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Abstract. Seedlings of six tomato (Solanum lycopersicum) cultivars (‘Maxifort’, ‘Komeett’,
‘Success’, ‘Felicity’, ‘Sheva Sheva’, and ‘Liberty’) were grown monthly for 2-week
treatment periods to determine photomorphogenic and developmental responses to
different light-quality treatments from supplemental lighting (SL) across changing solar
daily light integrals (DLIs). Seedlings were grown in a glass-glazed greenhouse at
a midnorth latitude (lat. 408 N, long. 868 W) under one of five lighting treatments: natural
solar light only (control), natural + SL from a 100-W high-pressure sodium (HPS) lamp,
or natural + SL from arrays of red and blue light-emitting diodes (LEDs) using 80% red +
20% blue, 95% red + 5% blue, or 100% red. Varying solar DLI occurred naturally for all
treatments, whereas constant DLI of 5.1 mol·mL2

·dL1 was provided for all SL treatments.
Supplemental lighting increased hypocotyl diameter, epicotyl length, shoot dry weight,
leaf number, and leaf expansion relative to the control, whereas hypocotyl elongation
decreased when SL was applied. For all cultivars tested, the combination of red and blue
in SL typically increased growth of tomato seedlings. These results indicate that blue light
in SL has potential to increase overall seedling growth compared with blue-deficient LED
SL treatments in overcast, variable-DLI climates.

Adequate growing conditions in green-
houses are crucial to ensure successful trans-
plant production. A major limitation for tomato
seedling propagation is that peak demand can
occur when mean solar DLI is lowest. Low
DLI, which typically is the result of a combi-
nation of short days and cloud cover, reduces
the rate of seedling growth and thus extends the
transplant production period. The recommen-
ded DLI for tomato seedling growth ranges
from 13 to 16 mol·m–2·d–1 (Fan et al., 2013;
Moe et al., 2006). However, in a temperate,
seasonally light-limited climate, sunlight rarely
provides adequate DLI within greenhouses to
produce high-quality seedlings when the prop-
agation season begins (November, December,
or April, depending on the cropping schedule).
High-quality tomato seedlings should be uni-
form in size with well-developed leaves and
roots; straight, short (12 to 13 cm in length),

thick stems; and deep-green leaves (Jones,
2008; Lee et al., 2010). Nevertheless, quality
requirements depend on the intended trans-
plant use, because morphological preferences
for scions, rootstocks, or non-grafted pro-
duction seedlings are different (Chia and
Kubota, 2010).

Supplemental lighting promotes growth
of greenhouse-grown vegetable seedlings by
increasing total DLI. High-pressure sodium
lamps are the most widely used electric light
source for greenhouse SL during transplant
production. In general, HPS lamps provide an
orange-biased spectrum by primarily emit-
ting light in the range of 565 to 700 nm.
Nonetheless, it is widely accepted that any
wavelength of light within the photosynthet-
ically active radiation spectrum (400 to 700 nm)
contributes to photosynthesis and crop pro-
ductivity (McCree, 1972). Thus, with their
high-intensity capabilities, HPS lamps can
deliver adequate supplemental DLI to sup-
port transplant production. However, over the
past decade, interest has shifted toward alter-
native SL sources that can reduce production
costs by decreasing electrical energy con-
sumption while maintaining transplant qual-
ity. Because LED arrays typically have low
power density (kW·m–2) and offer a diversity
of narrow wavebands, LED lamps can be
designed to provide specific light spectra to
potentially optimize seedling growth and
morphology while using less energy than
conventional HPS lighting fixtures.

Several studies have evaluated LEDs for
sole-source lighting of vegetable transplants
including tomato (Fan et al., 2013; Liu et al.,

2011; Nanya et al., 2012), pepper (Capsicum
annuum) (Brown et al., 1995), cucumber
(Cucumis sativus) (Hogewoning et al., 2010b;
van Ieperen et al., 2012), eggplant (Solanum
melongena) (Hirai et al., 2006), pea (Pisum
sativum) (Wu et al., 2007), spinach (Spinacea
oleracea) (Yorio et al., 2001), radish (Raphanus
sativus) (Yorio et al., 2001), and lettuce
(Latuca sativa) (Hoenecke et al., 1992; Kim
et al., 2005; Massa et al., 2008). Findings
from sole-source LED lighting research in-
dicate that red light (600 to 700 nm) generally
promotes fresh and dry weight gain, stem
elongation, and leaf expansion (Heo et al.,
2012; Johkan et al., 2010; Wu et al., 2007),
whereas blue light (400 to 500 nm) affects
morphological development and biomass
production in species-specific and growth–
environment-specific ways (Johkan et al.,
2010; Kigel and Cosgrove, 1991; Savvides
et al., 2012; Wang et al., 2009). Most studies
using LEDs for sole-source lighting demon-
strate the need to supplement monochromatic
red LEDs with blue light to obtain acceptable
growth and development (Cope and Bugbee,
2013; Goins et al., 1998; Hoenecke et al.,
1992; Tripathy and Brown, 1995; Yorio et al.,
1998). However, if LEDs are used to supple-
ment sunlight, additional blue light may not be
necessary because the broad solar spectrum
contains significant amounts of blue light at
midday, which may be sufficient for normal
plant growth and development.

Other studies have evaluated LEDs as SL
for greenhouse vegetable propagation (Gislerød
et al., 2012; Hernández and Kubota, 2012,
2014a, 2014b; Hogewoning et al., 2012). Al-
though general crop responses have not been
broadly determined, one conclusion from those
studies is that growth and morphological re-
sponses to LED SL are species-specific, yet
potential cultivar-specific responses to light
quality remain to be defined. The objective of
the present study was to quantify growth re-
sponses of six tomato cultivars to different
light-quality treatments from SL. We compared
photomorphogenic and developmental responses
to SL across changing solar DLIs at a mid-
north latitude to reveal cultivar and/or spec-
tral effects. Results are expected to provide
baseline information to assist in designing SL
protocols for propagating tomato seedlings
intended for grafting or for direct transplant-
ing into greenhouses or field production.

Materials and Methods

Plant material and growing conditions.
Cultivars with different functional roles (i.e.,
rootstock or production seedlings intended
for grafting or grow-out on own roots) and
differing fruit size/shape were selected.
Seeds of rootstock ‘Maxifort’ (S. lycopersi-
cum · S. habrochaites; De Ruiter Seeds,
Bergshenhoek, The Netherlands) and production
cultivars Komeett (De Ruiter Seeds; truss
type), Success (De Ruiter Seeds; truss type),
Felicity (Hazera Seeds, Haifa, Israel; cherry
type), Sheva Sheva (Hazera Seeds; Roma type),
and Liberty (Hazera Seeds; beefsteak type)
were grown for 3 weeks from germination in
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a glass-glazed greenhouse in West Lafayette,
IN (lat. 40� N, long. 86� W). Seeds were sown
into 17-cell seedling trays of Agrifoam soil-
less plugs (5 · 2.5 cm; SteadyGROWpro;
Syndicate Sales, Kokomo, IN) during the first
week of each month in 2012. Once cotyle-
dons had expanded fully (�7 d from sowing),
eight seedlings of each cultivar were selected
for uniformity and placed randomly in each
of five lighting treatments. Within each
treatment, seedlings were randomly rotated
daily to minimize location effects within
the experimental area. Seedlings were irri-
gated as necessary with acidified water
supplemented with a combination of two
water-soluble fertilizers (3:1 mixture of
15N–2.2P–12.5K and 21N–2.2P–16.6K, re-
spectively; The Scotts Co., Marysville, OH)
to provide the following (in mg·L–1): 200
N-NO3, 26 phosphorus, 163 potassium, 50
calcium, 20 magnesium, and micronutrients.
Average ambient day (from 0500 to 2100 HR)
and night (from 2100 to 0500 HR) air temper-
ature of the greenhouse were set at 27 and
15 �C, respectively. Air temperature and solar
DLI were monitored using fine wire thermo-
couples (Type K, 0.1-mm diameter) and
a quantum sensor (190 SB; LI-COR Bio-
sciences, Lincoln, NE), respectively, inter-
faced to a data logger (CR1000; Campbell
Scientific, Logan, UT). Three thermocouples
were used (one for each light source) and
placed directly under a leaf (near-canopy air
temperature) at the center of a given treat-
ment. DLI data were collected at midplant
height in the center of a treatment without SL.
Measurements were made every 10 s and data
were recorded at 10-min intervals.

Lighting treatments. Five lighting treat-
ments were evaluated in the greenhouse:
natural solar light only (control); natural +
SL from a 100-W HPS lamp (Ceramalux;
Philips Lighting Company, Somerset, NJ)
emitting 13%, 49%, and 38% broadband
blue, green (500 to 600 nm), and red light,
respectively; or natural + SL from LEDs
using 80% red + 20% blue (80R-20B), 95%
red + 5% blue (95R-5B), or 100% red
(100R-0B). The red and blue LEDs used in
the arrays had 627-nm and 450-nm peak
wavelengths, respectively (as specified by
the manufacturer). The spectral distribution
of sunlight (at solar noon), for HPS lamps,
and for the LED arrays are shown in Figure 1.
All SL treatments provided an average DLI
of 5.1 mol·m–2·d–1 (23-h photoperiod from
0000 to 2300 HR; 61 ± 2 mmol·m–2·s–1) at
midplant height [measured with a spectrora-
diometer (EPP-2000; StellarNet Inc., Tampa,
FL)]. Light pollution from one treatment
to another along the bench was minimized
by allowing sufficient separation distance be-
tween treatments, delimited by 2 mmol·m–2·s–1

or less from adjacent arrays. Scans of direct
sunlight were recorded monthly at solar noon
inside the greenhouse (not under SL) with
a spectroradiometer. These measurements
were collected on clear-sky and overcast days
to calculate the average percentage of solar
blue, green, and red light representative of
each month.

Light-emitting diode source. Overhead
LED arrays (Orbital Technologies Corpora-
tion, Madison, WI) were designed specifi-
cally for greenhouse transplant propagation.
Each 1.2 m · 1.3-m array consisted of eight
aluminum bars with alternating red and blue
LEDs. Each red and blue bar had 28 or 24
LEDs, respectively, along their 1.2-m length.
Arrays were air-cooled through hollow alu-
minum mounts and fans that drew green-
house air into the center of each bar and
exhausted waste heat from both ends. The
1.2-cm-wide bars were spaced 16 cm apart
and oriented east to west. The sunlight-
shading factor from the LED arrays and the
HPS lamps was less than 10% at the bench
surface.

Plant measurements. Growth parameters
were measured 14 d after SL treatment
initiation. Hypocotyl diameter was measured
immediately below the cotyledons using an
electronic digital caliper (DigiMax; Wiha,
Schonach, Germany). Hypocotyl length and
epicotyl length were measured using a ruler.
Seedling shoots were then cut at the plug
surface and leaf number (for leaves greater
than 1 cm in length) and total leaf area were
recorded. Leaf area was measured using a leaf
area meter (LI-3000A; LI-COR Biosciences).
Shoot dry weight was measured after drying
samples in a forced-air oven at 77 �C for
72 h.

Data analysis. The relationship between
each response variable and the monthly
average solar DLI (DLIave) was modeled
with the GLIMMIX procedure of SAS (Ver-
sion 9.2; SAS Institute, Cary, NC) using
a generalized linear mixed model with a
Gaussian distribution and an identity link
function. Analysis of the data were conducted
using DLIave, treatment, cultivar, DLIave ·
cultivar, and treatment · cultivar as fixed
factors and DLIave · treatment and DLIave ·
treatment · cultivar as random factors to

account for the split-plot structure of our
experimental design (treatment was the
whole plot factor and cultivar was the subplot
factor). The treatment and cultivar main
effect estimates describe the intercepts asso-
ciated with the regression lines. The interac-
tion effect estimates describe differences in
slopes. All pairwise comparisons were com-
pleted using Tukey’s honestly significant
difference test with a significance level of
a = 0.05. The appropriateness of these models
was checked by examining the normality and
constant variance of the residuals. Data col-
lected in February and May were excluded
from this analysis because of lack of replica-
tion for some cultivars. The data from June
were also not included in the analysis. An
explanation for June’s exclusion can be found
in the ‘‘Results and Discussion’’ section.

Results and Discussion

Environmental conditions. Solar DLI and
near-canopy air temperature measured inside
the greenhouse during the experimental pe-
riod are shown in Figure 2. DLIave in June
was more than double the DLIave measured in
July (month within the analysis with the second
highest DLIave; 29.3 vs. 13.3 mol·m–2·d–1, re-
spectively) (Fig. 2A). Thus, data in June were
excluded from the statistical model because we
chose not to draw inference in the large range
of DLIave between June and July. Nonetheless,
the general growth responses recorded in June
indicate that somewhere between the range of
DLIave from June and July, seedling growth
was DLI saturated (data not shown). From the
data used in the analysis, the average contri-
bution of SL to total DLI ranged from 28% in
July to 79% in December. Similarly, the
highest and lowest 24-h average near-canopy
air temperatures were recorded in July (26.5
�C) and December (21.4 �C), respectively
(Fig. 2B). The lack of differences among

Fig. 1. Spectral distribution of sunlight (at solar noon), high-pressure sodium (HPS) lamps, or arrays with
blue and red-light-emitting diodes (LEDs).
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near-canopy air temperatures recorded under
our three light sources (sunlight, HPS, and
LEDs) suggests that temperature effects from
SL were most likely negligible. However, the
large month-to-month variability in air tem-
perature (falling outside of set points) implies
that any changes in plant growth measured
during the different months were partly the
result of the effect of sunlight’s short-wave
radiation on greenhouse air temperature. Fig-
ure 3 shows the average percentage of midday
solar blue, green, and red light representative
of each month and indicates that the relative
percentages of broadband light quality from
sunlight were relatively uniform across
months ranging from 25% to 33% blue, 35%
to 38% green, and 30% to 39% red light.
Interestingly, although light intensity was
lower in overcast compared with clear-sky
days, the relative percentages of broadband
light quality at midday were nearly constant
within months (data not shown).

Light quality effects on plant growth and
morphology. We found a linear relationship
between seedling growth and DLIave for all
treatments measured in our study (Fig. 4).
Test of fixed effects in statistical models
indicated significant treatment differences
(Table 1). Based on the mean associated
with a regression line at the midpoint
DLIave, we found that except for hypocotyl
length, all SL treatments increased growth
and development in tomato seedlings com-
pared with control (Table 2). Seedlings
grown under HPS, 95R-5B, or 80R-20B
had similar growth but resulted in 18%
thicker hypocotyls, up to 55% larger leaves,
and up to 50% more shoot dry weight than to
those grown under 100R-0B SL. Leaf num-
ber per seedling was instead greatest for
those grown under 95R-5B (4.7 leaves) but
was not different among HPS, 100R-0B, or
80R-20B SL.

To date, limited research has evaluated
LEDs as SL sources for vegetable transplant
production. Studies conducted in desert cli-
mates (i.e., Tucson, AZ) have shown that SL
with red light only is sufficient to increase
tomato or cucumber seedling growth (shoot
dry weight, leaf count, or leaf area) relative to
seedlings grown without SL (Hernández and
Kubota, 2012, 2014a, 2014b). Our study
indicated that, in general, 100R-0B was the
least beneficial of the SL treatments for
increasing seedling growth relative to unsup-
plemented controls (Table 2). The underlying
cause of differences between our findings and
those of Hernández and Kubota (2012,
2014a, 2014b) may be associated with dif-
ferences in solar DLI during the experimental
periods. Cope and Bugbee (2013) suggested
that constant-high photosynthetic photon fluxes
(PPFs) can partially substitute for low percent-
ages of blue in the light spectrum. Therefore,
different red:blue photon flux ratios from SL
may not strongly affect vegetable seedling
growth in non-cloudy, high-insolation-rate en-
vironments that allow for relatively constant
DLI backgrounds. However, in the present
study, solar DLI fluctuated by up to
13.1 mol·m–2·d–1 within an experimental

Fig. 2. Daily light integral (DLI) (A) and near-canopy air temperature (± SD) (B) measured inside
a glass-glazed greenhouse in West Lafayette, IN, during the experimental dates in 2012. DLI data
were collected at midplant height under no supplemental lighting. Temperature data represent the
average 24-h near-canopy air temperature measured under each light source: HPS = high-pressure
sodium lamps; LEDs = arrays of light-emitting diodes (R = red light; B = blue light); control =
sunlight.

Fig. 3. Percentage of broadband blue (400 to 500 nm), green (500 to 600 nm), and red (600 to 700 nm) light
calculated from the photosynthetic photon flux (PPF) measured at solar noon inside a glass-glazed
greenhouse in West Lafayette, IN, in 2012. Spectral scans were collected during the experimental
period at bench height. Data represent an average of at least two scans per month on clear-sky and
overcast days.
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period (Fig. 2). With high day-to-day flu-
ctuations of solar DLI (leading to both high-
and low-DLI environments), plant responses
to spectral differences from SL were ob-
served.

Our findings support studies showing en-
hanced morphological development of vege-
table seedlings grown under sole-source lighting
using a combination of red and blue light
compared with monochromatic red light

alone (Brown et al., 1995; Hogewoning et al.,
2010b; Kim et al., 2005; Nanya et al., 2012;
van Ieperen et al., 2012). A possible expla-
nation for the similarities between our results
and those of others using LEDs as sole-source
lighting may be associated with the 23-h
photoperiod used in the present study. When
SL was extended past the natural photoperiod
from sunlight, it was perceived by seedlings
as sole-source lighting. Therefore, the growth
responses measured in our study are most
likely the result of an interaction between
supplemental and sole-source light-quality
plant responses.

It has been shown that during early
vegetative growth, tomato seedlings respond
positively to increases in total DLI by either
increasing the PPF at leaf level (Bleasdale,
1973; Bruggink, 1987; McAvoy and Janes,
1990) or by extending the photoperiod (up to
24 h of light) (Calvert, 1959; Demers et al.,
1998; Omura et al., 2001; Sysoeva et al.,
2012). Because the average intensity of SL
was a limiting factor in our study, we used
a 23-h photoperiod to maximize the DLI
delivered from SL aiming to approach a target
total DLI of 16 mol·m–2·d–1. Although phys-
iological injuries (chlorosis or necrosis)
caused by long photoperiods (16 h or longer)
have been reported for vegetative, mature,
and reproductive tomato plants (Arthur,
1936; Cushman and Tibbitts, 1998; Demers
et al., 1998; Dorais et al., 1996; Globig et al.,
1997; Withrow and Withrow, 1949), fewer
studies have shown such effects on juvenile
tomato seedlings (Hillman, 1956). Moreover,
it has been proposed that when long photo-
periods have no negative effect on plant
growth, then prolonged lighting at lower
intensities is a better approach to supplement
sunlight than are higher light intensities of
shorter duration (Hurd and Thornley, 1974;
Moe, 1997). Furthermore, diurnal tempera-
ture fluctuations 8 �C or greater between day
and night air temperatures prevent chlorosis
in species otherwise adversely affected by
long photoperiods per se (Cao and Tibbitts,
1992; Demers and Gosselin, 2002; Hillman,
1956; Matsuda et al., 2012, 2014; Murage
and Masuda, 1997; Ohyama et al., 2005a,
2005b; Omura et al., 2001; Tibbitts et al.,
1990). In our study, damage to early vegeta-
tive growth was further prevented (no visual
damage was observed) by combining a long

Table 1. Significance level for the test of fixed effects in linear mixed models evaluating several growth parameters measured for tomato seedlings propagated in
a glass-glazed greenhouse in West Lafayette, IN, under different lighting treatments.z,y

Fixed effect

Hypocotyl diam Hypocotyl length Epicotyl length Leaf no. Leaf area Shoot dry wt

Probability > Fx

DLIw
NS *** *** * *** **

Treatment *** *** *** *** *** ***
Cultivarv *** ** *** *** *** **
DLI · cultivar NS NS NS NS NS NS

Treatment · cultivar NS NS NS NS NS NS

zThe treatments evaluated were natural solar light only (control); natural + supplemental lighting (SL) from a high-pressure sodium lamp; or natural + SL from
light-emitting diodes using either 80% red + 20% blue, 95% red + 5% blue, or 100% red light.
yThe experiment was conducted every month in 2012. Data from February, May, and June were not included in the model.
xP values from F tests.
wDLI = daily light integral.
vThe cultivars evaluated were Maxifort, Komeett, Success, Felicity, Sheva Sheva, and Liberty.
***, **, *, NS indicate statistical significance at the 0.001, 0.01, and 0.05 P # level and nonsignificant, respectively.

Fig. 4. Effect daily light integral (DLI) on several growth parameters measured for tomato seedlings
propagated in a glass-glazed greenhouse in West Lafayette, IN, under different lighting treatments.
The treatments evaluated were natural solar light only (control); natural + supplemental light [SL; 5.1
mol·m–2·d–1 (23-h photoperiod from 0000 to 2300 HR; 61 ± 2 mmol·m–2·s–1)] from a high-pressure
sodium (HPS) lamp, or natural + SL from light-emitting diodes using different red (R) and blue (B)
percentages. Each data point represents the average of 48 seedlings with all measurements taken 14 d
after treatment initiation.

HORTSCIENCE VOL. 50(1) JANUARY 2015 115



SL photoperiod (used to maximize DLI)
with a 16/8-h day/night thermoperiod of pro-
nounced temperature differential (greater than
10 �C).

Hypocotyls of seedlings grown without
SL elongated up to 1 cm more than those
grown under SL (Table 2). Furthermore, the
100R-0B SL treatment produced the second
longest hypocotyls (2.3 cm). In contrast,
epicotyl length was unaffected by SL treat-
ment, but epicotyls of seedlings grown with-
out SL were at least 1.8 cm shorter than those
of seedlings grown under SL. Hypocotyl
elongation of tomato seedlings is known to
respond to photomorphogenic cues (Ballaré
et al., 1995; Blom et al., 1995; Kasperbauer
and Peaslee, 1973; Volmaro et al., 1998)
and reflects the subterranean growth of
seedlings in nature before they break crust
during the germination process, whereas
epicotyls, which support active photosyn-
thetic leaves, are affected by both photo-
morphogenic and photosynthetic cues. Thus,
the general decrease in hypocotyl elongation
and increase in epicotyl length in response to
SL could be attributed to the perception of
antagonistic signals received by different pho-
toreceptors present in hypocotyl and epicotyl
tissues.

Some variability in hypocotyl length
between seedlings grown under SL treat-
ments and those without SL could have been
the result of different end-of-day (EOD)
light quality sensed by phytochrome photo-
receptors, which are known to affect hypo-
cotyl elongation (Blom et al., 1995;
Kasperbauer and Peaslee, 1973). Seedlings
grown under SL received a significant per-
centage of EOD red light caused by LED or
HPS emission spectra at and beyond sunset
(Fig. 1). Although SL-grown plants experi-
enced natural daylength, it was overlaid
with low-level supplemental DLI and, thus,
SL reduced the natural EOD far-red light
effect from sunlight. In contrast, controls
received only sunlight and, consequently,
far-red-enriched EOD light. A high red:
far-red EOD spectrum is known to produce
short, compact transplants (Chia and
Kubota, 2010; Decoteau and Friend, 1991;
Lund et al., 2007) and, thus, may explain the
general trend for the shorter hypocotyls of
SL-grown seedlings.

Our study also showed that 80R-20B SL
produced more compact hypocotyls com-
pared with those of seedlings grown under

100R-0B (2.0 vs. 2.3 cm, respectively)
(Table 2). Several growth chamber studies
using sole-source LED lighting have reported
blue light-mediated inhibition of hypocotyl
elongation for tomato (Nanya et al., 2012),
pepper, (Brown et al., 1995), cucumber (Shin-
kle and Jones, 1988), sunflower (Helianthus
annuus) (Cosgrove and Green, 1981), pea (Kigel
and Cosgrove, 1991), and lettuce (Dougher and
Bugbee, 2001; Hoenecke et al., 1992), which
likely are mediated by the blue-light photo-
receptors cryptochrome and/or phototropin
(Ballaré et al., 1995; Volmaro et al., 1998).
In contrast, it has been noted that 100% red
or 100% blue SL in the greenhouse caused
similar hypocotyl elongation of tomato
seedlings, but 100% blue SL caused taller,
thinner hypocotyls for cucumber seedlings
compared with 100% red (R. Hernández and
C. Kubota, unpublished data). Our findings
suggest that increasing proportions of blue
in SL can reduce hypocotyl elongation in
tomato. Longer hypocotyls typically are
desired for rootstock cultivars because they
allow for ease of grafting and decrease the
risk of scion exposure to soil/substrate sur-
faces. However, hypocotyl elongation is not
a desired characteristic for non-grafted pro-
duction seedlings, because it may lead to
weak transplants (Jones, 2008).

Although not statistically significant, for
five of the six growth parameters measured in
our study, 95R-5B tended to promote more
growth than did 80R-20B SL (Fig. 4; Table
2). This indicates that there likely is a thresh-
old above which blue light increases tomato
seedling development before it starts acting
antagonistically toward growth. Numerous
studies have shown that increasing blue light
can reduce stem length and leaf area and
increase leaf mass area for different crop
species (Cope and Bugbee, 2013; Hogewoning
et al., 2010a, 2010b; Li and Kubota, 2009;
Trouwborst et al., 2010). However, the extent
to which blue light affects plant growth and
development is not yet fully understood.
Research by Cope and Bugbee (2013) and
Dougher and Bugbee (2001) has sought to
determine whether certain growth param-
eters are better predicted by either absolute
(mmol·m–2·s–1 of blue photons) or relative
(percentage of total PPF) blue light. From
their findings, it is apparent that blue light
responses are species-dependent and that
growth inhibition by blue light could depend
on the total intensity of light and/or the

relative distribution of light quality. Further
research evaluating different red:blue photon
flux ratios to identify specific thresholds to
optimize growth for different cultivars and
species of greenhouse-grown vegetable seed-
lings would be of interest.

Cultivar main effects. Of particular interest
to growers are the species- and cultivar-specific
responses to LED SL. Studies have shown that
some plant responses to greenhouse SL are
species- and cultivar-specific (Gunnlaugsson
and Adalsteinsson, 2006; Hernández and
Kubota, 2014a; Hogewoning et al., 2012), yet
the lack of a treatment · cultivar interaction
found in our study suggests that although
genetic variation was apparent among culti-
vars, their response to a given SL treatment was
similar (Table 1).

All cultivars showed a linear relationship
between seedling growth and DLIave (data not
shown). Based on the mean associated with
a regression line at the midpoint DLIave, we
found that hypocotyl diameter for ‘Komeett’
and ‘Success’ was 12% thicker than for ‘Felic-
ity’ and ‘Sheva Sheva’ but similar to ‘Liberty’
and ‘Maxifort’ (Table 3). ‘Komeett’ produced
the longest hypocotyls, whereas hypocotyl
length for ‘Felicity’ was 0.4 cm shorter than
that for ‘Liberty’ or ‘Sheva Sheva’. Epicotyls
of ‘Success’ and ‘Felicity’ were 15% and 20%
shorter than those of ‘Maxifort’, respectively.
‘Maxifort’ also produced more and larger
leaves than any other cultivar, and its shoot
dry weight was 25% higher than that of
‘Felicity’. However, occurrence of intumes-
cence was observed in ‘Maxifort’ leaves
throughout the experiment, most likely as a re-
sult of a lack of ultraviolet-B radiation in the
greenhouse (Craver et al., 2014).

The greater growth (epicotyl length, leaf
count, leaf area, and shoot dry weight)
measured for ‘Maxifort’ relative to the
other production cultivars can be attributed
to its vigorous growth pattern (De Ruiter
Seeds, unpublished data). Nonetheless, be-
cause ‘Maxifort’ is a rootstock cultivar
strictly used for grafting, leaf growth re-
sponses are considered less important than
those for stem morphology, especially hy-
pocotyl length and diameter. In contrast,
leaf growth and development are critical
growth responses for production cultivars,
because they set precedence for the de-
velopment of active photosynthetic leaves.
We found that all production cultivars had
similar leaf area.

Table 2. Least squares means for several growth parameters measured for tomato seedlings propagated in a glass-glazed greenhouse in West Lafayette, IN, under
different lighting treatments.z,y,x

Treatment Hypocotyl diam (mm) Hypocotyl length (cm) Epicotyl length (cm) Leaf no. Leaf area (cm2) Shoot dry wt (g)

Control 1.6 cw 3.0 a 3.1 b 2.7 c 21.4 c 0.06 c
HPS 2.8 a 2.1 bc 5.4 a 4.3 b 59.4 a 0.18 a
100% R–0% B 2.3 b 2.3 b 4.9 a 4.2 b 41.0 b 0.12 b
95% R–5% B 2.8 a 2.1 bc 5.6 a 4.7 a 63.4 a 0.17 a
80% R–20% B 2.8 a 2.0 c 5.0 a 4.3 b 58.1 a 0.16 a
zThe treatments evaluated were natural solar light only (control); natural + supplemental light [SL; 5.1 mol·m–2

·d–1 (23-h photoperiod from 0000 to 2300 HR; 61 ± 2
mmol·m–2·s–1)] from a high-pressure sodium (HPS) lamp, or natural + SL from light-emitting diodes using different red (R) and blue (B) percentages.
yThe experiment was conducted every month in 2012. Data from February, May, and June were not included in the statistical model.
xData represent a pooled average for cultivars Maxifort, Komeett, Success, Felicity, Sheva Sheva, and Liberty.
wMeans within columns followed by the same letter are not different based Tukey’s honestly significant difference test at P # 0.05.
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Conclusion

For all tomato cultivars evaluated, a combi-
nation of red and blue wavebands in SL has
potential to increase seedling growth compared
with blue-deficient SL treatments in overcast,
variable-DLI climates. As indicated by studies
evaluating effects of narrow-spectrum lighting
on plant growth and development as well as
testing of LED technologies for greenhouse
operations, LEDs are a promising SL tech-
nology for propagating greenhouse crops.
Nonetheless, significant opportunities remain
to optimize spectral-quality effects on plant
growth and development. Considerable ge-
netic variability across species (and some-
times cultivars) exists for plant responses to
different red:blue photon flux ratios as well as
to other wavelengths that may alter seedling
morphology. In addition, studies of targeted
lighting, changing spectral composition
throughout crop life cycles, and photomor-
phogenic optimization of leaf–light interac-
tions are areas for further inquiry to fully
leverage the benefits of LEDs as SL sources.
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