

spectrophotometer (Photonix-Ar2017, Iran).

The amount of phenolic compounds was expressed as micrograms of gallic
acid equivalent per gram of fresh weight. Concentrations of 0, 100, 200, 300,

400, and 500 micrograms per milliliter of gallic acid were used to draw the

standard curve<28,

Measurement of antioxidant capacity

For measuring of antioxidant capacity, 200 microliters of the prepared
extract were mixed with 1 ml of 0.1 mM DPPH solution and 1.8 ml of distilled
water. Afterward, the samples were kept at room temperature and in the dark
for 30 minutes, and their absorbance was subsequently read at a 515 nm
wavelength using a spectrophotometer (UV-Vis array Spectrophotometer,
Photonix-Ar2017, Iran). To prepare the control solution, all the steps of
preparing the sample solution were repeated, only instead of the plant

extract, 80% methanol (extract solvent) was used. The DPPH free radical

inhibition percent was also obtained from the following equation26.

Extraction and determination of essential oil

A water distillation system was used to obtain the amount of essential oil.

After separation and dehydration by dry sodium sulfate, the essential oils



were stored in dark glass containers at 4 °C until decomposition?Z. The
solvent was evaporated using a rotary evaporator to obtain the essential oil.
10 L of the essential oil was dissolved in hexane (500 L) before gas
chromatography-mass spectrometry (GC-MS) analysis. An HP-5MS capillary
column with a length of 30 m, an internal diameter of 0.25 mm, a thin layer
thickness of 0.5 m and 5% diphenyl and 95% dimethylpolysiloxane as the
stationary phase was used for the separation with helium at a flow rate of 1

mL/min as the carrier gas. Component relative percentages were calculated

based on normalization method without using correction factors20.

Statistical analysis of data

The statistical data analysis of this experiment was performed using SAS 9.1
statistical software and the comparison of the ireatment means was

calculated using Duncan's multiple range test at the 5% level.

Results
Growth characteristics

The analysis of variance of the effect of different light environments on the
vegetative and morphological characteristics of D. moldavicais given in table
4. Based on the comparison of the data means (Table 5), the highest plant
height was observed in the red light treatment, and the lowest in the R50B50
light. The most fresh weight and dry weight of the shoots observed in the
R70B30 light spectrum. Also, the lowest fresh weight and dry weight of the
shoots obtained in the blue light spectrum (Table 5). Besides, Leaf area was
affected by light spectrum and the highest and lowest leaf area observed in
the R70B30 and Red light LED, respectively. On the other hand, the highest
fresh and dry weight of roots obtained in the R70B30 and R50B50 light



treatments. In this study, plant morphological and growth characteristics

were significantly affected by different light spectra (Table 5).

Table 4. Analysis of variance of the effect of different light environments on
vegetative, morphological characteristics of the D. moldavica plant

Sources of df Plant Biomass Biomass Leaf area Root Ro
variation height fresh dry fresh dz
weight weight weight  wei
Treatment 5 497.69™ 22.73™ 0.54"™ 7709.60%" 1.67" 0.0:!
Error 12 4.60 0.43 0.03 151.86 0.03 0.0
CV (%) 4.12 5.38 8.26 7.72 8.26 8.
*Significance at the 0.05 and 0.01 probability levels are indicated by * and **,
respectively
Table 5. The effect of light on growth characteristics of D. moldavica plant |
Light Plant height Biomass Biomass Leaf area Root fresh Roof
spectrum (cm) fresh weight dry weight (cm?2) weight (g)  wei
(9) ) (¢
White 49.93 ¢* 12.52 c 2.13Db 250.09 b 1.71 c 0.3
R70B30 65.50 b 16.24 a 2.91 a 351.14 a 2.84 a 05!
Red 69.67 a 14.48 b 2.00b 218.71 c 091d 0.1
R30B70 44.33d 10.79d 1.95b 271.67 b 2.32 b 0.3
Blue 46.83 cd 8.68 e 1.63 ¢ 209.22 ¢ 1.79 ¢ 0.3
R50B50 36.33 e 10.82 d 2.12 b 265.67 b 2.83 a 0.5

*In each column, the means with at least one common letter do not differ
significantly based on Duncan's test at the 5% probability level.

Leaf Photosynthetic Pigment Amounts

The analysis of variance of the effect of different light environments on
chlorophyll content of D. moldavica plant is given in table 6. The results
showed that the amounts of chlorophyll a, chlorophyll b, and the sum of
chlorophyll a and b in D. moldavica plants varied under different light specra
(Fig. 2). Comparison of the means between treatments showed that the

highest amounts of chlorophyll a, b, and the sum of chlorophyll a and b were



obtained in the R70B30 light environment and the lowest amounts were
obtained in the blue light environment (Fig. 2). Consistent with these
findings, in this study, the highest amounts of chlorophyll pigments were also
observed in the combined red and blue light. In the present study, plants
grown under the combined R70B30 light treatments had the highest amounts
of photosynthetic pigments, which led to an increase in photosynthetic

capacity and improved growth indices (Fig. 2).

Table 6. Analysis of variance of the effect of different light environments on
chlorophyll content and O-]J-I-P test contains of FO, FJ], FI, Fm, FV of the D.
moldavica plant

Sources df Chlorophy Chloroph Total Fo Fj F; Fm Fv
of Ila yll b chloroph

variatio yll
n

Treatme 5 0.09™ 0.12* 0.41™ 638467° 3181356" 4223505 3644126™ 1445724™
I]t * * *k*k

Error 1 0.003 0.004 0.005 794104 3379223 7349358 4906180 227092

2
CV (%) --- 11.22 13.49 7.70 11.61 9.13 8.47 5.83 4.97

*Significance at the 0.05 and 0.01 probability levels are indicated by * and **,
respectively
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Figure 2. Chlorophyll content in the D. moldavica plants (DMRT, p=<0.05).

Chlorophyll fluorescence
The analysis of variance of the effect of different light environments on O-]-I-

P test including FO, F], FI, Fm, FV of D. moldavica plant is given in table 6.
The results of chlorophyll fluorescence showed that in all four stages of the
OJIP test, Fo, F;, Fj and Fy, the highest fluorescence value belonged to red
light and the lowest value belonged to the combined light of R501B50 and
R70B30 (Fig. 3). The results of the mean comparison showed that the highest
minimum fluorescence value (Fp) was in the red and blue light treatments
and the lowest value belonged to the combined light of RB. The highest
fluorescence value in two milliseconds (F;) was reported in the red and blue
light environments and no significant difference was observed among the
other treatments. The highest fluorescence value in 60 milliseconds (F1) was
in red light and its lowest value was in the combined light of R50B50 and
R70B30, which of course did not differ significantly from white light. The
highest maximum fluorescence value (Fm) was observed in the red light
treatment and its lowest value in the combined light of RB. The highest
amount of variable fluorescence (Fy) was observed in the red light treatment
and the lowest amount was observed in the R50B50 treatment (Fig. 3). The



red light treatment had the highest amount in all OJIP stage recording data
with a significant difference from the other lights (Fig. 3).
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Figure 3. O-J-I-P test contains of A) Fo, B) Fj, C) Fy, D) Fy, and E) Fyin the D.
moldavica plants (DMRT, p<0.05).

The analysis of variance of the effect of different light environments on the
Fy/Fn; Fu/Fo; Fn/Fo in the D. moldavica plants of the D. moldavica plant is
given in table 7. Analysis of the results showed that different light spectra
have a significant effect on the efficiency of the quantum yield of photosystem
Il (Fy/Fn or ®Pg) (Fig. 4). According to the results of the comparison of the
average data, the lowest value of the photosystem II quantum yield efficiency
(Fv/Fn) was in single-spectrum blue and red lights and the highest value
obtained in R70B30 and white light. The results showed that the efficiency of
the photosystem II water splitting system was maximum under R70B30 and
white light treatments and was minimum under single-spectrum red and blue
light (Fig. 4). The decrease in F,/F, or ®Pj in red light can be due to the



inactivation of the reaction center, which causes an increase in energy loss

in the form of heat and fluorescence (Fig. 4).

Table 7. Analysis of variance of the effect of different light environments on
the F\/Fn; Fy/Fo; Fn/Fo and Possibility that an electron travels further than
QA (\V0), performance index in light absorption basis (PIags), quantum yield
of electron transport (®E(), and Quantum yield of energy dissipation (®Dg) in
the D. moldavica plants of the D. moldavica plant

Sources df Fv/Fm Fv/Fy Fm/Fy W Plags DK, ®Dy
of
variation

Treatment 5 0.0014™ 0.7576™ 0.7934™ 0.003* 3.134™ 0.003* 0.0014™
Error 12 0.0002 0.0962 0.1039 0.001 0.419 0.001 0.0002
CV (%) 1.69 7.62 6.37 16.15 23.28 16.90 6.74

*Significance at the 0.05 and 0.01 probability levels are indicated by * and **,
respectively
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Figure 4. O-]J-I-P test contains of A) F,/Fn; B) Fy/Fo, and C) Fpn/Fy in the D.
moldavica plants (DMRT, p=<0.05).

Electron transport quantum efficiency indices
The analysis of variance of the effect of different light environments on the

Possibility that an electron travels further than QA (\/0), performance index
in light absorption basis (Plags), quantum yield of electron transport (®Ey),
and Quantum yield of energy dissipation (®Dy) in the D. moldavica plants of
the D. moldavica plant is given in Lable 7. The results showed that the highest
values of Plags, Wy and ®Ey were observed in the R70B30 light treatment and
the lowest values were observed in red and blue light. The highest values of
®D, were observed in the red and blue light treatment and the lowest values
belonged to R70B30 and white light (Fig. 5). High red light ratios increased
these parameters, stating a decrease in photosynthetic efficiency with a
decrease in the blue to red light ratio (Fig. 5).
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Figure 5. A) Possibility that an electron travels further than QA (\/0), B)
performance index in light absorption basis (Plags), C) quantum yield of
electron transport (®Ep), and D) Quantum yield of energy dissipation (©®Dg)
in the D. moldavica plants (DMRT, p=<0.05).

Specific energy fluxes (per photosystem II reaction center reducing
quinone A)

The analysis of variance of the effect of different light environments on
Energy fluxes for ABS/RC; TRo/RC; DIo/RC; ETo/RC in the D. moldavica plants
of the D. moldavica plant is given in table 8. Based on the results of the
comparison of the mean data, the lowest ABS/RC value was observed in the
R70B30 light treatment and no significant difference was observed in the
other treatments (Fig. 6). The highest TRo/RC was observed in the red light



treatment and the lowest TRy/RC was observed in the R70B30 light treatment
(Fig. 6). The highest ETO/RC and the lowest DIO/RC were obtained in R70B30
light. Besides, there was no significant difference between the other

treatments in terms of these two parameters (Fig. 6).

Table 8. Analysis of variance of the effect of different light environments on
Energy fluxes for ABS/RC; TRo/RC; DIo/RC; ETo/RC in the D. moldavica plants
of the D. moldavica plant

Sources of df ABS/RC TRy/RC DIy/RC ETy/RC
variation

Treatment 5 0.244™ 0.102™ 0.033" 0.023™
Error 12 0.024 0.010 0.004 0.001
CV (%) - 6.77 5.33 13.33 4.06

*Significance at the 0.05 and 0.01 probability levels are indicated by * and **,
respectively
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Figure 6. Energy fluxes for A) ABS/RC, B TRo/RC, C) DIo/RC, D) ETy/RC in
the D. moldavica plants (DMRT, p=<0.05)

Total phenol content

The analysis of variance of the effect of different light environments on total
phenol content in the D. moldavica plants of the D. moldavica plant is given
in table 9. Different light spectra had significant differences in total phenol
content (Fig. 7). The highest phenol content (130.26-136.94 ug gallic acid/g
wet weight) was observed in the light environments of R50B50 and R70B30,
respectively, and the lowest total phenol content (92.37-93.87 ng gallic acid/g
wet weight) was observed in the treatments of R30B70 and red light.
Different light spectra affect the expression of genes of some enzymes
involved in the biosynthesis of secondary metabolites, leading to changes in
the biochemical traits of the plant (Fig. 7).

Table 9. Analysis of variance of the effect of different light environments on
total phenol content, antioxidant capacity and essential oils in the D.
moldavica plants of the D. moldavica plant

Sources of df Total phenol Antioxidant Essential oils
variation content capacity
Treatment 5 1065.75™ 199.12* 0.88™
Error 12 104.12 11.26 0.02
CV (%) 8.77 10.48 13.41

*Significance at the 0.05 and 0.01 probability levels are indicated by * and **,
respectively
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Figure 7. Total phenolic content in the D. moldavica plants grown under
different light spectra with same intensity. Each column is representative of the
mean value of three replicates plus SE (DMRT, p=0.05).
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Antioxidant capacity
The analysis of variance of the effect of different light environments on

antioxidant capacity in the D. moldavica plants of the D. moldavica plant is
given in table 9. The highest antioxidant activity was observed under R70B30
and white light treatments (42.51 and 36.15 percent, respectively) and the

lowest under red light (19.47 percent) (Fig. 8).
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Figure 8. Antioxidant activity in the D. moldavica plants grown under
different light spectra with same intensity. Each column is representative of the
mean value of three replicates plus SE (DMRT, p=<0.05).

Essential oil percentage

The analysis of variance of the effect of different light environments on
essential oil percentage in the D. moldavica plants of the D. moldavica plant
is given in table 9. The essential oil percentage of D. moldavica was
significantly affected by light quality. In the present study, the essential oil
content varied between 0.53 to 2.07 (Fig. 9). The highest essential oil content
(2.07% v/w) was observed in the R70B30 light and the lowest essential oil
content (0.53% v/w) was observed in plants grown under blue light. A
comparison of the mean of the light treatments showed that the use of the
R70B30 light treatment resulted in a 113.4% increase in the essential oil
content compared to the white treatment (Fig. 9). In this study, it was
observed that the optimal ratio of red and blue combined light had a greater
effect on the essential oil content compared to the blue and red single-
spectrum lights, which is probably due to the increased synthesis of

secondary metabolites in this light environment (Fig. 9).
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Figure 9. The content of essential oil of D. moldavica plants. Each column is
representative of the mean value of three replicates plus SE (DMRT, p=<0.05).

Discussion

Combined red and blue lights improved plant growth and performance
indices compared to single-spectrum red and blue lights (Table 5). Red and

blue light contain the main wavelengths of light for plant growth and
development?8. The reason for the increase in plant height with red light is
due to changes in growth hormone levels. Red and blue light affect stem
elongation by changing the level of gibberellin in the plant22. It has been

reported that red light generally increases plant growth by increasing fresh
and dry weight, height, and leaf area of plants. While blue light affects

photosynthetic performance, chlorophyll formation, and chloroplast
development, rather than directly affecting biomass3?. Although, In our

study, red light resulted in the highest plant height but lower shoot dry
weight that could this be related to “red light syndrome”. It has been proven

that the combination of red and blue light can affect the amount of
photosynthetic pigments3l. An increase in photosynthetic pigment
production, electron transport efficiency, and growth indices of green and
purple basil varieties under the influence of combined red and blue light32.

In accordance with these findings, in this study, the highest amount of



chlorophyll pigments was observed under combined red and blue light. Light
spectrum and intensity directly affects on photosynthetic reactions. High Fy
indicates that photosystems are not functioning properly and reaction centers
are closed33. High Fy is attributed to the deterrence of the reaction centers
of photosystem I, which prevents electron transmission from QA to QB,
thereby reducing the energy-trapping performance in photosystem I3%.
Several studies have reported the lack of optimal plant development, the
creation of light damage in leaves, damage escape reactions in
photosystems32-36,  The higher mean fluorescence and maximum
fluorescence in red light compared to other lights suggests that a greater
proportion of photons are reflected in this light, which could indicate
chlorophyll degradation and permanent damage to electron acceptors.
However, the lower fluorescence at different stages in the combined red and
blue lights indicates better health and efficiency oif the photosynthetic system
in these two lights3Z. Photoinhibition caused by various conditions can have
an adverse effect on the functioning of photosystem II and lead to limiting
photosynthetic capacity38. A decrease in the F,/Fy, index indicates a decrease
in the photochemical efficiency of photosystem II and damage to the
photosynthetic apparatus3?. Studies have shown that when plants are
exposed to red light for a long time, leaf photosynthesis is severely impaired.
The occurrence of red light syndrome in plants grown under red light in this
study was clearly evident both morphologically (creating epinasty and leaf
deformities) and in terms of photosynthesis and function. At the same time,
low F,/Fy ratio is also associated with the phenomenon of red light
syndrome3Z. Although red light is important for activating photosynthesis and
regulating photomorphogenesis, when used alone, it can cause red light
syndrome, which causes reduced chlorophyll content, changes in chloroplast
structure, leaf curling, and epinasty??. In addition, it disrupts the balance

between PSI and PSII function and causes “oxidative stress.” Red light also



reduces the repair capacity of PSII and ATP production, especially under
conditions of increased reactive oxygen species (ROS)4L, The addition of blue
light counteracts these effects by stabilizing chloroplast structure and
supporting improved energy distribution between photosystems%2. To avoid

these disadvantages, red light should be combined with blue or far-red light
to create a balanced spectrum. Such combinations improve photochemical
efficiency and reduce oxidative stress. The increase in the energy loss
quantum yield (®Dy) in plants grown under red light conditions confirms
these findings. In confirmation of these findings, A decrease in F/F, and

electron transfer quantum efficiency in photosystem II in plants grown under
red light*3. Energy conversion into heat is a response by the plant to protect

cells from light-induced damage. In accordance with our findings, it has been

reported that red light causes a decrease in F,/F, and an increase in energy
loss from the plantﬂ. The decrease in F./F, by red light was due to a
decrease in photochemical activity due to the inactivation of PSII reaction
centers and damage to the D1 protein?6. The photosynthetic capacity of
spinach leaves grown under red and blue combined light conditions was
higher than that of plants exposed to single-spectrum red light, and the
presence of blue ana red light is essential to increase net photosynthesis, and

this is if the amount of red light is at least 70% of the total final irradiance
intensity, which is the same as the findings of this research?>. The efficiency
of the water splitting system II (Fy/Fy) is very sensitive indicators of
photosynthetic potential in stressed and healthy plants*6. A decrease in this
parameter is a clear indication that photosynthetic efficiency and the electron
transport chain are affected32. Accordingly, an increase in ®Dy in plants
grown under R light has been reported in basil32, marigold44 and
chrysanthemumﬁ. The Plaps index represents the energy transferred from
photosystem II to photosystem I33. According to the results of the quantum

efficiency indices for electron transfer, it can be concluded that plants grown



under mixed R70B30 light exhibit better photosynthetic performance (Fig.
5), which is consistent with the research of Hosseini et al32. PIygs combines
energy flows from the initial stage of the absorption process to the reduction

of plastoquinone22. Under abiotic stresses, PIABS is the most delicate factor

for measuring photosynthetic performance?’. The decrease in the rate of

Plags in red light is due to the high absorption of light energy (ABS/RC), the
electron trapping flux per reaction center (TRO/RC), the energy dissipated
per reaction center (DIO/RC), and the reduction in electron transfer per
reaction center (ETO/RC). ®E( is a parameter that indicates the rate of
electron flow to the amount of energy absorbed. In other words, the
aforementioned index indicates the probability of electron transfer to carriers
after QA- by the absorbed photon energy. This index increased in plants
grown under mixed red and blue light and decreased in plants grown under
single-spectrum red and blue light. A decrease in this parameter means a

decrease in the rate of electron flow towards forward carriers in the electron
transport pathway28. A decrease in this parameter can also be considered a
result of a decrease in W (the probability of electron transfer across QA-)%9.

The decrease in PIABS also indicates that the system structure, potential PSII

activity, and the damage-repair ratio of the D1 protein in PSII may be
compromised or unable to progress under certain fully light conditions®9.
High levels of ABS/RC have also been showed in plants grown under red light
conditions*%4. So, to hold natural photosynthesis efficiency, a specific
proportion of blue to red light in the overall spectra is necessary3Z. DIy/RC is

a parameter related to the energy dissipated per reaction center in the

photosystem II, which indicates the efficiency of non-photochemical
excitation processes34. In the present study, the lowest value of DIo/RC was
observed in plants grown under R70B30 light (Fig. 6), which is consistent
with the results of Bayat et al.#Z. The increase in this parameter indicates the

shutdown of some of the photosystem II reaction centers, which consequently



leads to a decrease in the QA reduction capability and most of the light
absorbed by the photosystems is not used for the photochemical efficiency of

the electron transport chain and is dissipated as heat from the electron
transport system®l. The reduction in Fv/Fm usually happen when PSII
function and structure are disturbed by stress, causing more of the light
energy absorbed from the PSII reaction center to be wasted2?. The increase
in phenolic and flavonoid compounds in plants may be due to the increased
activity of enzymes related to the synthesis of these compounds?2. Also, the

increase in the levels of these compounds by light may be related to the

increased production of Coumaroyl-CoA and Malonyl-CoA, which act as
substrates for the biosynthesis of phenolic compounds®3. Several studies
have shown that the use of single-spectrum or combined blue light (RB)
increases secondary metabolites such as phenolics®%. Blue light increases
phenolic compounds by increasing the activily of the enzyme phenylalanine
ammonia lyase (a key enzyme in the phenylpropanoid pathway)22. According
to the findings of this study, the highest amount of phenolic compounds was
observed in green basil, gourd, rose and chrysanthemum under combined RB

light®6.27 The highest antioxidant capacity was reported in Rhodiola

imbricata under the white light spectrum?8. The effect of different LED light
ratios on Gynura bicolor caused increasing the amount of blue light from 15%
to 30% led to an increase in antioxidant capacity??. Also, the highest
antioxidant activity, total phenols and anthocyanins were observed in two
basil varieties under RB light treatment (70:30)32, which is consistent with
the results of this study. In ginseng, blue light led to an increase in the
compounds vanillic acid, coumaric acid, and ferulic acid®?. In general, the
results indicate the effect of light spectra on the production of secondary
metabolites in plant species, and it seems likely that these wavelengths are

associated with the activation of some plant genes that are ultimately

responsible for the increase in plant secondary metabolites®l.



Conclusion

The highest amount of chlorophyll pigments, total phenol content, and
antioxidant activity was obtained in plants grown in mixed red and blue light
environments (especially R70B30). A combination of red and blue light has
the greatest effect on plant growth and the biosynthesis of secondary
metabolites, as it is the primary energy source for photosynthetic carbon
dioxide absorption in plants. According to the results of this study, single-
spectrum red and blue lights are not suitable for the growth and production
of secondary metabolites. The highest biochemical, photosynthetic, growth,
and functional indices were observed in mixed RB light environments. For
commercial indoor cultivation of D. moldavica aiming at high essential oil and
phenolic content, the use of R70B30 LED light is recommended.

Data availability

Data will be made available on request.
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Figure 1. Light spectra in blue (B), red (R), R50: B50, R70: B30, R30: B70,
and white (W) treatments
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Figure 2. Chlorophyll content in the D. moldavica plants (DMRT, p=<0.05).
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Figure 3. O-J-I-P test contains of A) Fy, B) Fj, C) F;, D) Fy, and E) Fyin the
D. moldavica plants (DMRT, p=<0.05).



0.86
0.84 ab
0.82 | b b a b b b
0.8
0.78
0.76
0.74
0.72
0.7

th

Fv/Fm
Fv/FO

[T S T FY I O

Light spectrum Light spectrum

be

th & 1
=
=
=

Fm/FO

[T S R PV O

Light spectrum

Figure 4. O-]J-I-P test contains of A) F,/Fn; B) Fy/Fo, and C) Fn/Fo in the D.
moldavica plants (DMRT, p=<0.05).
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Figure 5. A) Possibility that an electron travels further than QA (\/0), B)
performance index in light absorption basis (Plags), C) quantum yield of
electron transport (®E(), and D) Quantum yield of energy dissipation (®Dg)
in the D. moldavica plants (DMRT, p=0.05).
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Figure 7. Total phenolic content in the D. moldavica plants grown under
different light spectra with same intensity. Each column is representative of
the mean value of three replicates plus SE (DMRT, p=<0.05).
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Table 1. Chemical components and nutrient elements concentrationl?

Chemical component Nutrient sollution Concentration
compounds
Macronutrients (mmol.L1)
Potassium nitrate KNO3 5
Calcium nitrate Ca(NO3), 5
Magnesium sulphate MgSO, 2
Potassium dihydrogen KH,PO, 1
phosphate
Micronutrients (mg.kg?)
Boric acid H3:BO3 2.86
Manganese chloride MnCl, 1.81
Zinc sulfate 7ZnS0O, 0.22
Copper sulfate CuSO, 0.08
Molybdic acid H->MoO, 0.02

Ferric-EDTA Fe-EDTA 5




Table 2. Specific characteristics of LEDs used in the present study

Manufacture CRI No. Light Power Lens Input DC Output On
company (color of coverage consumption type voltage Voltage current frec
rendering LEDs area
index) |
Iran grow 90% 24 40x100 24x3 W 90° AC 54-84 600 50/
light cm 100- \Y mA+5%

260 V




Table 3. The O-J-I-P parameters measured in this study

Abbreviation definitions Formula
Basic parameters

Fo (O-step of O-]J-I-P transient) Fsoms

Fy Fluorescence rate at the J-step of O-J-I-P Foms

F; Fluorescence rate at the I-step of O-J-I-P F30ms

Fluorescence
Parameters

Fn Maximum fluorescence, when all PSII RCs Fls = Fp

are closed (P-step of OJIP transient)

Fy Variable fluorescence of the dark-adapted Fm -Fo

leaf

OPy Maximum yield of PSII 1 - (Fo/Fn)

Quantum Yields and
Efficiencies/Probabilities -

WYy Electron that moves further than QA ETo/TRg
®DE, The quantum yield of electron transport ETo/ABS
®Dy Quantum yield of energy dissipation Fo/Fm

O Pav Average gquantum yield ©po (Sm/trm)
Plags Performance index for the photochemical [(yRC/1 - YRC)

activity

(@po /1- @PO) (Wgo
/1 -Wgo)]

Specific Energy Fluxes
(Per QA Reducing PSII

RC)
ABS/RC The energy fluxes per RC My (1/Vy)(1/@po)
TRo/RC Trapped energy flux (leading to QA Mo (1/Vy)
reduction) per RC
ETy/RC Electron transport flux My (1/Vy)(1-Vy)
DIy/RC Dissipated energy flux (ABS/RC) - (TRy

/RC)




Table 4. Analysis of variance of the effect of different light environments on
vegetative, morphological characteristics of the D. moldavica plant

Sources of df Plant Biomass Biomass Leaf area Root Root
variation height fresh fresh dry
weight weight weight  weight
Treatment 5 497.69™ 22.73" 0.54™ 7709.60"™ 1.67" 0.058™
Error 12 4.60 151.86 0.03 0.001
CV (%) 4.12 7.72 8.26 8.26

*Significance at the 0.05 and 0.01 probability levels are indicated by * and **,

respectively.

Table 5. The effect of light on growth characteristics of D. moldavica plant

Light Plant heigtit Biomass Biomass Leaf area Root fresh Root dry

spectrum (cm) fresh weight dry weight (cm?2) weight (g)  weight
(9) (9) (9)

White 49.93 ¢* 12.52 ¢ 2.13b 250.09b 1.71c 0.30b
R70B30 65.50 b 16.24 a 291 a 351.14 a 2.84 a 052 a
Red 69.67 a 14.48 b 2.00b 218.71 c 0.91d 0.15¢c
R30B70 44.33d 10.79d 1.95b 271.67 b 2.32b 0.35b
Blue 46.83 cd 8.68 e 1.63 c 209.22 ¢ 1.79 ¢ 0.31b
R50B50 36.33 e 10.82 d 2.12b 265.67 b 2.83 a 0.51 a

*In each column, the means with at least one common letter do not differ

significantly based on Duncan's test at the 5% probability level.



Table 6. Analysis of variance of the effect of different light environments on

chlorophyll content and O-]-I-P test contains of FO, F], FI, Fm, FV of the D.
moldavica plant

Sources df Chlorophy Chloroph Total Fo F; F; Fn Fv
of Ila yll b chloroph
variatio yll
n -_ T -
Treatme 5 0.09" 0.12™ 0.41™ 638467* 3181356" 4223505 3644126™ 1445724™
Ilt * * ko
Error 1 0.003 0.004 0.005 794104 3379223 7349358 4906180 227092
2
CV (%) --- 11.22 13.49 7.70 11.01 9.13 8.47 5.83 4.97
*Significance at the 0.05 and 0.01 probability levels are indicated by * and **,
respectively

Table 7. Analysis of variance of the effect of different light environments on
the F\/Fn; Fy/Fo; Fn/Fo and Possibility that an electron travels further than
QA (\V0), performance index in light absorption basis (PIags), quantum yield
of electron transport (®Ey), and Quantum yield of energy dissipation (®Dg)
in the D. moldavica plants of the D. moldavica plant

Sources df Fv/Fm Fv/Fq Fm/F Wy Plags ®Ey ®Dy

of
variation
Treatmen 5 0.0014* 0.7576* 0.7934" 0.003 3.134* 0.003 0.0014*
t * *x * X X b *x
Error 1 0.0002 0.0962 0.1039 0.001 0.419 0.001 0.0002

2
CV (%) 1.69 7.62 6.37 16.15 23.28 16.90 6.74




*Significance at the 0.05 and 0.01 probability levels are indicated by * and **,
respectively

Table 8. Analysis of variance of the etfect of different light environments on
Energy fluxes for ABS/RC; TRy/RC; DIyp/RC; ETo/RC in the D. moldavica
plants of the D. moldavica plant
Sources of df ABS/RC TRy/RC DIo/RC ETy/RC
variation
Treatment 5 0.244™ 0.102™ 0.033™ 0.023™
Error 12 0.024 0.010 0.004 0.001
CV (%) - 6.77 5.33 13.33 4.06

*Significance at the 0.05 and 0.01 probability levels are indicated by * and **,
respectively

Table 9. Analysis of variance of the effect of different light environments on
total phenol content, antioxidant capacity and essential oils in the D.
moldavica plants of the D. moldavica plant



Sources of df Total phenol Antioxidant Essential oils

variation content capacity

Treatment 5 1065.75™ 199.12* 0.88™
Error 12 104.12 11.26 0.02
CV (%) 8.77 10.48 13.41

*Significance at the 0.05 and 0.01 probability levels are indicated by * and **,
respectively



