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ABSTRACT
Growth, morphological parameters, photosynthetic performance and nitrogen status were investigated in
leafy herbs grown in light-limited time in a greenhouse under different light spectra emitted by LEDs. Fluorescence-based sensors that detect crop N status and maximum photochemical efficiency of photosystem II
were used in this study. Four light treatments with the ratio of Red, Blue and White LEDs including 1) R40
+ B50 + W10, 2) R70 + B20 + W10, 3) R70 + B20 + W10 + Far-Red and 4) White LEDs as control were
used in this study. Dominant red light and/or white LED lights at 200 µmol m–2 s–1 at plant level and a 12 h
photoperiod provided the most favourable conditions for plant growth and development compared to a high
proportion of blue light (R40 + B50 + W10). However, plants grown under a high proportion of blue light
had a higher chlorophyll index and nitrogen balance index (NBI) than under dominant red light treatments.
Our study indicates the significant potential of fluorescence-based sensors in photobiology research as well
as in the production of leafy herbs under LED lights.
Key words: chlorophyll fluorescence, herbs, greenhouse production, light, optical sensors

INTRODUCTION
Light is an essential source of energy for photosynthesis and an important environmental stimulus regulating plant growth and development. Growing systems of plants during the light-limited winter months
require the application of additional light sources to
improve photosynthesis and ensure plant growth and
yield. Light-emitting diode (LED) lamps has attracted increasing interest as a primary source of irradiation or as supplemental lighting for plants due to high
photosynthetically active radiation (PAR) efficiency,
low energy consumption and long life. LED lamps
can support the growth, development and quality of
many crops cultivated in greenhouses [Morrow 2008,
Olle and Viršile 2013, Stutte 2015, Bantis et al. 2018].
An exceptional property of LED lamps is possibility


of setting a desirable spectral composition for the targeted manipulation of metabolic responses in order
to optimise photosynthesis performance and increase
the amount secondary metabolites such as flavonoids
to enhance food quality [Hasan et al. 2017]. Spectral
composition management of LED lamps requires that
photosynthetic efficiency and biomass accumulation
are balanced with the mineral supply, especially nitrogen (N), since the leaf chlorophyll content, which is
vital for photosynthesis, is strongly affected by leaf N.
Chlorophyll molecules absorb energy most strongly in the blue and red range, causing a molecular chain
reaction known as the light-dependent reaction of
photosynthesis [Wang et al. 2016, Yang et al. 2017].
Therefore, different blue and red LED light treatments
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have been most often used to analyse photosynthetic performance of different plant species. Previous
studies indicate that red LEDs generally stimulate
biomass accumulation, stem elongation and increase
leaf area [Johkan et al. 2010], while blue LEDs are
more involved in chlorophyll production, the opening
of stomata and photosynthesis [Muneer et al. 2014,
Wang et al. 2015, Miao et al. 2016]. It is also known
that far-red (>700 nm) used together with red light
(680 nm) drives both photosystem I (PS I) and photosystem II (PS II), the so-called Emerson effect,
and enhances the rate of photosynthesis [Lysenko et
al. 2014] and biomass accumulation [Li and Kubota 2009]. Previous research also indicates that plants
grown under multi-wavelength irradiation or white
light show higher photosynthetic activity than those
grown under monochromatic light [Kim et al. 2004,
Yang et al. 2017].
Optical-based sensors are promising tools for the
non-destructive monitoring of plant responses to different spectral compositions of LED lamps. Chlorophyll a fluorescence is a non-invasive measurement of
PS II activity and photosynthetic performance and is
a commonly used technique in plant physiology. Research conducted by Ahlman et al. [2017] indicates
the suitability this method to optimise the LED light
spectrum for plants. The recently developed Force-A
Dualex Scientific + optical sensor provides indices of
chlorophyll and flavonol contents and also calculate
the nitrogen balance index (NBI) from these measurements. This device generates fluorescence in plant tissue for the estimation chlorophyll and flavonols and
has been used for monitoring the N status of some
crops. Studies by Tremblay et al. [2012], Padilla et
al. [2015], Diago et al. [2016] and Agati et al. [2016]
confirmed that the fluorescence indices of chlorophyll,
flavonols and NBI are reliable indicators of crop N status in leaves of tomato, grapevine, white head cabbage
and young apple trees.
Basil, coriander and oregano are culinary and medicinal herbs rich in antioxidants and nutrients. There is
an increasing demand for fresh herbs, including during
the winter, due to increasing interest in a healthy lifestyle and the consumption of healthier food. However,
studies on the effect of LED lighting on photosynthesis and mineral nutrition in these plants in greenhouses are very limited. Supplementary lighting is used
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to increase plant growth and reduce production time
during period with low levels of solar radiation. Recommended daily light integral (DLI) for commercial
vegetables and herbs production range between 12 and
17 mol m–2 d–1 [Kozai et al. 2015]. There are no data
that clearly indicate the optimal LED light spectrum
for photosynthesis, biomass accumulation and, at the
same time, crop nitrogen N status in these plants.
The aim of this study was to investigate the growth
parameters, photosynthetic performance and nitrogen status of leafy herbs grown in a greenhouse under different light spectra emitted by LEDs. Fluorescence-based sensors that detect maximum photochemical efficiency of PS II and crop N status were used
in this study. The results provide a practical basis for
regulating the LED light spectrum for high-quality
leafy herb production in greenhouses under low-level
natural light conditions.
MATERIAL AND METHODS
Plant material and light treatments. Basil (Ocimum basilicum L.) ‘Sweet Genovese’, coriander
(Coriandrum sativum L.) and oregano (Origanum vulgare L.) were used in the study. Seeds of the herbs
were sown on 18 October 2018 in plastic 0.4 L single
pots filed with a mixture of peat and perlite (3 : 1, v/v,
pH 6.0) and were set on ebb-and-flow benches. Ten
days after sowing, excessive seedlings were removed,
leaving four seedlings per pot. Plants were watered as
needed to maintain adequate soil moisture. Fertigation
was carried out twice a week using a nutrient solution containing minerals in the following concentrations (in mg L–1): N-NO3 220, P 45, K 265, Ca 132,
Mg 49, and microelements. The temperature during
the day/night was 20/18°C and the relative humidity
was 60−65%. The average daily light integral (DLI)
inside the greenhouse during the experimental period
averaged 4.6 mol m–2 d–1. The experiment was carried
out during the period from mid-October 2018 to January 2019 and was terminated when the commercial
value of the plants was reached. Coriander, basil and
oregano were evaluated 9, 11 and 12 weeks after seed
sowing, respectively.
The study was carried out in a greenhouse chamber (5 × 4 m) equipped with purpose-build LED arrays containing OSRAM diodes (Germany). Three
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LED light treatments with different colour mixing was
achieved using blue (450 nm), red (660 nm), far-red
(730 nm) and white LEDs (cool-white 5000 K), such
as 1) red + blue + white (40% + 50% + 10%, percentage share of R : B : W LEDs) as a high proportion
of blue light treatment (treatment code R40 : B50 :
W10), 2) red + blue + white (70% + 20% + 10%) as
dominant red light treatment (treatment code R70 :
B20 : W10) and 3) red + blue + white (70% + 20% +
10%) + far-red (number of far-red diodes such as red
ones) as dominant red light with FR treatment (treatment code R70 : B20 : W10R + FR). A lighting unit
equipped only with white LEDs was used as the control treatment (W100). The relative spectral emission
from white LEDs was not a homogenous mix of wavelengths; rather large peaks occurred in the blue region
(peak at 440 nm, the direct contribution of the LED),
with a further hump in the yellow/red region produced
by the phosphor (peak at 565 nm). The combination
of these wavelengths was a good approximation of
white. Plants were grown under different spectra of
LED lighting and the same photosynthetic photon
flux density PPFD (200 µmol m–2 s–1) at plant level for
12 h per day, so that DLI inside the greenhouse was
increased by 8.6 mol m–2 d–1 and in total with natural
light amounted to 13.2 mol m–2 d–1. The light intensity
was measured using a LI-COR quantum photometer
Model LI-189 (USA).
Growth parameters. At harvest time, 20 plants
were randomly selected for growth and morphological assessment within each treatment. Shoot fresh
weight, plant height, length of internodes and total
leaf area per plant were evaluated. Leaf area was
measured using portable AM350 leaf area meter
(ADC BioScientific).
Chlorophyll, flavonol and nitrogen balance indexes. An optical sensor was used in this study for the
assessment of chlorophyll and flavonol compounds
based on the measurement of UV absorbance of the
leaf epidermis by the double excitation of chlorophyll fluorescence (The Force-A Dualex Scientific +
instrument). The nitrogen balance index (NBI) was
automatically calculated as the ratio of the chlorophyll index (CCI) to flavonol index (FLAV), i.e.
NBI = CCI/FLAV. The device used in this study allows
for non-destructive measurements of chlorophyll, flavonol contents and nitrogen balance in leaves, which
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makes it particularly suitable for photophysiological
research [Cerovic et al. 2012]. For each light treatment, 20 young, fully expanded leaves were used for
the assessment of the flavonol and chlorophyll indices.
Chlorophyll fluorescence parameters. Chlorophyll ﬂuorescence, as an indicator of photosynthetic reactions, was analysed using a Mini PAM (Walz,
Germany). For each light treatment, chlorophyll
a fluorescence emission from the upper leaf surface of
20 intact, dark-adapted leaves (30 min) was measured.
After dark adaptation, the fluorescence variables F0,
FM and FV/FM were determined. The minimal (F0) fluorescence was recorded with modulated low intensity light below 0.1 µmol m–2 s–1 without affecting the
variable fluorescence. The maximal (FM) fluorescence
was estimated by a 0.8 s long saturation light pulse
(2600 µmol m–2 s–1) with 20,000 Hz frequency. The
variable fluorescence (Fv) was calculated by the equation: Fv = FM-F0. The FV/FM ratio was obtained from
the FV and FM and represent potential maximal photochemical efficiency of PS II. A 10 min exposure to
actinic light (665 nm, 200 µmol m–2 s–1) was used to
measure steady-state fluorescence.
Statistical analysis. Statistical analysis was performed using STATISTICA software, version 13.1
(StatSoft Inc., USA). Data were analysed using oneway analysis of variance (ANOVA) and the treatment
means were compared using Tukey’s HSD test at
α = 0.05.
RESULTS
Plant growth and morphology. Shoot fresh weight,
plant height, mean internode length and total leaf area
of basil, coriander and oregano were strongly dependent on the spectrum of light emitted by LEDs; however, individual plant species responded differently to
various LED light treatments (Fig. 1). The shoot fresh
weight of basil was the greatest under white LEDs
(W100) – control treatment (2.2 g), and was 11% lower under both dominant red light treatments (R70 :
B20 : W10 and R70 : B20 : W10 + FR) and 23% lower
under a high proportion of blue light treatment (R40 :
B50 : W10) compared to white LEDs. For coriander,
the greatest shoot fresh weight was recorded when red
light was prevailing (2.2 g average for R70 : B20 :
W10 and R70 : B20 : W10 + R). Under white LEDs
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Fig. 1. Plant fresh weight (A), plant height (B), mean internode length (C) and total leaf area per plant (D) of
basil, coriander and oregano grown under the four different light spectra treatments. Significant differences are
marked by different letters at α = 0.05 (Tukey’s HSD test)

and a high proportion of blue light, the fresh weights
of coriander were lower by 16% and 40% respectively,
compared to both red light treatments. The shoot fresh
weight of oregano was less dependent on the spectral
distribution of LED lights; however, the fresh weight
of plants exposed to a high proportion of blue light was
10% lower compared to other light treatments. Under
both dominant red light regimes, coriander and oregano plants were the tallest (24 and 25 cm, respectively), followed by these under white LEDs and a high
proportion of blue light treatments. Coriander and
oregano grown under white LEDs were 20% and 26%
smaller, and under a high proportion of blue light 44%
and 47% smaller, respectively, as compared with both
dominant red lights. For basil, there were no signifi-
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cant differences in plant height between white LEDs
and the both red light treatments, but plants grown under a high proportion of blue light were 10% smaller
than under the other light treatments. The increase in
stem length and plants height of basil, coriander and
oregano were generally dependent on internode elongation. Basil under white LEDs possessed the greatest
total leaf area (46 cm), followed by these under both
dominant red and a high proportion of blue light with
a significant reduction 12% and 29%, respectively,
compared with the values under white LEDs. Coriander and oregano grown under a high proportion of blue
light had the lowest total leaf area, i.e. 19% and 17%
lower, respectively, compared to the other treatments.
There were no significant differences in the leaf area
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Fig. 2. Chlorophyll index (A), nitrogen balance index NBI (B), flavonol index (C), and the maximum quantum yield of PS II
photochemistry FV/FM (D), minimal fluorescence F0 (E) and maximal fluorescence FM (F) of basil, coriander and oregano
grown under the four different light spectra treatments. Significant differences are marked by different letters at α = 0.05
(Tukey’s HSD test)
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of coriander and oregano between white LEDs and
both dominant red light treatments.
Chlorophyll, flavonol and nitrogen balance indexes. Leaf chlorophyll index (CCI) and nitrogen
balance index (NBI) in plants were closely related
(Fig. 2 A, B, C). Average, white LEDs and a high proportion of blue band in light spectrum (R40 : B50 :
W10) enhanced CCI and NBI compared to both dominant red lights (R70 : B20 : W10 and R70 : B20 :
W10R + FR). CCI in basil grown under white LEDs
and under a high proportion of blue light treatment
was higher by 22% and NBI was higher by 17% than
under both red light spectra. CCI in coriander exposed
to white LEDs and a high proportion of blue band in
light spectrum was higher as much as by 45% than under both red light spectra, and NBI under white LEDs
and R40 : B50 : W10 was higher by 44% than under R70 : B20 : W10R + FR treatment. For oregano,
the highest CCI as well as NBI were recorded under
R40 : B50 : W10 treatment and the lowest under
R70 : B20 : W10R + FR treatment. Differences in CCI
and NBI between these treatments were 20% and 24%,
respectively. Basil and coriander grown under a high
proportion of blue band in light spectrum (R40 : B50 :
W10) showed the maximum flavonol indices (1.8 and
0.9, respectively), which were 9% higher for basil and
20% higher for coriander compared to dominant red
light treatment. There was no significant difference in
flavonol index for oregano plants grown under different light spectra.
Chlorophyll fluorescence parameters. The maximum photochemical efficiency of PS II (FV/FM) evaluated at harvest time was significantly affected by the
light spectra (Fig. 2 D, E, F). Under a high proportion
of blue band in light spectrum, basil plants showed the
greatest FV/FM (0.77), significantly lower under dominant red light with far-red (0.74) and dominant red
light (0.70), which were reduced by 4% and 10% respectively, as compared with a high proportion of blue
light. There were no significant differences in FV/FM
between the white LEDs and a high proportion of blue
light treatments in basil. Coriander grown under white
LEDs and a high proportion of blue light showed the
highest FV/FM (0.77) and the lowest under both red
spectra (0.72), which was 7% lower compared to the
white LEDs and a high proportion of blue light treatments. Oregano exposed to dominant red light showed
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the highest FV/FM (0.77) and the lowest under dominant red light with far-red (0.73), which was 5% lower than under dominant red light. Plants grown under
white LEDs and a high proportion of blue light showed
intermediate FV/FM values between dominant red and
dominant red with far-red. A high proportion of blue
light for basil and a high proportion of blue light as
well as dominant red for oregano significantly contributed to the reduction of minimal fluorescence (F0)
compared to white LEDs treatment. For coriander, the
opposite response was noted, where plants exposed to
both red light spectra showed significantly higher F0
than under white LEDs as well as a high proportion of
blue light. None of the spectral compositions increased
the maximum fluorescence intensity (FM) compared to
LED White. Moreover, FM values for basil exposed
to a high proportion of blue light and both red light
treatments were significantly lower than under white
LEDs. For oregano grown under dominant red light
with far-red, FM values were significantly lower than
under white LEDs.
DISCUSSION
Dominant red and/or white LED lights at 200 µmol
m–2 s–1 PPFD at plant level and 12 h photoperiod created more favourable conditions for plant growth and
development than the high proportion of blue LED
light; however slight differences were observed between plant species. Basil grown under white LED
light had greater shoot fresh weight and total leaf area
than under dominant red LED lights (irrespective of
the share of FR), while coriander plants exposed to
both dominant red LED lights had higher biomass and
plants were taller than those grown under white LED
light. For oregano, biomass production was similar
under white LED light and dominant red LED lights;
however, under both red LED lights, plants were significantly taller than under white light.
Many studies have indicated that the right proportion of red and blue light with predominant red light
increased the yield of lamb’s lettuce, lettuce, spinach
and radish compared to red light alone [Yorio et al.
2001, Wojciechowska et al. 2015, Wang et al. 2016].
Red LED light at 200 µmol m–2 s–1 for a 16 h photoperiod enhanced the yield of lamb’s lettuce much
more than solely blue light; however, the most effec-
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tive treatment for biomass production was a mixture
red and blue light, with the share of blue light not exceeding 30% [Wojciechowska et al. 2015]. The weight
of coriander Coriandrum sativum increased when
the share of blue light increased from 5% to 9% at
120 µmol m–2 s–1 and a 16 h photoperiod, and decreased
when the share of blue light exceeded 17%, and was
also the lowest under solely red light [Naznin et al.
2016]. For sweet basil Ocimum basilicum, a red to blue
ratio of 0.7 was the most suitable for growth and plant
development [Piovene et al. 2015]. For ‘Caesar’ sweet
basil grown in controlled environment conditions, red
and blue light (1 : 1) generated the same weight as red
and blue, and the addition of another colour such as
green or yellow increased plant weight compared to
red/blue (1 : 1) treatment [Carvalho et al. 2016].
The light spectrum with a high proportion of blue
band (R40 : B50 : W10) was the least effective for
plant growth and biomass production and, under these
conditions, the fresh weight of aboveground parts of
basil, coriander and oregano were respectively 23%,
28% and 18% lower compared to white LED lighting. However, plants grown under a high proportion of
blue light had higher chlorophyll and nitrogen balance
index values than under dominant red lights. Chlorophyll content is an important indicator of plant nitrogen status and can be altered in response to the light
environment. Long-term exposure of plants to blue
light enhances 5-aminolevulinic acid synthesising activity [Kamiya et al. 1984], which is a key precursor in
the chlorophyll biosynthesis pathway. The chlorophyll
contents in plants increased under blue light [Ouzounis et al. 2015] and decreased under red light [Wang et
al. 2016]; however, the opposite trends have also been
found [Yang et al. 2017]. In the study, the lower NBI
values for basil, coriander and oregano under dominant red LED light compared to a high proportion of
blue LED light indicated a nitrogen deficient state in
which the synthesis of organic compounds containing
nitrogen, such as protein or chlorophyll, was reduced,
and the synthesis of secondary flavonoid-type carbon
metabolites increased [Cartelat et al. 2005, Cerovic
et al. 2012, Tremblay et al. 2012, Padilla et al. 2015,
Dong et al. 2020].
Flavonoids, including flavonols, are biologically
strong natural antioxidants with high potential health
benefits. Light exposure leads to broad changes in the
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flavonoid biosynthesis pathway. Blue light promotes
the expression of flavonoid pathway genes and the
accumulation of flavonoids in plants. In our study,
basil and coriander grown under a high proportion of
blue LED light had significantly higher flavonol indices than under dominant red light, but this effect was
not found in oregano plants. Our study reveals that
the LED light spectrum used for lighting plants produced in a greenhouse in light-limited time can result
in flavonol biosynthesis [Bantis et al. 2016, Dou et al.
2017] and blue light is more effective than red light;
however, this effect is species-dependent [Matysiak
and Kowalski 2019]. In recent years, attempts have
been made to use the chlorophyll fluorescence technique for assessing plant photosynthetic performance
under different light qualities [Ouzounis et al. 2015,
Wang et al. 2016]. The FV/FM ratio estimates the maximum photochemical efﬁciency of PS II and is used
as a stress indicator when plants are exposed to unfavourable conditions. The Fv/FM of ~0.8 is typical
for well-functioning apparatus, however this value
depends on the plant species and environmental conditions [Hogewoning et al. 2012]. In our study, the
maximum photochemical efficiency of PS II was in
the range of 0.70−0.77 for basil ‘Sweet Genovese’,
coriander and oregano. Walters and Currey [2019]
showed that FV/FM for O. basilicum ‘Nufar’ and
O. citriodorum ‘Lime’ increased from 0.5 to 0.84 as
air temperature increased from 10.9 to 23.1°C whereas FV/FM for O. basilicum ‘Sweet Dani’ and O. tenuiflorum increased from 0.61 to 0.81, as temperature
increased from 10.9 to 16.8°C. The research allowed
to quantified nonstressed FV/FM values for basil near
0.8 when temperature were between 17−23 to 35°C
depending on the species. Comparing these results
with our achievements, it can be supposed that the
basil ‘Sweet Genovese’ is a cold-sensitive plant, and
the temperature in a greenhouse during winter time
(20°C during the day) was slightly too low resulted
in FV/FM values below 0.8. For Origanum vulgare,
seasonal and altitudinal variations PS II photochemical efficiency was in the range 0.65−0.80 [Kofidis
2003]. In contrast, Murillo-Amador et al. [2015]
showed that FV/FM was not affected by the environment treatments and this variable showed an average
of 0.75 with the shade-enclosure and 0.76 with openfield, respectively.
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In our study, the FV/FM ratio was overall higher in
plants with a higher chlorophyll index and NBI, which
indicates a permanent downregulation of PS II in
plants with low chlorophyll contents and nitrogen deficiency status [Tremblay et al. 2012, Dong et al. 2020].
The highest values FV/FM for basil and coriander were
observed under white (0.75 and 0.77) and a high proportion of blue light (both 0.77), which corresponded
with the higher chlorophyll index and NBI values. For
oregano, smaller differences were noted in FV/FM between light spectra; however, the lowest value of 0.73
was noted for plants grown under dominant red and
far-red light; plants grown with these treatments had
the lowest chlorophyll index and NBI. Muneer et al.
[2014] showed that a lower rate of photosynthesis in
red LEDs could be attributed to a low nitrogen content
in lettuce leaves, due to the low chlorophyll content.
Our results indicate that the reduction in FV/FM was
partly associated with increased minimal fluorescence
(F0), particularly noticeable in coriander grown under dominant red light. These plants had significantly
lower chlorophyll indices compared to plants grown
under white and a high proportion of blue lights.
The minimal fluorescence F0 comes from excited chlorophylls of the light harvesting antenna in PS II before
excitation reaches the reaction centres. An increase in
F0 can be attributed to the physical separation of PS
II from the associated pigment antenna, resulting in
blocked electron transfer on the reductant side of PS
II. On the other hand, a very low F0 and FM values were
recorded under a high proportion of blue light in the
three species indicate a low fluorescence signal, which
usually means lower chlorophyll content. However,
chlorophyll indexes indicate the highest chlorophyll
content in this light conditions. This can be explained
by the alteration of photosystem stoichiometry (PS I/
PS II ratio) upon changes in light quality. Zheng and
Van Labeke [2017] and Landi et al. [2020] showed
that the changes in light spectra may significantly alter
the distribution of the light energy between two photosystems, modifying contribution of PS I fluorescence.
CONCLUSIONS
Based on our study, we can conclude that a spectral
composition containing at least 70% red light and/or
white LED light is the most favourable for biomass
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production in basil, coriander and oregano grown in
a greenhouse in light-limited winter time. However,
a high share of blue light (40%) stimulates chlorophyll
biosynthesis, improves NBI and enhances the maximum photochemical efficiency of PS II. Our study
also indicated the significant potential of fluorescence-based sensors in photobiology research as well
as in the production of leafy herbs under LED lights.
Combined assessments of NBI and the maximum photochemical efficiency of PS II may provide valuable
insights into the quality of leafy herbs and form a practical basis for regulating the LED light spectrum for
high-quality leafy herb production in greenhouses.
ACNOWLEDGMENTS
The study was supported by the Polish Ministry of
Science and Higher Education as part of the statutory
activities of the Applied Biology, Research Institute of
Horticulture in Skierniewice, Poland.
REFERENCES
Agati, G., Tuccio, L., Kusznierewicz, B., Chmiel, T., Bartoszek, A., Kowalski, A., Grzegorzewska, M., Kosson
R., Kaniszewski S. (2016). Nondestructive optical sensing of flavonols and chlorophyll in white head cabbage
(Brassica oleracea L. var. capitata subvar. alba) grown
under different nitrogen regimens. J. Agric. Food Chem.,
64(1), 85–94. DOI: 10.1021/acs.jafc.5b04962
Ahlman, L., Bånkestad, D., Wik, T. (2017). Using chlorophyll a fluorescence gains to optimize LED light spectrum for short term photosynthesis. Comput. Electron.
Agric., 142, 224–234.
Bantis, F., Ouzounis, T., Radoglou, K. (2016). Artificial
LED lighting enhances growth characteristics and total phenolic content of Ocimum basilicum, but variably
affects transplant success. Sci. Hortic., 198, 277–283.
DOI: 10.1016/ j.scienta.2015.11.014
Bantis, F., Smirnakou, S., Ouzounis, T., Koukounaras, A.,
Ntagkas, N., Radoglou, K. (2018). Current status and
recent achievements in the field of horticulture with the
use of light-emitting diodes (LEDs). Sci. Hortic., 235,
437–451. DOI: 10.1016/j.scienta.2018.02.058
Cartelat, A., Cerovic, Z.G., Goulas, Y., Meyer, S., Lelarge,
C., Prioul, J.-L. Barbottin, A., Jeuffroy, M.-H., Gate, P.,
Agati, G., Moya, I. (2005). Optically assessed contents
of leaf polyphenolics and chlorophyll as indicators of nitrogen deficiency in wheat (Triticum aestivum L.). Field
Crops Res., 91, 35–49. DOI: 101016/j.fcr.204.05.002

https://czasopisma.up.lublin.pl/index.php/asphc

Matysiak, B., Kowalski, A. (2021). The growth, photosynthetic parameters and nitrogen status of basil, coriander and oregano grown
under different led light spectra. Acta Sci. Pol. Hortorum Cultus, 20(2), 13–22. DOI: 10.24326/asphc.2021.2.2

Carvalho, S.D., Schwieterman, M.L., Abrahan, C.E., Colquhoun, T.A., Folta, K.M. (2016). Light quality dependent changes in morphology, antioxidant capacity, and
volatile production in sweet basil (Ocimum basilicum).
Front. Plant Sci., 7, 1328. DOI: 10.3389/fpls.2016.01328
Cerovic, Z.G., Masdoumier, G., Ghozlen, N.B., Latouche,
G. (2012). A new optical leaf-clip meter for simultaneous non-destructive assessment of leaf chlorophyll and
epidermal ﬂavonoids. Physiol. Plant., 146(3), 251–260.
DOI: 10.1111/j.1399-3054. 2012.01639.x
Diago, M.P., Rey-Carames, C., Le Moigne, M., Fadaili,
E.M., Tardaguila, J., Cerovic, Z.G. (2016). Calibration
of non-invasive fluorescence-based sensors for the manual and on-the-go assessment of grapevine vegetative
status in the field. Aust. J. Grape Wine R., 22, 438–449.
DOI: 10.1111/ajgw.12228
Dong, R., Miao, Y., Wang, X., Chen, Z., Yuan, F., Zhang, W.,
Li, H. (2020). Estimating plant nitrogen concentration
of maize using a leaf fluorescence sensor across growth
stages. Remote Sens. ,12(7), 1139. DOI: 10.3390/
rs12071139.
Dou, H., Niu, G., Gu, M., Masabi, J.G. (2017). Effects of
light quality on growth and phytonutrient accumulation
of herbs under controlled environments. Horticulturae,
3(2), 36. DOI: 10.3390/horticulturae3020036
Hasan, M.M., Bashir, T., Ghosh, R., Lee, S.K., Bae, H.
(2017). An overview of LEDs’ effects on the production
of bioactive compounds and crop quality. Molecules,
22(9), 1420. DOI: 10.3390/molecules22091420
Hogewoning, S.W., Wientjes, E., Douwstra, P., Trouwborst,
G., Ieperen, W.V., Croce, R., Harbinson, J. (2012). Photosynthetic quantum yield dynamics: from photosystems to leaves. Plant Cell, 24(5), 1921–1935.
Johkan, M., Shoji, K., Goto, F., Hashida, S., Yoshihara, T.
(2010). Blue light-emitting diode light irradiation of
seedlings improves seedling quality and growth after
transplanting in red leaf lettuce. HortScience, 45(12),
1809–1814.
Kamiya, A., Ikegami, I., Hase, E. (1984). Effects of blue
light on the formation of 5-aminolevulinic acid and
chlorophyll in cultured tobacco cells. In: Blue light effects in biological systems, H. Senger (ed.), Springer,
Berlin−Heidelberg, 335−343. DOI: 10.1007/978-3-64269767-8-37
Kim, H.H., Goins, G.D., Wheeler, R.M., Sager, J.C. (2004).
Green light supplementation for enhanced lettuce growth
under red- and blue-light-emitting diodes. HortScience,
39, 1617–1622.
Kofidis, G., Bosabalidis, A.M., Moustakas, M. (2003).
Contemporary seasonal and altitudinal variations of
leaf structural features in oregano. Ann. Bot., 92(5),
635–645.

https://czasopisma.up.lublin.pl/index.php/asphc

Kozai, T., Niu, G., Takagaki, M. (2015). Plant factory: An
indoor vertical farming system for efficient quality food
production. Academic Press, San Diego, CA. DOI:
10.1016/B978-0-12-801775-3.00007-X
Landi, M., Zivcak, M., Sytar, O., Brestic, M., Allakhverdiev, S.I. (2020). Plasticity of photosynthetic processes
and the accumulation of secondary metabolites in plants
in response to monochromatic light environments: A
review. BBA – Bioenergetics, 1861(2), 148131. DOI:
10.1016/j.bbabio.2019.148131
Lysenko, V.S., Varduny, T.V., Simonovich, E.I., Chugueva, O.I., Chokheli, V.A., Sereda, M.M., Gorbov, S.N.,
Krasno, V.P., Tarasov, E.K. Sherstneva, I.Y., Kozlova,
M. (2014). Far-Red spectrum of second Emerson effect:
a study using dual-wavelength pulse amplitude modulation fluorometry. Am. J. Biochem. Biotechnol., 10(4),
234–240.
Li, Q., Kubota, C. (2009). Effects of supplemental light
quality on growth and phytochemicals of baby leaf lettuce. Environ. Exp. Bot., 67, 59–64. DOI: 10.1016/j.envexpbot.2009.06.011
Lin, K.-H., Huang, M.-Y., Huang, W.-D., Hsu, M.-H., Yang,
Z.-W., Yang, C.-M. (2013). The effects of red, blue, and
white light-emitting diodes on the growth, development,
and edible quality of hydroponically grown lettuce (Lactuca sativa L. var. capitata). Sci. Hortic., 150, 86–91.
DOI: 10.1016/j.scienta.2012.10.002
Matysiak, B., Kowalski, A. (2019). White, blue and red
LED lighting on growth, morphology and accumulation of flavonoid compounds in leafy greens. Zemdirbyste-Agriculture, 106(3), 281–286. DOI: 10.13080/za.2019.106.036
Miao, Y.X., Wang, X.Z., Gao, L.H., Chen, Q.Y., Qu, M.
(2016). Blue light is more essential than red light for
maintaining the activities of photosystem II and I and
photosynthetic electron transport capacity in cucumber
leaves. J. Int. Agric., 15, 87–100.
Morrow, R.C. (2008). LED lighting in horticulture. HortScience, 43(7), 1947–1950.
Muneer, S., Kim, E.J., Park, J.S., Lee, J.H. (2014). Influence
of green, red and blue light emitting diodes on multiprotein complex proteins and photosynthetic activity under
different light intensities in lettuce leaves (Lactuca sativa L.). Int. J. Mol. Sci., 15, 4657–4670.
Murillo-Amador, B., Morales-Prado, L.E., Troyo-Diéguez,
E., Córdoba-Matson, M.V., Hernández-Montiel, L.G.,
Rueda-Puente, E., Nieto-Garibay, A. (2015). Changing
environmental conditions and applying organic fertilizers in Origanum vulgare L. Front. Plant Sci., 6(549).
DOI: 10.3389/fpls.2015.00549
Naznin, M., Lefsrud, M., Gravel, V., Hao, X. (2016). Different ratios of red and blue LED light effects on coriander

21

Matysiak, B., Kowalski, A. (2021). The growth, photosynthetic parameters and nitrogen status of basil, coriander and oregano grown
under different led light spectra. Acta Sci. Pol. Hortorum Cultus, 20(2), 13–22. DOI: 10.24326/asphc.2021.2.2

productivity and antioxidant properties. Proceedings of
the VIII International Symposium on Light in Horticulture, East Lansing, USA, pp. 223–230.
Olle, M., Viršile, A. 2013. The effects of light-emitting diodes on greenhouse plant growth and quality. Agr. Food
Sci., 22(2), 223–234.
Ouzounis, T., Razi Parjikolaei, B., Fretté, X., Rosenqvist,
E., Ottosen, C.O. (2015). Predawn and high intensity application of supplemental blue light decreases the quantum yield of PSII and enhances the amount of phenolic
acids, flavonoids, and pigments in Lactuca sativa. Front.
Plant Sci., 6, 1–14. DOI: 10.3389/fpls.2015.00019
Padilla, F.M., Peña-Fleitas, M.T., Gallardo, M., Thompson, R.B. (2015). Proximal optical sensing of cucumber
N status using chlorophyll fluorescence indices. Eur.
J. Agron., 73, 83–97.
Piovene, C., Orsini, F., Bosi, S., Sanoubar, R., Bregola, V.,
Dinelli, G., Gianquinto, G. (2015). Optimal red:blue
ratio in LED lighting for nutraceutical indoor horticulture. Sci. Hortic., 193, 202–208. DOI: 10.1016/j.scientia.2015.07.015
Stutte, G.W. (2015). Commercial transition to LEDs:
a pathway to high-value products. HortScience, 50,
1297–1300.
Tremblay, N., Wang, Z., Cerovic, Z. (2012). Sensing crop
nitrogen status with fuorescence indicators. A review.
Agron. Sustain. Dev., 32, 451–464.
Wang, X.Y., Xu, X.M., Cui, J. (2015). The importance of
blue light for leaf area expansion, development of pho-

22

tosynthetic apparatus, and chloroplast ultrastructure of
Cucumis sativus grown under weak light. Photosynthetica, 53, 213–222.
Wang, J., Lu, W., Tong, Y., Yang, Q. (2016). Leaf morphology, photosynthetic performance, chlorophyll fluorescence, stomatal development of lettuce (Lactuca sativa
L.) exposed to different ratios of red light to blue light.
Front. Plant Sci., 7, 250. DOI: 10.3389/fpls.2016.00250
Wojciechowska, R., Długosz-Grochowska, O., Kołton, A.,
Żupnik, M. (2015). Effects of LED supplemental lighting on yield and some quality parameters of lamb’s
lettuce grown in two winter cycles. Sci. Hortic., 187,
80–86.
Walters, K.J., Currey, C.J. (2019). Growth and development
of basil species in response to temperature. HortScience,
54(11), 1915–1920. DOI: 10.21273/HORTSCI12976-18
Yang, L.Y., Wang, L.T., Ma, J.H., Ma, E.D., Li, J.Y., Gong,
M. (2017). Effects of light quality on growth and development, photosynthetic characteristics and content of
carbohydrates in tobacco (Nicotiana tabacum L.) plants.
Photosynthetica, 55(3), 467–477.
Yorio, N.C., Goins, G.D., Kagie, H.R., Wheeler, R.M., Sager, J.C. (2001). Improving spinach, radish, and lettuce
growth under red light-emitting diodes (LEDs) with blue
light supplementation. HortScience, 36(2), 380–383.
Zheng, L., Van Labeke, M.K. (2017). Long-term effects of
red- and blue-light emitting diodes on leaf anatomy and
photosynthetic efficiency of three ornamental pot plants.
Front. Plant Sci., 8, 917. DOI: 10.3389/fpls.2017.00917

https://czasopisma.up.lublin.pl/index.php/asphc

