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Abstract. The aim of the experiment was to compare the effect of LED and fluorescent
lamps as sources of light on growth and development of sweet basil (Ocimum basilicum
L.) and lemon balm (Melissa officinalis L.). The experiment was conducted in growth
chambers under controlled conditions. Plant response to the applied light sources was
found to be varied. Basil plants produced greater fresh herbage mass as well as shoot
height under FI lamps. The employed sources of light did not have a significant effect on
leaf area or photosynthesis rate in these plants. Light sources did not influence the growth
rate of lemon balm plants, but these plants were characterised by a greater net photosyn-
thesis value when grown under FL tubes as compared to LEDs. It can be concluded that
the response of plants to the applied light is individual and depends on the species.
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INTRODUCTION

Light is a primary factor influencing growth and development of plants. To a con-
siderable degree, it determines the appearance of plants, their growth rate as well as the
duration of reaching individual development stages. Light quality influences the growth
and morphogenesis of many plants grown in a closed system at artificial sources of
light. Presently, many types of garden crops are cultivated under fluorescent lamps,
HPS and LEDs, which are becoming especially popular for vegetable crops [Liu et al.
2011]. LEDs are used as supplemental light for plant growth under conventional sources
of light, particularly for the control of plant height, sensitive flowering and blooming
period in the feature [Heo et al. 2002, Sttute 2009]. The new generation of LED lamps
emitting white light makes it possible to completely replace fluorescent lamps as a pri-
mary light source. Light-emitting diodes are an alternative to fluorescent lamps due to
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their low forward current, small size, wavelength specificity, solid-state structures, low
degradation and long life [Jao and Fang 2003]. LEDs may thus be suitable for plant
cultivation in a controlled environment such as a closed system and have, therefore,
received considerable attention in recent years. LEDs also have been considered as
a novel light source for growth and development of many horticultural plants [Morrow
2008].

In a closed system, plant environment can be controlled precisely as desired. Annual
production capacity of transplants per floor area is about 10 times higher in the closed
system than in the greenhouse. It can also be applied for the production of
herbal/medicinal and ornamental plants and leafy vegetables, if their height is lower
than approx. 30 cm [Kozai et al. 2006].

The aim of this study was to compare growth parameters and intensity of photosyn-
thesis in sweet basil and lemon balm plants grown under white light emitted from fluo-
rescent lamps and light emitting diodes (LEDs).

MATERIALS AND METHODS

The study was carried out in 2011 in growing room of the Marcelin Experimental
Station, Poznan University of Life Sciences, Poland. The seeds of sweet basill (Ocimum
basilicum L.) cultivar ‘Wala’ and lemon balm (Melissa officinalis L.) were germinated
on white peat bedding substrate (Klassmann-Deilman, Germany) in pots. A 16-h photo-
period and the day/night temperature of 23/18°C were maintained. The relative air hu-
midity was 65-70%. After germination, plants were still cultivated for 28 (basil) and
35 (balm) days. The following two light sources were used: TL’D 36W/840 fluorescent
lamps (FL) Philips (Poland) and high-power solid-state lighting module (LED) (type
SMD, Seoul Semiconductor, South Korea), both with white light and the wavelength
range of 320-780 nm. The plants were cultivated in the growing room, in which there
were two, separated tables with FL lamps and LEDs. Thus the plants had exactly the
same growth conditions. Tables had a size of 1.20 m”. Above each table hung eight
lamps, with a length of 1.20 m. The spectra of the light sources are presented in Fig. 1
and Tab. 1. Photosynthetic photon flux density (PPFD, 400-700 nm) at the plant level
was about 160 (FL) and 179 (LED) pumol m” s (£14). PPFD was measured using
a quantum sensor (PAR-10, Sanopan, Poland). Spectral distribution of light treatments
was measured with a spectroradiometer BLACK-Comet CXR, 280-900 nm (UV-VIS
by StellarNet Inc.). Measurements were made 15 cm under the lamps, more or less at
the height of the tops of the plants.

The number of plants grown in a single pot was identical and amounted to 40
+5 plants. They were grown in pots of 280 cm® and 49 cm? cultivation area. Plants were
only watered without nutrients on capillary mats every other day. Plant growth parame-
ters were measured from the 7 (basil) and 14™ (sweet lemon balm) day after emer-
gence and then every 7 days throughout the vegetation period; second measurement on
the 14™ (21* sweet lemon balm) and later respectively third on the 21% (28") and fourth
on the 28" (35™) day of cultivation. Harvesting involved hand-cutting of plants close to
the surface of the peat substrate. After harvest, the mass of the fresh matter of shoots
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from a given pot was determined. In addition, measurements of plant height, hypocotyl
length (only basil, lemon balm hypocotyl is only a few millimeters in length) and leaf
area were taken (10 plants from every pot). A scanner (Mustek 1200 UB) and the Skwer
program (IksmodaR, Poland) were used to calculate the surface of leaves.
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Fig. 1. Spectral distribution of a A — light-emitting diodes (LEDs) and B — fluorescent lamps (FL)
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Table 1. Characteristics of light sources
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Wavelength, nm

Light-emitting diodes

Fluorescent lamps (FL)

Light color Waz/iglgth PFD,Z ! o PFD,Z ! %
(umol'm™-s™) (umol'm™-s™)
uv 320-380 0.5 0.3 24 1.4
Violet 380-450 15.4 15.5 21.7 12.9
Blue 450495 30.3 16.3 12.5 7.5
Green 495-570 53.5 28.7 64.9 38.7
Yellow 570-590 18.7 10.1 4.0 2.4
Orange 590-620 21.8 11.8 19.1 11.4
Red 620-700 26.4 14.2 39.8 23.6
Far Red 700-780 5.6 3.1 3.6 2.1
Sum 320-780 172.2 — 168.0
R:FR 4.6 11.1

Relative chlorophyll content was measured using the SPAD apparatus, Minolta
Company, while net photosynthesis (Pn) and stomatal conductance (g;) with the assis-
tance of the photosynthesis instrument (LCpro+, ADC BioScientific). Gas exchange and
stomatal conductance were measured using a custom-made leaf chamber — 6.25 cm”.
After steady-state rates of A had been recorded (approx. 1 h), leaves were removed from
the chamber and leaf area was measured. The photosynthetic rate was calculated on the
basis of the following formula: A = u;Ac, where: u, — mass flow of air per m? of leaf
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area (umol CO, m? s™), Ac — difference in CO, concentration through chamber dilution
corrected (umol mol™). A flow rate of about 200 ml min 1 was used. Stomatal conduc-
tance to water vapour was calculated using a formula: g;= 1/r,, where r; = stomatal re-
sistance to water vapour (m”s™ mol™). Chlorophyll fluorescence measurements were
taken using a modulated fluorometer (Fluorometr OS1-FL, Optiscience). The dark
adapted parameters used to determine Maximum quantum yield of PS II (photosystem II):
Fv/Fm = (Fm — Fo)/Fm (Fo — is the dark adapted initial minimum fluorescence, Fm — is
maximal fluorescence measured during the first saturation pulse after dark adaption
[Maxwell and Johnson 2000]. Chlorophyll fluorescence was measured one hour after
the termination of the lighting period. Pn and g, was measured before noon in condi-
tions in which plants were grown. The second fully developed leaf was used to measure
chlorophyll content, chlorophyll fluorescence and photosynthesis. All measurements
were taken in the last week of cultivation. Five plants from each combination were
taken for measurements.

The experiments were performed in eight repetitions, where three pots were treated
as one repetition. The investigations were conducted in two series (replications, after
each other). The significance of the impact of the light source on plant height, hypocotyl
length, yields and leaf area as well as physiological indices were determined employing
the ANOVA. Differences between means were estimated using the Newman-Keuls test
at the level of significance o = 0.05. All statistical analyses were carried out applying
the Stat program.

Dry mass and leaf area data were used to determine the physiological indices of
growth as described by Hunt [1982]: relative growth rate (RGR), leaf area index (LAI),
net assimilation rate (NAR) and leaf area ratio (LAR).

The index of the relative growth rate (RGR) was calculated on the basis of the fol-
lowing formula: RGR = (InW, — InW))(t, — t;), where: W, and W, are plant dry mass
(g), at times t, and t; respectively.

The leaf area index (LAI) refers to the area of the leaf surface in relation to the pot
area. It was calculated on the basis of the following formula: LAI = A/P, where:
A — plant assimilation area (dm?), P — pot area (dm?).

The net assimilation rate (NAR) is the increment of biomass per unit of time and per
unit of any measure of magnitude of the assimilation organs: NAR = dW/(A-dt), where:
A — area of assimilation organs (dm?), dW — dry mass increment (g), dt — time of culti-
vation (days).

Specific leaf area (SLA) is defined as the ratio of leaf area to the dry mass of leaves.
SLA = La/Lw, where: L, — leaf area (dmz), Lw — dry mass of leaves (g).

RESULTS

Results show that light from fluorescent lamps was probably more advantageous
than light derived from LEDs for basil plants. These plants growing under F1 lamps
were characterised by a greater herbage mass and greater shoot height (tab. 2). In the
case of lemon balm, differences in plant growth depending on light sources were not so
conspicuous. Plant height and leaf surface of lemon balm plants were slightly greater in
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plants grown under LEDs, but differences were not significant. Also herbage mass in
the first three weeks of growing was significantly higher in plants under LEDs.

Table 2. Morphological characteristic of sweet basil and lemon balm plants grown under fluo-
rescent lamps (FL) and LEDs

Fresh mass Hypocotyl Height Leaf area
Plant Gﬁ’:y"h (® (cm) (cm) (dm?)

FL LED FL LED FL LED FL LED

7" 3.7 a* 2.7b 27a 2.1b - — 0.68a 0.64a

Sweet basil 14™ 82a 730 42a 4.1a S5.1a 49a 33a 2.8b
21" 203a 1550 45a 49a 9.7a 8.7b 73a 6.5a

28™ 29.8a  23.6b 49b 58a 164a 1490 84a 82a

14" 0.78b  1.02a — - 13a 1.5a 0.65a 0.71a

Lemon balm 21 25b 33a - - 39a 38a 1.7a 1.7a
28™ 4.8b 7.1a - - 46a 47a 39a 40a

35" 83a 8.6a - - 7.6a 8.0a 6.0a 63a

*Different letters within the lines and dates indicate significant differences at P < 0.05

Table 3. Growth indices of sweet basil and lemon balm plants grown under fluorescent lamps
(FL) and LEDs

LAI SLA RGR NAR
Plant Gr;awth (dm” dm?) (dm’g") (gg'd" (gdm” d")
Y FL LED FL LED FL LED FL LED
7 1.4 a* 13a 255a 2.80a - - - -

14" 68a  57b  379a 392a 0.10a 0.10a 0.055a 0.035b
21 154a 134a 6.14b 730a 007a 0.08a 0.017b 0.020a
28" 172a 168a 546b 642a 0.09a 005b 0.010a 0.0l4a
14" 13a l4a 071b 08la - - - -

21 35a  35a 052b 075a 0.1la 008b 02la 0.12b
28t 8.0a 8.1a 0.55a 0.56a 0.04 b 0.09 a 0.15a 0.17 a
35t 122a 129a 07la 074a 005a 003a 007a 0.04b

Sweet basil

Lemon balm

*Different letters within the lines and dates indicate significant differences at P < 0.05.

Both light sources had no effect on the area index (LAI) in the examined species
(tab. 3). In the early growth of lemon balm (after 14 and 21 days), the specific leaf area
(SLA) was greater in the plants under LEDs. In the course of the following days of
cultivation, no differences were found in values of SLA between plants grown under
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fluorescent lamps vs. those grown under LED modules. Basil plants grown under LEDs
were characterised by a higher value of SLA in the 21* and 28™ day of cultivation.
There were no differences in values of relative growth rate (RGR) between basil plants
grown under FL lamps and LEDs for the following two measurements. Only in the 28"
day of cultivation, the plants under F1 lamps were characterised by a higher value of
RGR. In the 28" day of cultivation of lemon balm plants (second measurement), higher
values of RGR were obtained for LEDs, but after 28 days — these values were higher for
FL lamps. In the 35™ day, there were no differences between the applied light sources.
The value of net assimilation rate (NAR) was initially (14 days) higher for basil under
FL lamps but after 21* days, it changed in favour of plants under LEDs. After that time,
there were no differences. Lemon balm was characterized by a higher value of NAR
under FL lamps after 21 and in the 35™ day. After 28" days, there were no differences.
With respect to physiological indices — no clear impact of the light source could be seen
on values of RGR and NAR.

Table 4. Effect of fluorescent lamps (FL) and LEDs on net photosynthetic rate, stomatal conduc-
tance and the PSII quantum field in 28" (basil) and 35" (balm) day of cultivation

Plant Light Net photosynthetic rate ~ Stomatal conductance Maximum quantum yield
source (umol CO, m?s™) (mol'm?-s™) of PSII (Fv/Fm)
) FL 6.0a 034a 0.80a
Sweet basil

LED 6.0a 0.26 b 0.81a
FL 73a 0.52a 0.80 a

Lemon balm
LED 6.3b 0.51a 0.80 a

Different letters within the columns indicate significant differences at P < 0.05.

Table 5. Relative chlorophyll content (SPAD) in leaves in last week of cultivation

Type of lamp
Plant
FL LED
Sweet basil 374a 299b
Lemon balm 257 a 26.5a

Different letters within the columns indicate significant differences at P < 0.05.

The net photosynthesis value did not vary depending on the light source for basil
plants (tab. 4). In lemon balm leaves, the net photosynthesis rate was higher by about
38% under FL light than under LEDs. There were no differences in fluorescence
(Fv/Fm) between light sources for both species and only basil plants were characterized
by a higher value of chlorophyll content and stomatal conductance under Fl lamps
(tab. 5).
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DISCUSSION

The reason for the recorded high differences most probably lies in variations be-
tween the spectra of the light sources used. LEDs emitting white light were character-
ised by a greater proportion of blue and green light and a lower proportion of UV in the
spectrum and a lower R:FR ratio in comparison with fluorescent lamps.

A greater proportion of blue light in the spectrum of LED modules could have con-
tributed to the inhibition of shoot elongation under LEDs. Some authors reported that
blue light determines shorter internodes of plants [Kim et al. 2004a, Johkan et al. 2010].
However, in a study by Glowacka [2008], the highest basil plants were obtained in the
treatment where only blue light was applied in comparison with white or mixed (white
+ blue) light. A greater height of basil plants in present study was recorded for plants
grown under FL tubes in the last two weeks of cultivation. Stem elongation, among
other things, depends on the red to far red ratio (R:FR) [Alokam et al. 2002]. In re-
sponse to low R:FR ratio signals, many plants display a rapid and pronounced increase
in the elongation growth rate of stems and petioles, often at the expense of leaf and
storage organ development [Franklin and Whitelam 2005]. FL lamps were characterised
by a higher proportion of red to far red light which could inhibited growth of hypocotyl.

A weaker effect on height in lemon balm plants was observed for the source of light.
Similarly to the results obtained in the present study, in earlier experiments, Glowacka
[2008] found that the height of lemon balm plants depended on the light colour only in
the last growth stage. According to Glowacka [2008], the highest plants were produced
under blue light; in this study it was under LEDs.

Greater fresh mass productivity of basil plants growing under FL lamps can, to
a considerable extent, be attributed to a significantly higher proportion in these lamps of
red light (23.6%) in comparison with LEDs (14.2%). Moreover, Folta and Childers
[2008] claim that blue (B) to red (R) light proportions are also important. The above-
mentioned researchers maintain that the ratio of 1B:3R guarantees appropriate growth
and development of strawberry plants. According to those authors, such results indi-
cated the petiole elongation suppression by blue light culminating in a greater mass and
length per petiole in conditions in which blue light was lost with increasing red. How-
ever the amount of blue light required or optimal for different species is an ongoing
question [Massa et al. 2008]

Greater fresh herbage mass of basil plants grown under fluorescent lamps may also
be explained by the stimulatory effect of UV radiation which constituted as much as
1.4% of spectral composition. Although in various studies on UV-A radiation, the in-
hibitory effect on plant growth was determined in different species [Yao et al. 2006,
Brazaityté et al. 2009]. Results similar to those recorded in this study were reported by
Brazaityté et al. [2010]. A positive effect of supplemental UV radiation on the growth
rate of plants was found in the later growing stages of tomato transplants.

Lemon balm is a species of slow growth in the initial period of growing. This low
growth rate could have also contributed to the lack of marked differences in plant
growth depending on the applied light source. In a study by Glowacka [2008], the great-
est fresh herbage mass was produced when plants were grown under blue light only,
while it was lowest in the case of white light. In this study, during the first 28 days of
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cultivation, much greater fresh mass were obtained under LEDs in comparison with
fluorescent lamps.

Despite large differences in herbage mass, particularly in the case of basil, no sig-
nificant differences were observed in leaf area for both species depending on the light
source applied. In addition, moderate differences in plant height also show that basil
plants grown under FL lamps were more compact and had thicker leaves of greater
mass.

No evident dependencies were found between values of growth indices on the ap-
plied light sources. A greater effect on values of these indices was observed for their
sinusoidal character than for light. Such a parameter as SLA, which depends on the
growth environment, can describe morphological adaptation to this environment, while
net assimilation rate (NAR) — physiological adaptation [de Groot et al. 2001]. In the
initial growth period, a higher NAR value in the case of basil was recorded under FL
lamps. In contrast, a higher SLA value was found for plants grown under FL lamps for
the last two weeks of growth. It may be maintained that basil plants are physiologically
better adapted to grow under FL, but morphological adaptation was not established. On
the other hand, lemon balm was characterised by an opposite reaction. In a study by
Brazaityté et al. [2010], SLA for tomato seedlings was highest when plants were grow-
ing under sodium lamps in comparison with plants grown under LEDs emitting red and
blue light. However, NAR was highest for LEDs emitting red-blue light (RB) with the
addition of orange and yellow colour.

A higher value of net photosynthesis in lemon balm was observed for F1 lamps, and
it was not correlated with the fresh mass produced by plants or relative chlorophyll
content in leaves. Probably, a higher value of net photosynthetic rate was connected
with a more advantageous share of red light (R) in fluorescent lamps in comparison
with LED modules. It is generally acknowledged that red and blue light (RB) enhances
plant growth and development by increasing net photosynthetic rate because the spectral
energy distribution of RB is consistent with that of chlorophyll absorption [Kim et al.
2004b, Li et al. 2012]. In a study by Ying et al. [2011], photosynthesis under different
light colors was increased, with the RB treatment showing maximal enhancement. The
above researchers also suggested that blue light was one of the essential factors for
chloroplast development. For basil plants, there were no differences in net photosynthe-
sis. It is known that blue light (B) affects the content of chlorophyll [Mao et al. 2007].
Moreover, Matsuda et al. [2008] observed that supplementation of blue light with red
light significantly increased Pn and promoted the growth, blue light also increased
stomatal conductance. However, basil plants under FL lamps (7.5% B) were character-
ized by higher value of stomatal conductance and relative chlorophyll content than
plants under LEDs (16.3% B). According to Kim et al. [2004a], green light reversal of
blue-light-stimulated stomatal openings occurs in a number of species; this phenomenon
is particularly apparent with a higher fraction of green and a lower fraction of red light.
Also according to Folta and Maruhnich [2007], green light antagonizes some blue re-
sponses such as stomatal opening. Recently, many researchers have concluded that apart
from the participation of individual colours in the light spectrum, their mutual propor-
tions and interactions are also important [Folta and Maruhnich 2007, Ying et al. 2011].
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The lack of differences between plants grown under FL lamps and LEDs in the PSII
quantum yield indicates that there were irregularities in the light-depended photosyn-
thetic reactions in plants grown under both light sources. The value of PSII below 0.8
shows that plants were under a certain degree of stress. Greater Fv/Fm values result in
a greater light utilization efficiency and stronger ability of plants to adapt to low-light
conditions. Under normal physiological conditions, the Fv/Fm values of a vast majority
of C3 plants are within the 0.80—0.84 range [Wu et al. 2012].

CONCLUSIONS

The response of growth parameters to white light quality in basil and lemon plants
differed significantly. The obtained results show that the source of light and its spectral
distribution should be adjusted individually for every crop species. The light of fluores-
cent lamps, with its elevated proportions of red light in relation to blue light, exerted
a considerably more advantageous impact on the growth of strongly growing basil
plants. Our experiments demonstrated that greater share of blue than red light in the
spectrum was not advantageous for the growth of basil plants. In the case of slow grow-
ing lemon balm plants, light quality did not affect plant growth but it exerted a signifi-
cant influence on net photosynthesis. Recapitulating, it can be concluded that analysing
the effect of different sources of light on plant growth, it is necessary to take into ac-
count the influence of individual colours as well as their mutual cooperation (positive or
negative) and its impact on plants. Future investigations should go in this direction.
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DYNAMIKA WZROSTU ROSLIN BAZYLII POSPOLITEJ I MELISY
LEKARSKIEJ UPRAWIANEJ POD LAMPAMI FLUORESCENCYJNYMI
I DIODAMI

Streszczenie. Celem doswiadczenia byto porownanie wptywu dwoch Zrodet §wiatta bia-
fego: lamp fluorescencyjnych i modutéw diodowych na wzrost i rozwoj roslin bazylii po-
spolitej (Ocimum basilicum L.) i melisy lekarskiej (Melissa officinalis L.). Do$wiadczenie
przeprowadzono w kamerach wegetacyjnych, w kontrolowanych warunkach. Stwierdzono
zréznicowana reakcje roslin na zastosowane zrodta §wiatla. Bazylia charakteryzowata sie
wigksza §wieza masg ziela oraz wysokos$cia pedow pod lampami fluorescencyjnymi. Za-
stosowane zrodla $wiatta nie mialy natomiast istotnego wplywu na powierzchnig lisci i fo-
tosynteze netto tych roélin. Zrodta $wiatta nie mialy wptywu na dynamike wzrostu roélin
melisy, ale rosliny charakteryzowaty si¢ wigksza wartoscia fotosyntezy netto, gdy upra-
wiane byly pod lampami fluorescencyjnymi.. Podsumowujac, mozna stwierdzi¢, ze reak-
cja roslin na zastosowane §wiatlo jest indywidualna i zalezy od gatunku.

Stowa kluczowe: Ocimum basilicum, Melissa officinalis, LED, FL, zrodto $wiatto

Accepted for print: 3.06.2013
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