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The objective of our studies was to evaluate growth, development and yielding of tomato
in greenhouse, which transplants were grown under various combinations of light-emitting
diodes illumination. Tomato transplants were grown in phytotron chambers. System of five
high-power solid-state lighting modules with the main 447, 638, 669 and 731 nm LEDs were
used in the experiments. Supplemental LEDs of different wavelength were used in particular
modules: L1 —without additional LEDs, L2 —380 nm, L3 — 520 nm, L4 — 595 nm, L5 — 622 nm.
The similar photon flux density (PFD) in all modules was maintained by regulating PFD of 638
nm LEDs. Tomato seedlings were transplanted to peat substratum and grown in greenhouses.
It was established that significant effect of illumination using different LEDs combination
on growth and development of tomato hybrid ‘Raissa’ F, transplants remained about one
month after moving tomato to greenhouses. After-effect on photosynthesis pigments system
of tomatoes in greenhouses lasted two weeks. Neither of light-emitting diodes combination
had significant effect on early tomato yield. Yellow light, supplemental for the main LEDs
combination, used for transplant illumination, decreased total tomato yield.

Key words: growth, high-power light-emitting diodes, illumination spectrum, photo-
synthetic pigments, tomato, yield.

Introduction. The tomato is a commercially important crop throughout the
world. At northern latitudes tomato are grown in greenhouses: planted in mid-winter
and harvested until late autumn. Transplants are produced under unfavourable con-
ditions of low natural light and short daylengths, and supplementary illumination
can promote plant growth and earlier yield later (Boivin et al., 1987; McCall, 1992;
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MccCall, 1996). Most commonly high-pressure sodium lamps (HPS) are used for such
lighting. [llumination with HPS lamps is neither spectrally optimal, nor energetically
effective (Spaargaren, 2001; Heuvelink et al., 2006). In 1990 light-emitting diodes
(LEDs) were tested for plant growth (Bula et al., 1991) and now more and more often
are used for plant lighting (Morrow, 2008). LEDs have a variety of advantages over
traditional forms of horticultural lighting. Their small size, durability, long lifetime,
cool emitting temperature, and the option to select specific wavelengths for targeted
plant response make LEDs more suitable for plant-based uses than many other light
sources (Massa et al., 2008). LED illumination has been studied for such horticultural
plants as lettuce (Bula et al., 1991; Yorio et al., 2001, Brazaityté et al., 2006; Kim et al.,
2004), radish (Yorio et al., 2001; Tamulaitis et al., 2005), spinach (Yorio et al., 2001),
pepper (Schuerger et al., 1997), tomato (Kaneko-Ohashi et al., 2004; Menard et al.,
20006), strawberry (Yanagi et al., 2006). However, light-emitting diodes systems are
most often based on such light components as blue, red and far-red LEDs (Schuerger
etal., 1997; Lian et al., 2002; Jao and Fang, 2004; Matsuda et al., 2004) or hybrid illu-
mination such fluorescent supplemented by red or blue LEDs (Schuerger et al., 1997;
Yorio et al., 2001; Topchiy et al., 2005; Menard et al., 2006). Few years ago Kim et al.
(2004; 2006) tested red, blue and green LEDs system for lettuce growth. Data about
the use of other LED colours for plant cultivation was not found. Though in literature
there are some data about tomato growth and harvest using LEDs as supplement for
HPS lamps during the whole growth period (Menard et al., 2006), but there are no
data about tomato transplant growth using sole illumination of light- emitting diodes
and after-effects on yield.

The objective of this study was to evaluate growth, development and yielding of
tomato in greenhouse, which seedlings were grown under various combinations of
light-emitting diodes.

Objects, methods and conditions. Vegetative trials were performed in chambers
and greenhouse of phytotron complex of LIH. Tomato hybrid ‘Raissa’ F| was sown
in peat substrate (pH 6.0-6.5) enriched with fertilizers PG MIX (NPK 14-16-18;
1.3 kg/m?). All plants were watered when necessary. Photoperiod till tomato germinati-
on was 14 h and temperature was maintained at 23 °C. After germination photoperiod
was 18 h and day/night temperature was maintained at 22/18 °C.

Tomato seedlings were transplanted to the greenhouse and planted in tumblers
(54 x 37 x 33 cm) with peat substratum (two plants per tumbler). Plants were watered
when necessary and fertilized three times per week with 0.2 % complex fertilizes
“Kemira Combi” (NPK 14:11:25 plus magnesium (1.4 %) and microelements).
Tomatoes in greenhouse were grown for 4.5 months and yield was harvested from
Six trusses.

Tomato seedlings were grown for 30 days under illumination, which PFDs and
spectral distributions were maintained as specified in Table 1. System of five high-
power solid-state lighting modules with the main 447 (LuxeonTM type LXHL-LRS5C,
Lumileds Lighting, USA), 638 (LuxeonTM type LXHL-MDI1D, Lumileds Lighting,
USA), 660 (for L1) (L660-66-60, Epitex, Japan), 669 (L670-66-60, Epitex, Japan)
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and 731 (L735-05-AU, Epitex, Japan) nm LEDs were used in the experiments.
Supplemental LEDs of different wavelengths were used in particular modules: L1 —
without additional LEDs, L2 — 380 nm (NCCUOO1E, Nichia, Japan), L.3 — 520 nm
(LuxeonTM type LXHL-MMI1D, Lumileds Lighting, USA), L4 — 595 nm (LuxeonTM
type LXHL-MLAC, Lumileds Lighting, USA), L5 — 622 nm (LuxeonTM type
LXHL-MHAC, Lumileds Lighting, USA). The similar photon flux density (PFD) in
all modules was maintained by regulating PFD of 638 nm LEDs. For comparison,
a parallel growth of the same plant (reference) was performed under illumination of
high-pressure sodium lamps SON-T-Agro (PHILIPS).

Table 1. Photon flux densities (PFD) in umol m? s in five high-power solid-
state lighting modules

1 lentelé. Fotony srauto tankis skirtinguose moduliuose automatizuotoje penkiy moduliy
ap$vietimo sistemoje (umol m? s)

Photon flux densities 10 cm from light source (umol m? s')
Treatment Fotony srauto tankis 10 cm atstumu nuo §viesos $altinio (umol m= s)

Sviestuvas| 380 | 447 | 520 | 595 | 622 | 638 | 660 | 669 | 731 total
(nm) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm) | (nm) |bendras

L1 - 30 - - - 117 24 - 7 178
L2 9 31 - - - 130 - 23 7 200
L3 - 30 12 - - 122 - 23 7 194
L4 - 31 - 15 - 130 - 23 7 206
L5 - 31 - - 29 130 - 23 7 220

Height, number of leaves and organogenesis stages (according to methodology
of Kuperman (Kynepman et al., 1982)) of tomato plants were determined during
eight weeks, one time per week. Photosynthetic pigments content per one gram of
green foliage weight was measured in 100 % acetone extract according to Wettstein
method (Wettstein, 1957) using Genesys 6 spectrophotometer (ThermoSpectronic,
USA). Measurements were performed in three replicates after transplantation and after
two, four and eight weeks in greenhouse. The first leaf above first inflorescence was
taken for measurement of photosynthetic pigments. Ripe fruits were harvested three
times per week. The results were analysed using the analysis of variance (ANOVA).
Standard deviations were determined by MS Excel and were denoted as error bars in
all column-based figures.

Results. SON-T Agro lamps delayed the development of tomato transplants.
Transplants were the shortest, formed the least number of leaves (Table 2). Some plants
were only in organogenesis stages V, i. e. plants still were at flower formation stage
(ITomymopasuHOBa, 1976) (Table 3). Comparing to tomato transplants, grown under
different high-power solid-state lighting treatments, it was determined that the main
LEDs combination with supplemental orange (662 nm) light decreased the number
of leaves formed and the height of plants. Tomato transplants, grown under the main
LEDs combined with supplemental 520 nm light (L3) were slightly higher and have
formed one leaf more than above-mentioned plants (Table 2).
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Table 2. Changes of some biometric indices in tomato after transplantation to

the greenhouse
2 lentelé. Pomidory biometriniy rodikliy pokyciai persodinus i Siltnami ir toliau jame

auginant
Weeks Treatments
after Apsvietimo derinys
trizfﬁ)lin_ Indices
Savaites po|  odikliai SonT-| - p s L2 L3 L4 L5
persodini- Agro
mo
During  Height 23.5+£1.143.4+£09458+3.038.6+1.746.6+0.733.0+2.0
transplan- Aukstis (cm)
tation Number of leaves 4.6+£0.4 7.6+£02 7.6+£02 74+02 7.6+0.2 64+0.2
Persodini- Lapy skaicius
mo metu
1 Height 30.1£2.4412+22422+1.2374+2.039.8+1.832.8+2.5
Aukstis (cm)
Number of leaves 7.0£0 7.5+£0.2 8.0+£02 72+04 7.5+0.2 6.8+0.5
Lapy skaicius
2 Height 41.0+£1.856.8+2.556.0+1.849.7+2.352.5+2.5453+3.0
Aukstis (cm)
Number of leaves 8.7+0.2 10.2+0.210.3+0.2 92+04 9.5+0.2 8.8+0.5
Lapy skaiCius
3 Height 61.7+1.7793+£2.0773+£2.168.7+2.173.5+2.764.8+3.5
Aukstis (cm)
Number of leaves 11.8 £0.213.5+0.213.2+0.212.8+0412.5+0.211.8+0.5
Lapy skaicius
4 Height 79.7+1.3942+3.8942+24892+19945+44857+3.9
Aukstis (cm)
Number of leaves 14.2+0.415.7+0.415.7+0.414.7+0.2155+0.214.8+0.5
Lapy skaiCius
5 Height 1033+ 1148+ 117.6+ 1132+ 1206+ 1104+
Aukstis (cm) 2.1 4.4 3.4 2.2 6.1 3.8
Number of leaves 16.5+0.517.5+0217.7£0.216.7+0.417.8£0.316.7+0.5
Lapuy skaicius
6 Height 1194+ 1303+ 1321+ 1303+ 1383+ 1264+
Aukstis (cm) 2.0 5.9 3.4 2.6 6.5 33
Number of leaves 18.8 +0.420.2+0.520.5+0.219.7+0.220.5+0.419.0+0.4
Lapy skaiCius
7 Height 140.1+ 151.1+ 154+£43 1538+ 1588+ 1472+
Aukstis (cm) 1.9 59 2.9 6.6 35
Number of leaves 21.2+ 232+ 23.0+ 233+ 240+ 222+
Lapy skaicius 0.5 0.5 0.3 0.4 0.4 0.4
8 Height 1504+ 1635+ 1668+ 169.6+ 1728+ 163.6+
Aukstis (cm) 2.8 6.2 4.5 2.6 6.8 2.8
Number of leaves 24.0+ 252+ 248+ 250+ 255+ 248+
Lapy skaicius 0.2 0.3 0.4 0.4 0.5 0.6
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However, supplemental green light slightly inhibited transplant development. Most
of plants were in organogenesis stages VII-VIII (gametogenesis and bud formation
occurred), but there still were some plants in organogenesis stage VI, i. e. micro- and
macrosporogenesis occurred (ITorymopasuroBa, 1976). Such transplants had the
smallest apex in comparison to transplants grown under other LEDs combinations
(Table 3).

Table 3. Development of tomato apex after transplantation to the greenhouse
(according F. Kuperman)
3 lentelé. Pomidory kiigelio vystymasis (pagal F. Kuperman) persodinus i Siltnami

Weeks after|Development Treatments
transplanta-|  of apex Apsvietimo derinys
tion  |Augimo kuge-| ., SonT-
Savaités po | lio i§sivysty- R L1 L2 L3 L4 L5
o Agro
persodinimo mas
During Stage v-vil  VII-VII VII-VII VI-VIII VII-VIII VII-VIII
transplant  Etapas
Persodinimo
metu
Height 1.3£03 84+38 13.9+28 57+£2.5 105+29 72+3.6
Aukstis (mm)
1 Stage VIII VII-IX  VII-IX  VII-HIX  VI-IX  VI-IX
Etapas
Hel%ht 17.7+3.9 27.5+6.2 333+3.1 259+4.7 27.7+52 228+7.2
Aukstis (mm)
2 Stage VIII-IX  VIII-X IX-X VIII-X  VIII-X  VII-X
Etapas
Hel%ht 352+5.753.0+£84 63.2+6.251.3+4.9 548+4.7452+9.8
Aukstis (mm)
3 Stage IX-X VII-X X IX-X IX-X IX-X
Etapas
Height 83.0+9.8 1067+ 1080+ 94.8+7.0 86.8+7.7 85.0+9.9
Aukstis (mm) 10.0 10.5
4 Stage X X X X X X
Etapas
Height 140.0+ 1525+ 130.0+ 1275+ 1250+ 120.0=+
Aukstis (mm)  12.8 6.9 14.7 13.5 14.2 8.5
5 Stage X X X X X X
Etapas
Height 1533+ 171.6+ 1450+ 1475+ 130.0+ 1383 =
Aukstis (mm)  13.3 14.4 14.7 18.3 16.6 8.4
6 Stage X X X X X X
Etapas
Height 1642+ 1783+ 1483+ 161.7+ 1425+ 1625+
Aukstis (mm) 8.4 14.0 18.3 16.2 14.6 11.2
7 Stage XI XI XI X1 X1 XI
Etapas
Height 1733+ 1883+ 160.8= 1742+ 146.7+ 1725+
Aukstis (mm) 9.1 11.7 19.0 20.3 12.6 11.1
8 Stage XI XI-XII XII XI-XII X1 XI
Etapas
Height 181.7+ 1958+ 1725+ 1842+ 1567+ 181.7+
Aukstis (mm) 8.7 10.5 14.5 20.2 11.0 11.5
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Tomato transplants, grown under the main LEDs illumination without supple-
mental LEDs (L1) and under combination with supplemental 380 nm (L2) and 595
nm (L4) lights were higher than above mentioned plants, but no significant differences
neither in height nor in number of leaves was determined between them (Table 2).
These transplants were at organogenesis stages VII-VIII (Table 3), i. e. gametogene-
sis and bud formation occurred (ITomymopasunoBa, 1976). However, the main LEDs
treatment with supplemental 380 nm light stimulated the height of apexes of tomato
transplants (Table 3).

In the greenhouse such tomato growth trends remained for about four weeks
(Table 2). Later the height of tomato, which transplants were grown using five different
high-power solid-state lighting combinations, equalised. After-effect of SON-T Agro
lamps still was noticed after seven weeks growth period in greenhouse. Such plants
were lower and had two leaves less than others. Tomatoes, which transplants were
grown under the main LEDs combined with supplemental orange (662 nm) light (L5),
formed one leaf less. Significant differences in leaf number were not observed in the
eighth growth week in greenhouse (Table 2).

The effect of different illumination for tomato development was more notice-
able till third growth week in greenhouse (Table 3). At that time all tomato, which
transplants were grown under LEDs combined with supplemental 380 nm light (L2),
were at organogenesis stages X, i. e. their fruits grew more intensively, and they had
the greatest inflorescence. The first inflorescence of tomato, which transplants were
grown under the main LEDs treatment, was the similar height as above mentioned, but
some plants still were at organogenesis stage VIII. Later, the after-effect of different
illumination was not determined. All tomatoes were at organogenesis stages X—XI,
which generally last for more than forty days (ITomymopneuaoBa, 1976). Supplemental
380 nm light for transplant illumination accelerated fruit ripening. All plants were at
organogenesis stage XII. Fruits also ripened on some plants, which transplants were
grown under main LEDs treatment and under supplemental 520 nm light (L3). There
were no matured fruits on tomatoes (organogenesis stage XI), which transplants were
grown under SON-T Agro lamps and under LEDs combinations with supplemental
595 nm (L4) and 622 nm (L5) light.

Photosynthesis pigment content was significantly higher in the leaves of tomato
transplants, which were grown under the main LEDs treatment and under combination
with supplemental 380 nm light (L2) (Fig. 1). Such trend remained for two weeks
growing period in greenhouse. Yellow LEDs, supplemental for the main combination
(L4), had no negative effect on pigment contents in leaves of tomato transplants.
Though total chlorophylls content in these tomatoes was significantly lower after
two weeks growth in greenhouse. Differences in photosynthesis pigment contents in
tomato leaves were insignificant after one and after two months of growth period in
greenhouse. Ratio of chlorophyll a and b was significantly higher in leaves of toma-
to transplants, grown under the main LEDs treatment and under combination with
supplemental 595 nm light (L4). After two weeks of growth period in greenhouse it
was higher in tomatoes, which transplants were grown under LEDs combination with
supplemental 595 nm and 622 nm (L5) light.
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Fig. 1. Changes in photosynthesis pigment content in tomato leaves after
transplantation to the greenhouse. Measurements: 1 — during transplantation,

2 — after two weeks, 3 — after four weeks, 4 — after eight weeks in the greenhouse.
Significant differences from reference treatment are denoted by an asterisk (*)
at p <0.05 (mean + SE, n = 3).

1 pav. Pomidory fotosintezés pigmenty pokyciai lapuose po persodinimo auginant
Siltnamyje. Matavimai: 1 — persodinimo metu, 2 — po dviejy savaiciy,

3 — po keturiy savaiciy, 4 — po astuoniy savaiciy. ReikSmingi skirtumai nuo kontroliniy
augaly pazymeéti zvaigzdute (*) p < 0.05 (vidurkis + standartiné paklaida, n = 3).

Early yield of tomato differed insignificantly. However, the yields of tomatoes,
which transplants were grown under the main LEDs treatment and under combination
with supplemental 380 nm light (L2), was slightly greater and more fruits were for-
med. Using SON-T Agro lamps, and yellow and orange LED light, supplemental for
the main in LEDs treatment for tomato transplant illumination, the lower early yield
and fruit number at that moment was determined. Total yield significantly decreased
using supplemental 595 nm (L4) LEDs in the main LEDs treatment for transplant
illumination.
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Fig. 2. Fruit number (a) and yield (b) per tomato plant. 1 — after two weeks,
2 —total. Significant differences from reference treatment are denoted by an
asterisk (*) at p <0.05 (mean + SE, n = 6).

2 pav. Pomidory vaisiy skaicius (a) ir derlius (b) i§ augalo. 1 — po dviejy savaiciy,
2 —bendras. ReikSmingi skirtumai nuo kontroliniy augaly pazyméti zvaigzdute (*)
p < 0.05 (vidurkis + standartiné paklaida, n = 6).

Discussion. Usually the tomato transplants are grown during autumn—winter
period when natural day length is short and light intensities low. Many investigations
show that supplemental illumination of various intensity and quality of light greatly
enhanced plant growth and development. However, there was not much effect on
subsequent plant growth after seedling transplanting or fruit production (Boivin et al.,
1987; McCall, 1992; Tremblay, Gosselin, 1998). According to the literature data, the
timing of the use of supplemental lighting is important. The use of supplemental ligh-
ting for tomato, the cultivation of tomato transplants in December and January showed
benefits against usual lighting treatments, but, when plants were cultivated in March,
lighting had no effect. As natural light conditions improves in spring, the influence of
supplemental lighting was reduced (Boivin et al., 1987; Tremblay, Gosselin, 1998). For
better investigation of after-effects of different lighting and for elimination of the other
factor impact, experiments were carried out in phytotron chambers. It was established
that different illumination conditions during tomato transplant growth had after-effect
for their growth in greenhouse about four weeks. After seven weeks growth period in
greenhouse, tomatoes, which transplants were grown under the main LEDs combined
with supplemental orange light and under SON-T Agro lamps, still had formed less
leaves and lower in height in comparison with other treatments.

Different lighting provided during transplant cultivation influenced tomato deve-
lopment in greenhouse. During investigation, it was established that 380 nm UV light,
supplemental for the four main LED components, stimulated tomato development. This
effect remained till third growth week in greenhouse. Such lighting slightly accelerated
harvesting time and increased early and total yield. According to McCall (1992), greater
early yield and marked value was maintained by increasing levels of supplementary
light and remained throughout 16 week harvesting period. It was found no significant
differences in fruit number, yield or mean fruit size in other investigations with sup-
plemental lighting of various intensity and quality (Decoteau, Friend, 1991; Evans,
McMabhon, 2000). In our vegetative trials harvest period lasted for 8 weeks and yield
was harvested from six clusters, because generally 4-5 inflorescences developed during
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tomato transplants growth under selected illumination conditions (ITomymopaBrHOBa,
1976) and only they could be influenced by different lighting.

Different lighting influenced photosynthesis pigment contents in tomato transplant
leaves. Leaves of tomato transplants grown under the main LEDs composition (LL1) and
under combination with supplemental 380 nm light (L2) had greatest pigments content
in comparison to other treatments. Such trends remained for two weeks of growth in the
greenhouse period. Photosynthesis pigments content was remarkably increased in the
leaves of tomatoes, which transplants were grown under the main LEDs combination
with supplemental 380 nm light. Higher content of photosynthesis pigments generally
determines the more intensive photosynthesis process. Higher content of assimilates
produced during this process could be transported to fruits at the stage of intensive
growth (organogenesis stage X), thus determined a slightly greater early yield.

Tomatoes, which transplants were illuminated with the main LEDs combined
with supplemental 595 nm (L4) and 622 nm (L5) light, should be mentioned indivi-
dually. Though the main LEDs combination with supplemental yellow light influen-
ced tomato transplant development and photosynthesis pigments content similarly,
as the main LEDs treatment and combination with supplemental 380 nm light, but
their development slowed down during the growth period in the greenhouse. These
tomatoes were not ripened yet after eight weeks of growth period in greenhouse. Total
chlorophyll content in leaves of these tomatoes was significantly lower after two weeks
of growth period in greenhouse in comparison to other treatments. Their total yield
was significantly lower. Possibly, yellow light in the main LEDs composition could
disturb normal photosynthesis process, determine senescence and decreased produc-
tivity of plants. Glowacka and Piszcek (2003) also determined that the application of
yellow light during transplant production considerably delayed the fruit yield. The
main LEDs, combined with supplemental orange light provided for tomato transplant
illumination, reduced height, number of leaves and photosynthesis pigment contents
in leaves. Their growth and development in the greenhouse was slower and the yield
was similar to this of tomatoes, which transplants were grown under the main LEDs
combined with supplemental 595 nm light. Data about orange light effect on tomato
was not found, but it was noticed in literature that the plants under orange light grew
very slowly (Raab, 2003).

Conclusions. We conclude that significant effect of different LED illumination
on growth and development of tomato hybrid ‘Raissa’ F, transplants remained for
about one month after tomato transplantation in greenhouses. After-effect on tomato
photosynthesis pigment system in greenhouses continued for two weeks. Neither of
LED combinations had significant effect on early tomato yield. Yellow light, supple-
mental for the main LEDs treatment, used for illumination during transplant growth
period decreased total tomato yield.
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Pomidory augimas ir deréjimas Siltnamyje po kietakiinio apsvietimo poveikio
daigams

A. Brazaityté, P. Duchovskis, A. Urbonaviciiité, G. Samuoliené,
J. Jankauskiené, V. Kazénas, A. Kasiulevi¢iaté-Bonakére,
Z. Bliznikas, A. Novi¢kovas, K. Breivé, A. Zukauskas

Santrauka

Tyrimy tikslas — iStirti pomidory augima, vystymasi ir deréjima Siltnamyje po to, kai daigai
buvo auginami $vitinant puslaidininkinémis lempomis su skirtingy spektriniy komponenciy de-
riniais. Pomidory daigai auginti fitotrono kamerose. Tyrimams naudotas kietakiinio ap§vietimo
modulis, sudarytas i§ penkiy puslaidininkiniy lempy su skirtingais $viestuky deriniais. Kaip
pagrindiniai, visose lempose buvo naudoti 447, 638, 669 ir 731 nm Sviestukai. Atitinkamose
lempose buvo naudoti tokie papildomi Sviestukai: L1 — be papildomy Sviestuky, L2 — 380 nm,
L3 -520 nm, L4 — 595 nm, L5 — 622 nm. Po skirtingomis lempomis iSauginti pomidory daigai
buvo toliau auginti Siltnamyje. Tyrimy rezultatai parode, kad didelis skirtingo daigy apSvietimo
poveikis pomidory augimui ir vystymuisi i§liko pirmaji auginimo $iltnamiuose ménesj. Sis
poveikis fotosintezés pigmenty sistemai truko dvi savaites. Labai didelés jtakos ankstyvam
pomidory derliui nenustatyta. Papildoma geltona Sviesa, naudota daigams apsviesti, mazino
bendra pomidory derliy.

ReikSminiai Zodziai: augimas, derlius, fotosintezés pigmentai, kietakiinis apSvietimas,
spektras, pomidorai.
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