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Abstract. Light is an abiotic factor, and its quality, quantity, and photoperiod can bemodulated
to work as eustress inductors to regulate plant processes. It is known that red (R), blue (B), far-
red (FR), and ultraviolet-A wavelengths can promote photomorphogenesis and secondary
metabolite production in plants. Several ratios of R:B and the addition of end of-day FR,
separately, have beneficial effects on plant development, whereas adding ultraviolet-A enhances
the production of secondary metabolites such as phenols. However, the effects of extended
photoperiods with a mixture of these four wavelengths and extra end-of-day FR have not been
evaluated for plants of commercial interest. The objective of this study was to determine the
effects on tomato seedlings (‘Saladette’, CORDOBA F1) of different overnight photoperiods
using a fixed combination of R (625 nm), B (460 nm), FR (720 nm), and ultraviolet-A (410 nm).
We expected increases in the production of specialized metabolites and the generation of
beneficial changes in the seedling biomass and morphology. Four treatments involving
overnight artificial light provided by a light-emitting diode (LED) module were established:
TC (control), 0 h; T1, 4 hours; T2, 8 hours; andT3, 12 hours. All treatments were subjected to a
12-hour natural photoperiod and 12 hours of overnight artificial light. The experiment lasted 4
weeks, and plants were sampled every week for physical and phytochemical measurements. In
general, seedlings subjected to 4-hour and 8-hour treatments presented better results than those
subjected to the control and 12-hour overnight photoperiod treatments. Seedlings subjected to
treatments with an 8-hour overnight photoperiod presented large accumulation of biomass in
the stem rather than in the leaves because they had large stem dry weight, stem weight, and
elongation and higher first, second, and third internode lengths; however, they had lower leaf
area, leaf dryweight, andhealth index. Seedlings subjected to treatmentwith a 4-hour overnight
photoperiod were visually bigger, with large leaf expansion, total length, stem weight, total
weight, and specific leaf area; however, this treatment had a negative impact on the biomass
accumulation,with lower leafweight, stemdryweight, andhealth index.The 12-hour treatment
had a negative impact on the leaf area, and thus the specific leaf area, of seedlings; however, the
biomass accumulation was large, with higher leaf dry weight, total drymatter, and specific leaf
area, but no difference in stem dry weight compared with the control. At the end of the
experiment, the total phenolic content increased in all treatments compared with the control,
but the flavonoid content decreased. Moreover, the antioxidant capacity was higher for T2
during the last 2 weeks of the experiment. Results are discussed according to the possibilities of
using this light strategy for seedling production.

Light is one of the most important factors
for plant growth and development. The light
source can be natural, artificial, or a combi-
nation of both, and their quantity and quality

lead to different plant development results
(Xu, 2019). Positive effects on plant devel-
opment can be obtained by regulating the
dose or exposure time of biotic or abiotic

stress factors (‘‘positive stress’’ or eustress)
(V�azquez-Hern�andez et al., 2019). Light can
generate eustress for crop yield improve-
ments or increments in specialized metabo-
lite synthesis (Alvarado et al., 2019).
Supplemental lighting promotes the growth
of greenhouse-produced vegetable seedlings
by increasing the total day light integral
(DLI), which can be low because of the
combination of short days and cloud cover,
thus leading to growth rate reductions
(G�omez and Mitchell, 2015). New trends in
artificial lighting have shifted toward LED
lights because they offer a variety of narrow
wavebands to provide specific light spectra to
potentially optimize seedlings by stimulating
plant photoreceptors that regulate growth and
morphology (photomorphogenesis) (G�omez
and Mitchell, 2015). The emerging high-
intensity LED lamps are an alternative for
supplemented photoperiods due to their long
functional life, low operating temperature,
low energy consumption, and selective spec-
tral output (Hern�andez and Kubota, 2012).
Photoperiod extension is a technique that can
promote dry matter productivity of green-
house crops due to an increase in the daily net
photosynthetic CO2 assimilation (Matsuda
et al., 2016). Tomato is produced widely in
the world and is cultivated throughout the
year. Due to their importance in crop pro-
duction, tomato seedlings have been used as a
research model in experiments with specific
wavelengths and different DLIs. Young to-
mato plants are mainly produced under con-
trolled conditions on a large scale to meet the
increasing production demand, and supple-
mental lighting is often used to enhance
seedling growth and obtain year-round high
production and good quality (Fan et al., 2013;
Kozai, 2007). During an experiment per-
formed by Fan et al. (2013) involving several
light intensities of R/B LEDs and a 12-h
photoperiod, tomato cherry seedlings were
evaluated and fresh weight, dry weight, and
energy efficiency were superior in plants
grown under 300 mmol·m–2·s–1 (DLI = 12.96
mol·m–2·d–1); however, plant height and spe-
cific leaf area were superior under 50
mmol·m–2·s–1 (DLI = 2.16 mol·m–2·d–1). Sim-
ilarly, tomato seedlings (‘Komeett’) were
grown with several ratios of R/B supplemen-
tal lighting under low and high solar DLIs
(8.9 ± 0.9 and 19.4 ± 1.9 mol·m–2·d–1, respec-
tively), and growth and morphological pa-
rameters, including dry shoot mass, leaf
count, stem diameter, hypocotyl length, leaf
area, and chlorophyll concentration,
exhibited the benefits of supplemental light,
especially under low DLI; however, there
were no significant differences among differ-
ent R/B ratios regardless of the DLI
(Hern�andez and Kubota, 2012).

Plant response to light occurs through
small chromophore molecules called photo-
receptors that are triggered by specific light
wavelengths of the spectral range. Five pho-
tosensory systems have been identified: phy-
tochromes that absorb maximally in the R
(600–700 nm) and FR (700–750 nm) ranges;
cryptochromes (CRYs 1 and 2) and
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ultraviolet resistance locus 8 (UVR8) that
respond to ultraviolet-A/blue radiation (315–
500 nm) and ultraviolet B (ultraviolet-B)
wavelengths (280–315 nm); and phototropins
and members of the Zeitlupe family that
absorb in the blue light (390–500 nm) range
(Bantis et al., 2018; Rai et al., 2020). Matsuda
et al. (2016) used B, R, and orange light at
150 mmol·m–2·s–1 and white light at 150 and
300 mmol·m–2·s–1 for an overnight extended
photoperiod and found that blue light pro-
duced leaf damage and stem elongation,
whereas R light produced a large leaf weight
ratio. Moreover, B, R, and orange lights
resulted in a large leaf area compared with
the no-radiation treatment. Several R/B ratios
have been proposed; in general, these two
wavelengths promote stem elongation and
production of phytohormones (Matsuo et al.,
2019; Nanya et al., 2012; Son et al., 2018). In
addition, Xiaoying et al. (2012) reported a
higher amount of photosynthetic pigments in
leaves of seedlings subjected to blue light
treatment.

Ultraviolet-A supplementation has been
proven to have beneficial effects on seedlings
growth and secondary metabolite production.
Mariz-Ponte et al. (2018) found an increase in
shoot length, cotyledon area, length/size, and
fresh matter in tomato seedlings irradiated
with ultraviolet-A, but a reduction in dry
matter in some treatments; however, the
chlorophyll-a (Chl-a) and chlorophyll-b
(Chl-b) contents were unaffected. Kang
et al. (2018) showed that ultraviolet-A stim-
ulated plant biomass production in larger
leaves and did not induce any stress because
the chlorophyll content was unaffected. An
experiment involving end-of-day (EOD) FR
promoted hypocotyl elongation in ‘Aloha’
and ‘Maxifort’ tomato seedlings by increas-
ing the exposition time with lower dose
ranges; moreover, none of the EOD FR
treatments affected the plant dry weight, stem
diameter, or plastochron index (Yang et al.,
2012). Similarly, an experiment performed
by Eguchi et al. (2016) showed that FR and B

synergistically acted to prevent intumescence
injury.

The aim of this work was to evaluate the
effects of the overnight photoperiod with
light comprising a fixed mixture of R (625
nm), B (460 nm), FR (720 nm), and
ultraviolet-A (410 nm) wavelengths on to-
mato seedlings. Three photoperiods were
designed by adjusting the activation/deacti-
vation schedule. All treatments used the same
light intensity. Tomato seedlings were se-
lected because this is a crucial crop stage that
impacts yield. Additionally, these plants have
been used as experimental models when
mathematical modeling can be used for fur-
ther research. The mixture of the four wave-
lengths, which are considered the dominant
wavelengths for plant photoregulation, with
extra EOD FR was proposed with the expec-
tation of increasing the specialized metabo-
lite production and generating beneficial
changes in seedling morphology. The meth-
odology presents the guidelines for the LED
module design, light treatments, and experi-
ment design. Adding overnight light to the
natural photoperiod was proposed instead of
a complete artificial photoperiod (all day and
overnight) for energy-saving because lamps
were only activated from 4 to 12 h per day
instead of all day long; this is a commonly
used strategy in places where daylight pro-
vides an adequate amount of solar radiation.
Results have suggested that adding hours of
artificial light to the natural photoperiod
promotes growth and production of second-
ary metabolites in tomato seedlings.

Materials and Methods

Location and plant material. The system
was installed at the Universidad Autonoma
de Queretaro, Facultad de Ingenieria, Cam-
pus Amazcala, which is located in the mu-
nicipality of El Marques, Queretaro (lat.
20�73#N, long. 100�26#W, 1920 m.a.s.l.).
Five-hundred twelve seeds of tomato (Sola-
num lycopersicum L. ‘Saladette’, COR-
DOBA F1, Geneva Vegetable Seed, US)
were germinated in four 128-cell (3.5- ·
3.5-cm, 46-mL volume per cell) plug trays
with peatmoss and placed in a crystal growth
chamber with natural light comprising a
photoperiod of 12 h/12 h light/darkness and
DLI of 6.1 ± 0.5 mol·m–2·d–1. The tempera-
ture inside the growth chamber was 24.7 �C ±
1.3 �C, and the relative humidity was 88.3%
± 5.4%. After the first true leaves emerged
(10 d after germination), the trays were
placed under light treatments in the same
crystal growth chamber. Each treatment
contained 110 seedlings (experimental
units). Water with a nutrient solution was

irrigated directly on the peatmoss every 2 d.
The nutrient solution was prepared using
highly soluble fertilizer salts to obtain the
next ion concentration: 12 meq·L–1 of NO3

–;
1 meq·L–1 of H2PO4

–; 7 meq·L–1 of SO4
2–; 7

meq·L–1 of K+; 9 meq·L–1 of Ca2+; and 4
meq·L–1 of Mg2+. The pH of the nutrient
solution was kept at 6 ± 0.2, and the
electrical conductivity was kept between
1.6 and 1.8 dS·mL–1.

Experimental setup. Specific lamps were
designed for this research. They consisted of
a microcontroller that received the signal of a
real-time clock (RTC) to activate or deacti-
vate the LED modules at specific schedules.
Lamps were programmed to turn on and
off progressively during a 30-minute inter-
val simulating sunset and sunrise. The light
quantity provided by the LEDs was calcu-
lated using Eq. [1] and Eq. [2], where the
photon energy (Ephoton) was calculated
according to the light dominant wavelength
(l) and considering the light speed (c) and
Plank constant (h) (King and Alvarez-Bada,
2020); then, the quantity of light (mmol·s–1)
was calculated using the photon energy cal-
culated using Eq. [1] considering Avogadro’s
number (NA) and the LED radiant power
(Rp), which can be obtained with the lumen
value and the relative luminous efficiency
function (King and Alvarez-Bada, 2020;
Thimijan and Heins, 1983). The LEDmodule
consisted of 16 high-intensity R LED lights
(ASMT-JR10-AST01, 625 nm; AVAGO
Technologies, USA) calculated to provide
24.63 mmol·s–1, 6 high-intensity B LED lights
(ASMT-JB31-NNP01, 460 nm; AVAGO
Technologies, USA) calculated to provide
14.07 mmol·s–1, 6 FR LED lights (GF
CSHPM1.24-3S4S-1, 721 nm; OSRAM Opto-
semiconductors, Germany) calculated to provide
8.46 mmol·s–1, and 4 ultraviolet-A LED lights
(IN-3531SCUV U70, 410 nm; INOLUX, USA)
calculated to provide 6.12 mmol·s–1. The sum
of all wavelengths resulted in 53.28 mmol·s–1.
The vison angles of the LED lights were a
minimum of 125� and organized homoge-
neously in an aluminum printed circuit board
for correct light distribution.

Ephoton =
hc

l
[1]

mmol ‧ s – 1 = 1· 106
Rp

NAEphoton
[2]

The experimental design consisted of a
single-factor experiment with three levels
and one control (Table 1). Three biological
repetitions of seven plants per week were
sampled for destructive measurements at the

Table 1. Treatments used to evaluate the effects of the extended photoperiod with blue, red, far-red, and ultraviolet-A light on tomato seedlings.

Treatment
Photoperiod
regime (L/D)

Natural light
duration (h)

Artificial light
duration (h)

Activation
hours

Deactivation
hours

Natural
DLI (mol·m–2·d–1)

Artificial light provided
by lamps (mol·d–1)

T1 16/8 12 4 1900–1930 2300–2330 6.1 0.767
T2 20/4 12 8 1900–1930 0300–0330 6.1 1.534
T3 24/0 12 12 1900–1930 0700–0730 6.1 2.302
TC (control) 12/12 12 0 — — 6.1 0
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beginning of the experiment and during the
next 4 weeks. Plug trays were placed ran-
domly in a crystal growth chamber of 42 ft3

(60 · 130 · 150 cm) placed in a fully
illuminated area for optimal solar radiation;
a quantum light sensor was placed inside the
chamber for measurement of natural photo-
period and light quantity (Table 1). The
growth chamber was divided in sections
corresponding to the treatments with solid
nontranslucent plastic to avoid artificial light
transmission between treatments. The lamp
was placed 45 cm above the plug tray (Fig. 1).
Treatment T3 (24 h comprising 12 h natural
light + 12 h artificial light) was proposed to
contrast with treatment T1 (16 h comprising
12 h natural light + 4 h artificial light) and

treatment T2 (20 h comprising 12 h natural
light + 8 h artificial light) because tomato
seedlings cannot cope with a 24-h photope-
riod (Velez-Ramirez et al., 2017)

Natural light conditions were measured
by sensing solar radiation and photosynthet-
ically active radiation (PAR) light, with the
photoperiod lasting from 0730 to 1930 HR and
an average DLI of 6.1 ± 0.5 mol·m–2·d–1. The
measured artificial light intensity at the foliar
level ranged from 15 to 20 mmol·m–2·s–1. Data
regarding air temperature, relative humidity,
PAR light, and solar radiation were measured
every 15 min with automatic data loggers
(Watchdog Model 1000; Spectrum Technolo-
gies, Inc., Plainfield, IL), a six-sensor quantum
light bar (model 3668I6, LIGHTSCOUT;
Spectrum Technologies, Inc.), and a pyran-
ometer (model 3670I, LIGHTSCOUT, Spec-
trum Technologies, Inc.).

Plant measurements. The total length,
stem diameter, and internode length were
measured with a Vernier electronic caliper
(CD-6-PSX; Vernier, Mitutoyo, Japan; reso-
lution, 0.01 mm; precision, ± 0.02 mm). The
dry weight and ash content were quantified
with the method proposed by Olvera-Novoa
et al. (1993). The total leaf area was deter-
mined in each seedling sample by image
processing software in MATLAB. The total
length and total weight data were fitted with
the least-squares method to a logistic model
based on differential Eq. [3] reported by
Cavallini (1993), which resulted in Eq. [4],
where f is the function of the adjusted vari-
able, t is the time base, Km is the carrying
capacity or the maximum population size that
a particular environment can support (in this
case, corresponds to the maximum predicted
length or weigh), r is the maximum growth
rate, and C is an arbitrary constant for model
correct adjustment depending on the initial
conditions. The initial measurements, first
week measurements, and second week mea-

surements only included the total length,
stem diameter, leaf area, leaf weight, stem
weight, total dry matter, and total ash content.
During the third week of the experiment, the
seedlings developed the second internode;
therefore, the length of the second internode
was included among these data. The informa-
tion at the end of the experiment included the
aforementioned data and leaf fresh weight,
leaf dry weight, stem fresh weight, stem dry
weight, specific leaf area (SLA), health index,
and energy efficiency. The SLA, health index,
and the energy efficiency of each seedling was
determined using Eq. [5], Eq. [6], and Eq. [7],
respectively (Fan et al., 2013).

df

dt
= rf

�
1 –

f

Km

�
[3]

f ðtÞ = Km

1 + Ce – rt
[4]

SLA =
Leaf Area

Leaf dry weight
[5]

Health index =
Stem diameter

Height
·Dryweight

[6]

Energy efficiency

=
Dryweight

Power consumed by LEDs
[7]

The ash percentage was measured using
the Official Methods of Analysis (OMA) of
theAssociation ofOfficial Agricultural Chem-
ists (AOAC). The antioxidant capacity (AOC)
of the extracts was evaluated using the free
radical test [2,2#-diphenyl-1-picrylhydrazylFig. 1. Lamp disposal (45 cm) above the plug tray.

Table 2. Measurements of the total length, first and second internode lengths, stem diameter, stem weight, leaf area, leaf weight, total weight, total dry matter
percentage, and total ash content percentage of tomato seedlings at the beginning, first week, second week, and third week of the experiment.

Total
length (mm)

First internode
length (mm)

Second internode
length (mm)

Stem
diam (mm) Stem wt (g)

Leaf
area (cm2) Leaf wt (g) Total wt (g)

Total dry
matter (%)

Total ash
content (%)

Initial measurements
TC 77.6 a — — 1.6 a 0.078 a 4.5 a 0.066 a 0.144 a 6.7 a 1.5 ab
T1 77.3 a — — 1.6 a 0.077 a 4.3 a 0.063 a 0.140 a 6.3 a 1.3 a
T2 75.4 a — — 1.6 a 0.074 a 4.4 a 0.065 a 0.139 a 5.8 a 2.0 b
T3 73.1 a — — 1.6 a 0.072 a 4.5 a 0.065 a 0.138 a 6.3 a 2.0 b

Experiment week 1
TC 100.9 b — — 1.7 a 0.151 b 8.7 a 0.149 a 0.301 b 12.5 ab 3.3 a
T1 110.1 c — — 1.7 a 0.175 c 8.1 a 0.142 a 0.317 b 11.1 a 3.3 a
T2 94.9 b — — 1.7 a 0.145 b 8.9 a 0.151 a 0.296 ab 11.8 ab 3.2 a
T3 82.2 a — — 1.7 a 0.121 a 8.8 a 0.144 a 0.264 a 15.3 b 4.0 a

Experiment week 2
TC 120.0 a — — 2.0 a 0.217 a 17.8 a 0.316 a 0.533 ab 7.0 a 2.5 a
T1 133.9 b — — 1.9 a 0.263 b 16.6 a 0.311 a 0.563 b 6.7 a 2.3 a
T2 122.8 ab — — 1.9 a 0.226 ab 17.2 a 0.314 a 0.540 ab 7.8 a 2.3 a
T3 112.8 a — — 1.9 a 0.193 a 17.2 a 0.307 a 0.501 a 7.5 a 2.2 a

Experiment week 3
TC 158.7 a 27.0 a 21.5 a 2.7 a 0.344 a 37.8 a 0.700 a 1.043 a 5.7 a 1.7 a
T1 185.2 b 33.7 ab 23.6 a 2.8 a 0.431 b 36.0 a 0.691 a 1.121 b 6.2 ab 1.7 a
T2 180.2 b 34.1 b 37.1 b 2.8 a 0.421 b 36.4 a 0.685 a 1.107 b 6.9 b 1.8 a
T3 165.4 a 33.0 ab 34.3 b 2.8 a 0.366 a 37.6 a 0.686 a 1.052 a 7.1 b 1.8 a

a, b, c in the same column permeasurement establish statistical differences per measurement (P < 0.05). n = 7 and three biological repetitions per measurement and
per treatment.
T1 = treatment 1; T2 = treatment 2; T3 = treatment 3; TC = control treatment.
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(DPPH)] and ferric ion reduction capacity
(FRAP) according to themethod described
by Corral-Aguayo et al. (2008). Results
were expressed as milligrams of Trolox
equivalent per gram of dry weight (mg TE/
g DW). Chl-a and Chl-b were quantified
according to the method described by
Strickland and Parsons (1972) with a
DR6000 spectrophotometer (HACHCom-
pany, Loveland, CO). The content of the
total phenolic compounds was determined
by the Folin–Ciocalteu method described
by Singleton and Rossi (1965) and
expressed as milligrams of equivalent gal-
lic acid per gram of dry weight (mg GAE/g
DW), and the total flavonoid content was
determined by the assay reported by
Zhishen et al. (1999) and expressed as
milligrams of equivalent of catechin per
gram of dry weight (mg CE/g DW).

Statistical analysis. Data were ana-
lyzed using a one-way analysis of variance
to determine significant differences. When
differences were found, Tukey’s honestly
significant difference test was performed.
All statistical analyses were performed
with reliability of 95% using JMP 9.0.1.
software (SAS Institute, Cary, NC).

Results

Physical measurements. Table 2 shows
the weekly physiological measurements at
the beginning of the experiment and dur-
ing the next 3 weeks of the experiment.
From the second week, the overnight
photoperiod stimulated seedling elonga-
tion. T1 and T2 presented the highest total
lengths; these lengths were 11.57% and
2.28% higher than that of the control
during the second week and 16.7% and
13.6% during the third week, respectively.
During the third week, all treatments
presented a large internode length. T2
included the highest values of this vari-
able; these values were 26.3% and 72.6%
higher than that of the control for the first
internode and second internode, respec-
tively. The stem diameter remained con-
stant, with no statistical difference
between treatments. Seedlings from T1
had superior stem weight values from the
first week to the third week (15.9%,
21.2%, and 25.3% higher than that of the
control, respectively). In contrast, T3 pre-
sented the lowest stem weight values of all
treatments during the first week (19.9%
lower than that of the control); however,
during the next weeks, it presented con-
siderable recovery but with no statistical
difference (6.4% higher than that of the
control during the third week). The leaf
area and leaf weight remained constant,
with no statistical difference during the
first 3 weeks of the experiment. During the
second week, TI and T2 resulted in
slightly large total weights, which were
noticeable during the third week (7.5%
and 6.1% higher values than that of the
control, respectively). In contrast, T3 pre-
sented the lowest total weight value of all

treatments during the first week (12.3% lower
than that of the control). During the next
weeks, considerable recovery occurred; how-
ever, that recovery was without statistical
difference during the third week.Weight gain
of the stem of seedlings subjected to T3
treatment allowed for total weight recovery,
but it was not statistically different compared
with that of the control. On the contrary, T3
resulted in superior total dry matter, followed
by T2 and T1, with 23.8%, 20.1%, and 7.9%
higher values compared with that of the
control during the third week, respectively.
The ash percentage remained constant, with
no statistical differences among weeks and
treatments.

Table 3 shows the measurements at the
end of the experiment that indicate the last
physiological changes. T1 and T2 continued
to result in superior total length (18.2% and
18.7% higher than that of the control, respec-
tively). T2 had large first and second inter-
node lengths (38.1% and 57.1% higher than
that of the control, respectively). The stem
diameter remained constant, with no statisti-
cal difference between treatments. However,
seedlings subjected to T1 and T2 had the
highest stem weights (26.5% and 27.3%
higher than that of the control, respectively).
In contrast, T1 resulted in the lowest stem dry
weight (13.9% lower than that of the control).
This suggests that seedlings subjected to T2
elongated and also had biomass accumula-
tion in the stem in contrast with those sub-
jected to T1, which elongated but did not
accumulate biomass; those subjected to T3
had higher biomass accumulation but lower
height. Moreover, T1 resulted in a large leaf
area compared with T2 and T3. In contrast,
T3 had the highest leaf dry matter value
(10.561% higher than that of the control),
and T1 and T2 had the lowest leaf dry matter
values (11.6% and 5.5% lower than that of
the control, respectively). This suggest that
leaves subjected to T3 did not have greater
expansion but accumulated a large quantity
of biomass; T1 had the opposite behavior,
with greater expansion but lower biomass
accumulation, and T2 resulted in values be-
tween those resulting from T1 and T3. Sim-
ilarly, T3 resulted in the highest percentage
of total dry weight and T1 resulted in the
lowest, but the values were not statistically
different than that of the control. However,
T1 resulted in the highest value of total fresh
weight (11.2% higher than that of the con-
trol).

The SLA is an important variable in crop
growth models because it relates to dry mat-
ter production and leaf area expansion, and
consequently to light interception and photo-
synthesis (Gary et al., 1991). A given amount
of biomass can be spread over a small or large
area. Therefore, T1 resulted in a higher SLA
(8%), whereas T3 resulted in a lower value
(13.6%) compared with that of the control.
Plants grown under high quantities of light
generally have thick leaves and a low SLA,
partly due to the extra layers of palisade cells
or longer palisade cells that increase the
number of chloroplasts and the quantity ofT
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photosynthetic enzymes. However, with
more biomass in a given area, the increase
in photosynthetic capacity of the leaves sub-
jected to high quantities of light comes at the
cost of having less light capture per unit of
biomass at lower irradiances (Bj€orkman,
1981; Evans and Poorter, 2001; Hanson,
1917). The seedling health index is a tool
for assessing parameters that directly affect
the survival and growth of plants after trans-
planting, and it can be used to predict crop
yields and quality (Korkmaz and Dufault,
2004; Liu et al., 2015). The health index
values of T1 and T2 were lower than that of
the control because the result of multiplying
the stem diameter and dry weight, which did
not have significant variation among treat-
ments, was divided by the plant height, the
variable of was significantly higher with T1
and T2. However, the energy efficiency was
higher with T2 and T3, thus indicating large
biomass production per unit of electric en-
ergy consumption.

The logistic model was first used to de-
scribe the growth of microorganisms, and it
has been widely applied to many ecological
problems (Yu et al., 2002). The logistic
differential equation is a classic but useful
model for describing the dynamics of a one-
species population in an environment with
limited resources (Cavallini, 1993). Figure 2
shows the total length measurements and data
fitted to a logistic model. K values predicted
by the model are consistent with the exper-
imental values because T1 and T2 resulted in
the highest values and TC and T4 resulted in
the lowest. TC had the highest r value be-
cause it showed slightly faster growth than all

other treatments during the first weeks; how-
ever, during the last week, its growth rate
significantly decreased. All models of total
length had a correlation coefficient greater
than 0.96, thus indicating adequate adapta-
tion to experimental data. Figure 3 shows the
total weight measurements and data fitted to
the same logistic model. K values predicted
by the model were consistent with the exper-
imental values because T1 resulted in the
highest values and TC resulted in the lowest.
All models of total weight had a correlation
coefficient greater than 0.96, thus indicating
adequate adaptation to experimental data.

Phytochemical measurements. Table 4
shows the weekly phytochemical measure-
ments during the 4 weeks of the experiment.
During the initial week of the experiment, the
phenolic content did not have significant
variation; however, during the last 2 weeks
of the experiment, T2 and T3 resulted in the
highest values for this variable compared
with that of the control (8.3% and 7.1%
during the third week and 40.3% and 35.7%
during the fourth week, respectively). Con-
versely, the flavonoid content was large dur-
ing the first two measurements, but it
considerably decreased during the last three
measurements. During the first week, the
supplemental light caused this variable to
increase with all treatments: 22.1% with T1,
40.3%with T2, and 22.5%with T3 compared
with that of the control. During the last week
of the experiment, T1 resulted in the highest
value of this variable (14.8% higher than that
of the control). In general, the AOC (FRAP
method) tended to increase with all treat-
ments during the experiment, with the highest

Fig. 2. Total length measurements and data fitted
according to the logistic model. K represents
the total length predicted by the model, r
represents the growth rate, and R2 is the corre-
lation coefficient.

Fig. 3. Total length measurements and data fitted
according to the logistic model. K represents
the total length predicted by the model, r
represents the growth rate, and R2 is the corre-
lation coefficient.

Table 4. Weekly measurements of phenolic and flavonoid content, antioxidant capacity, and chlorophyll (a and b) in tomato seedlings at the beginning and during
the 4 weeks of the experiment.

Phenolic
content (mg GAE/g DW)

Flavonoid
content (mg CE/g DW)

AOC DPPH
(mg TE/g DW)

AOC FRAP
(mg TE/g DW)

Chl-a
(mg·g–1)

Chl-b
(mg·g–1)

Initial measurements
TC 9.67 b 19.49 b 26.36 a 6.69 b 0.1572 a 0.2123 a
T1 8.60 a 13.45 a 28.36 ab 6.60 b 0.1562 a 0.2109 a
T2 9.94 b 17.85 b 30.63 c 5.98 a 0.1546 a 0.2142 a
T3 10.55 c 18.25 b 29.64 bc 6.43 b 0.1544 a 0.2077 a

Experiment week 1
TC 11.38 a 13.66 a 28.86 a 6.59 a 0.1569 a 0.2118 a
T1 9.97 a 16.68 b 28.44 a 6.69 a 0.1535 a 0.2046 a
T2 11.46 a 19.16 b 27.68 a 6.79 a 0.1533 a 0.1987 a
T3 12.45 a 16.73 b 28.32 a 6.65 a 0.1551 a 0.2108 a

Experiment week 2
TC 10.89 b 7.50 b 7.74 a 16.73 c 0.1584 a 0.2109 a
T1 9.53 ab 7.03 b 6.41 a 10.98 ab 0.1549 a 0.2077 a
T2 8.81 a 6.85 ab 6.44 a 9.96 a 0.1548 a 0.2029 a
T3 7.90 a 5.49 a 7.55 a 11.63 b 0.1536 a 0.2078 a

Experiment week 3
TC 10.28 a 7.61 a 6.48 a 14.23 ab 0.1544 a 0.2120 a
T1 10.47 ab 8.17 a 6.60 a 12.76 a 0.1559 a 0.2090 a
T2 11.14 b 7.97 a 8.82 a 15.91 b 0.1565 a 0.2082 a
T3 11.01 b 8.01 a 6.78 a 15.74 b 0.1575 a 0.2082 a

Experiment week 4
TC 12.17 a 9.02 b 9.91 a 18.56 bc 0.1615 a 0.2053 a
T1 14.06 b 10.36 c 10.69 a 19.96 c 0.1570 a 0.1993 a
T2 17.04 c 8.27 b 16.23 b 15.99 ab 0.1586 a 0.2051 a
T3 16.51 c 6.74 a 15.36 b 14.27 a 0.1559 a 0.2009 a

a, b, c in the same column permeasurement establish statistical differences per measurement (P < 0.05). n = 7 and three biological repetitions per measurement and
per treatment.
AOC = antioxidant capacity; CE = catechin equivalent; DPPH= 1,1-diphenyl-2-pycrylhydrazyl; FRAP = ferric ion reducing antioxidant power; GAE = gallic acid
equivalent; T1 = treatment 1; T2 = treatment 2; T3 = treatment 3; TC = control treatment; TE = Trolox equivalent.
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values for TC and T1 at the end of the
experiment and the lowest values for T2
and T3, which were 13.8% and 23.1% lower
than that of the control, respectively. How-
ever, the AOC (DPPH method) decreased
considerably after the first week of light
exposure and presented a slight increase
during the last 3 weeks; T2 and T3 had the
largest values, which were 63.8% and 55%
higher than that of the control, respectively.
Measurements of the two types of chloro-
phyll remained constant, with no significant
difference during the entire the experiment.

Discussion

Some characteristics of properly grown
tomato seedlings include short internodes,
firm stems, and large and intensive green
leaves (Brazaityt _e et al., 2010; Glowacka,
2002). During this research, T1 and T2
resulted in large total lengths and T1 resulted
in a slightly larger leaf area. This was ex-
pected because TC and T3 included extreme
photoperiodic conditions of the experiment
such as no artificial light and 24 h of light
(12 h of natural light and 12 h of artificial
light). Moreover, this result is consistent with
that of Haque et al. (2015), who evaluated the
growth of wild and cultivated tomato species
under continuous light and no temperature
variations; they found that the rate of photo-
synthesis and the maximum photochemical
efficiency of photosystem II declined with
the development of leaf chlorosis. The per-
centages of dry matter during the last week
were consistent with that of Brazaityt _e et al.
(2010), with 9.20%, 9.60%, and 10.88%
(calculated values) found during measure-
ments 1, 2, and 3 of tomato hybrid ‘Raissa
F1’ plants subjected to treatments using R,
FR, B, and ultraviolet light. During their
experiment, this treatment also resulted in
the best total length, leaf area, and fresh
weight. At the end of the experiment and
according to most measurements, T3 resulted
in large dry matter percentages, consistent
with the results of Haque et al. (2015), who
showed that species of tomato cultivated
under continuous light had higher dry matter
production due to the continuous photosyn-
thesis and subsequent increase in carbon
gain. In the present study, T1 and T2 pre-
sented the best results, indicating that in
addition to light quality, the photoperiod is
an important variable for plant growth. In
accordance with the results of Kang et al.
(2018) and Mariz-Ponte et al. (2018), the
chlorophyll values did not vary significantly
between treatments. Furthermore, the stem
diameters and chlorophyll quantities did not
display statistical differences, consistent with
the experiment results reported by Hern�andez
and Kubota (2012), who evaluated ratios of
R/B with different DLI values for ‘Komeett’
tomato seedlings. During the same experi-
ment, after 18 d of treatment with two true
leaves, the leaf area did not present a statis-
tical difference, which was consistent with
our experiment results, indicating that the
leaf area started presenting a statistical dif-

ference during the second measurement (14 d
of treatment plus 7 d from germination to the
first true leaf). Along with the increase in
light intensity, the SLA gradually decreased,
and that decrease in the SLA may have
reduced the light energy absorption (Fan
et al., 2013). The specific leaf area behavior
among treatments is consistent because the
larger the amount of supplemental light re-
ceived, the lower the SLA value. Moreover,
the SLA values were consistent with those
reported by Gary et al. (1991), who obtained
values from 450 to 750 cm2·g–1 during their
experiment modeling the daily changes of
SLA in tomato TOMGRO.

Antioxidant levels in seedlings could be a
standard for field adaptation when environ-
mental changes occur at transplantation (Kim
et al., 2014). Plants possess a defense mech-
anism that uses antioxidant substrates or
enzymes to reduce the negative effects of
reactive oxygen species (ROS) produced by
stressful conditions (Mittler, 2002). Phenolic
compounds with antioxidant properties in-
duce better growth and adaptation under
stressful conditions (Rivero et al., 2003) and
have redox properties that allow them to act
as antioxidants and could be used as a basis
for rapid screening of antioxidant activity
(Baba and Malik, 2015; Soobrattee et al.,
2005). Several techniques have been de-
scribed to evaluate the antioxidant capacity
of food and plants; two of these techniques
that are widely applied are DPPH and FRAP
(Halvorsen and Blomhoff, 2011; Ozgen et al.,
2006; Villano et al., 2007). During the ex-
periment performed by Kim et al. (2014), it
was found that adding B light increased the
phenolic concentration, total flavonoid con-
centration, and antioxidant capacity com-
pared with other wavelengths. Similarly, the
addition of FR to supplemental light consid-
erably increased the production of the total
phenolic contents and antioxidant capacities
in lettuce (Lee et al., 2016). At the end of our
experiment, the quantity of phenolic com-
pounds was higher with all treatments com-
pared with TC, which received no artificial
light because B and ultraviolet-A light trigger
the biosynthesis of phenolic compounds with
antioxidant properties (Bantis et al., 2018).
However, the concentration of flavonoids
decreased with treatments with the highest
amount of artificial light. At the end of the
experiment, the quantity of total phenolics
increased and the quantity of flavonoids de-
creased. This indicated that the phenolic
compounds, but not the flavonoids, were
produced because of the plant response to
stress. The increments in the total phenolics
contents with treatments T2 and T3 at the end
of the experiment were consistent with those
of the DPPH assay, which is often applied to
classify the scavenging activity of phenolic
compounds (Nenadis and Tsimidou, 2002).
However, with the FRAP assay, the AOC
tended to increase with all treatments during
the entire experiment and TC and T1 resulted
in the highest values at the end of the exper-
iment, contrary to results for DPPH. This is
because the FRAP assay has little selectivity,

measures almost all reductants (including
antioxidants), with a reduction potential less
than 0.7 V, does not detect glutathione (GSH)
or protein thiols, and is unable to detect other
low-molecular-weight thiols and sulfur-
containing molecules that may have a role
in the antioxidant defense of plants
(Halvorsen and Blomhoff, 2011). Light qual-
ity affects endogenous hormones by influ-
encing secondary metabolism. R light may
promote stem growth by regulating the bio-
synthesis of GAs, and B light may promote
flavonoid, lignin, phenylpropanoid, and some
hormones (OuYang et al., 2015). Extended
photoperiods with R, B, FR, and ultraviolet-
A light can regulate elongation and leaf
expansion in tomato seedlings. Moreover,
adequate antioxidant levels in seedlings can
be achieved because this variable is impor-
tant for adaptation when environmental
changes occur at transplantation.

Conclusion

This investigation revealed that the
growth of tomato seedlings ‘Cordoba F1’
was enhanced under photoperiodic condi-
tions including 12 h of natural light with 4
and 8 h of artificial light composed of R, FR,
B, and ultraviolet-A wavelengths. Moreover,
24 h of light did not significantly increase
growth or plant total phenolics and flavo-
noids contents. This study provided basic
information about the effects of increasing
the DLI trough overnight photoperiod with a
combination of four important wavelengths
at a morphological level and the production
of phytochemicals of interest. This work also
provided basic information about the design
of a LED module by considering the amount
of light that each LED corresponding to a
dominant wavelength can proportionate. This
information can be considered for further
designs of LED-based artificial lighting sys-
tems for closed-type plant factories, espe-
cially nursery plants, by taking into
consideration the amount of natural light
hours and extending the photoperiod sched-
ules with artificial light.
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