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Compact and healthy young plants increase crop production and improve vegetable

quality. Adverse climatic conditions and shading can cause young plants to become

elongated and spindly. We investigated the effects of night break (NB) treatments on

tomato plants using red light (RL) with an intensity of 20 µmol·m2
·s−1. Tomato plants

were subjected to NB treatments with different frequencies ranging from every 1, 2, 3,

and 4 h, and plant growth, flowering, and yield were monitored. The results showed that

with the increase of RL NB frequency, plant height decreased, stem diameter increased,

and flower initiation delayed, the content of indole-3-acetic acid (IAA) and gibberellin 3

(GA3) in the leaf and stem declined. When the RL NB frequency was every 1 h, the heights

of tomato plant decreased by 32.73% compared with the control, the diameter of tomato

plants increased by 27.09% compared with the control, the number of leaves produced

before flowering increased to 11, compared with 8 in the control, the contents of IAA and

GA3 in the leaf decreased by 33.3 and 41.29% respectively compared with the control,

the contents of IAA and GA3 in the stem decreased by 56.04 and 57.14% respectively

compared with the control. After RL NB treatments, tomato plants were transplanted

into a solar greenhouse to evaluate tomato yield. When tomato plants pre-treated with

RL NB, per tomato fresh weight of the first spica increased with the increase of RL NB

frequencies. These results indicate that more compact and healthier tomato plants could

be gotten by RL NB treatments and improve tomato early yield.

Keywords: flowering, fruit fresh weight, hormone, night break, stem elongation, tomato

INTRODUCTION

The seedling growth period is crucial for vegetable production. This period has important
effects on plant growth and development,harvest time, total yield efficiency, and fruit numbers
per plant. Seedling optimization can increase production yield and improve the quality of
vegetable crops. If plants grow too tall, they become troublesome during propagation, transport,
and planting. However, adverse environmental conditions, high humidity, and greenhouse
shading often degrade seedling quality (Zhan et al., 2003). To prevent plants from becoming
spindly, growers often control seedling height by application of growth retardants such as B-
nine (daminozide), Bonzi (paclobutrazol), and Cycocel (chlormequat chloride) (Nourai and
Harris, 1983; Berova and Zlatev, 2000; Haque et al., 2007). However, these growth retardants
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excessively attenuate plant height and slow plant growth after
transplanting. Restrictions on the use of growth regulating
chemicals have been set on vegetable crops because of potential
health risks to workers and consumers. Therefore, identification
of a non-chemical alternative to control greenhouse crop height
is increasingly important.

Light quality, specifically red light (RL) and far-red light
(FRL), affects plant growth. In many morphological studies,
high RL:FRL ratio strongly inhibits stem elongation, whereas
low RL:FRL ratio enhanced stem elongation (Alokam et al.,
2002; Kurepin et al., 2007). Phytochromes are important
photoreceptors that sense RL and FRL. Phytochromes are
photochromic proteins that have two photo-interconvertible
isomeric forms: the red-light-absorbing form (Pr) is biologically
inactive, whereas the far-red-light-absorbing form (Pfr) is
biologically active (Hughes and Lamparter, 1999; Smith,
2000). The conversion between Pr and Pfr synchronizes
plant development with the light environment. In daylight,
phytochromes exist predominantly in the Pfr form, which results
in the suppression of genes involved in elongation growth.
During the night, Pfr undergoes dark recovery and slowly
converts into the inactive Pr form, which increases the expression
of genes involved in elongation growth (Nozue et al., 2007; Soy
et al., 2012). Phytochromes also are involved in flowering, long-
day-plants such as Arabidopsis (Mockler et al., 1999) and pea
(Weller and Reid, 1993), and short-day-plants such as sorghum
(Childs et al., 1997) and rice (Izawa et al., 2002), showed early
flowering and reduced photoperiodic sensitivities in their phy
mutants.

A short exposure to light in the middle of the night inhibits
or promotes plant growth and flowering. This phenomenon is
called night break (NB), which has been used extensively as a
tool to study photoperiodic control of growth and flowering. In
Eustoma grandiflorum and Cymbidium, NB treatment by high
RL:FRL ratio reduces stem elongation (Yamada et al., 2009;
Kim et al., 2011). NB treatment promotes flowering of long-
day plants and inhibits flowering of short-day plants (Goto
et al., 1991; Ishikawa et al., 2005). NB treatment with RL change
phytochromes from the Pr form to the Pfr form during the
night. However, the effect of NB treatment on stem elongation
and flowering in a day-neutral plant such as tomato was
unknown.

Light-emitting diode (LED) is a new light source with
several unique advantages, including narrow bandwidth,
relatively cool emitting surface, minimum heating, and
the ability to control spectral composition and wavelength
specificity (Bourget, 2008). These solid-state light sources
are therefore ideal for use in plant lighting experiments to
influence plant morphology and metabolism (Massa et al.,
2008; Morrow, 2008). In this study, we investigated the
effects of NB treatment on tomato growth, flowering, and
fresh fruit weight using red LED light. The basic knowledge
gained by these experiments provides useful information
for the development of seedling management practices
using specific light manipulation protocols in commercial
operations.

MATERIALS AND METHODS

Plant Materials and Treatments
The tomato (Solanum lycopersicum) cultivar Jinpeng No.1 was
used as experimental material. Tomato seeds were soaked in 50%
bleach for 30 min, rinsed thoroughly in running water, and then
placed directly on moistened filter paper and incubated at 25◦C.
After germination, seeds were sown onto culture substrate and
placed in a growth chamber with a day/night temperature regime
of 25◦C/18◦C, 12 h photoperiod, and 60–75% relative humidity.
When the first leaf fully expanded, the same-sized plants were
selected and transplanted to plastic pots (pot size 5 × 5 × 8
cm, one seedling per pot) filled with culture substrate. Then,
plants were placed in an environmentally controlled greenhouse
at Northwest A&F University, Yangling, Shaanxi, China. The
greenhouse was completely enclosed in glass and equipped with
pad-and-fan cooling and water heating systems; therefore, the
greenhouse could be maintained at a temperature of 25–30◦C
during the day and 15–18◦C during the night, with 60–75%
relative humidity. The plants were irrigated every week with
Yamasaki nutrient solution (pH 6.5 ± 0.1, electrical conductivity
1.4–1.8 dS·m−1) containing 4 mmol·L−1 NO3-N, 0.7 mmol·L−1

NH4-N, 0.7 mmol·L−1 P, 4 mmol·L−1 K, 1.0 mmol·L−1 Mg, 1.7
mmol·L−1 Ca, 2.7 mmol·L−1 S, and micronutrients.

The environmentally controlled greenhouse was divided into
five sections. Plants (n = 45) were placed in each section
and covered with opaque black cardboard box to prevent light
contamination. A LED panel (339 × 350mm, model ISL-RFGB,
CCS Inc., Kyoto, Japan) with red LEDs (peak illumination at
658 nm)was horizontally placed 20 cm above the plants inside the
opaque cardboard box. The photosynthetic photon flux density
of RL was measured by a spectroradiometer (PAR-NIR, Apogee
Instruments Inc., Logan, UT). The RL intensity and spectrum
are shown in Figure 1. The daily RL NB treatment occurred
from 20:00 to 08:00 h, lasting for 10 min at an intensity of 20
µmol·m2

·s−1 inside the opaque cardboard box, with frequencies
ranging from every 1, 2, 3, and 4 h. The experiments were
conducted in 1–4 black opaque cardboard boxes during the
night. The control plants did not receive any NB treatment; they
were kept in the fifth black opaque cardboard box during the
night, which prevented any light contamination. NB treatments
finished when all tomato plants flowered.

Measurement of Plant Growth and
Development during the NB treatment
Period
Plant height and stem diameter were measured weekly for
10 plants during the NB treatment period. Plant height was
measured using a ruler with 0.01 cm accuracy; stem diameter
was measured at the first internode using a digital caliper with
0.01mm accuracy (Digimatic Caliper, Shengli Co., Ltd., Beijing,
China). When the plants flowered, 10 plants in each treatment
were harvested separately for measurement of leaf, stem, and root
dry matter weight (DM). DM was determined after drying tissue
at 70◦C for 2 days, and then weight was recorded using a balance
with 0.01 g accuracy. The time to the start of first inflorescence
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FIGURE 1 | Spectral distribution characteristics of red LED used for

night break (NB) treatment.

and the number of leaves below the first inflorescence were
recorded.

Measurement of Hormone Contents in
Leaves and Stems
To measure the contents of indole-3-acetic acid (IAA) and
gibberellin (GA), the third leaf of 3 tomato plants from the top,
and the stems of 3 tomato plants were harvested quickly at 08.00 h
when RL NB treatments were finished, and were preserved in
liquid nitrogen. Approximately 1 g of leaves and stem were
extracted with 10mL of pre-cooled 80%methanol for 24 h at 4◦C.
The samples were centrifuged at 15,000 × g for 20 min at 4◦C,
the supernatant was collected, and concentrated into the aqueous
phase by placing in a 40◦Cwater bath with rotary evaporator (RE-
205, Huayi Instrument Co., Ltd., Shanghai, China). The organic
phase was treated with 0.2–0.3 g of polyvinylpolypyrrolidone
(PVPP). After another centrifugation at 15,000 × g for 20 min
at 4◦C, the supernatant was adjusted to pH 2.5–3.0, extracted
three times with an equal volume of ethyl acetate, and finally
evaporated to dryness with a rotary evaporator at 40◦C as
described above.

The dried samples containing IAA and GA3 were dissolved in
chromatography grade methanol with 0.1 M glacial acetic acid as
the mobile phase. The flow rate for all analyses was adjusted to 1
mL/min. Samples (100 µL) were subjected to high performance
liquid chromatography (HPLC) analysis (Dobrev and Vankova,
2012; Yang et al., 2014). Detection and analysis were performed
using a Waters 2498/UV Visible Detector (Shaanxi, China)
(Djilianov et al., 2013). The analysis of IAA and GA3 contents
were repeated with 3 biological replicates, and each sample was
assayed in triplicate by HPLC.

Measurement of Plant Growth,
Development, and Yield after NB Treatment
NB treatments were finished when all plants began flowering.
Then, tomato plants were transplanted into a solar greenhouse at

the Experimental Station of Horticulture Department, Northwest
A&F University P.R. China. The greenhouse is 76m long and
8m wide, with a planting area of 405 m2. Construction of the
solar greenhouse was described by Qiu et al. (2011). For each
NB treatment group, 30 tomato plants were evenly transplanted
along the edge of the furrow side with row spacing of 0.35m and
interplant spacing of 0.35m. Plant height, stem diameter, and dry
mass were determined at 2, 5, and 8 weeks after 10 tomato plants
were transplanted into the solar greenhouse. Fresh fruit yield per
plant and individual fruit weights were measured for each plant
of 10 plants measured at harvest.

Statistical Analysis
Data were analyzed with ANOVA and Duncan’s multiple range
tests using the SAS software package (version 8.0, SAS Institute
Cary, NC, USA). Graphing was performed in Excel 2007 or
OriginPro (version 8.0, Origin Lab, MA, USA).

RESULTS

Effects of RL NB Treatments on Tomato
Vegetative Growth
To study the effect of NB treatments on tomato seedling stem
elongation, we first determined the RL NB treatments that were
most effective to inhibit stem elongation in tomato plants. When
the first leaf expanded, The RL NB treatments were applied
to tomato plants when the first leaf expanded, were scheduled
to last for 10min, and recurred with a frequency of 1, 2, 3,
and 4 h from 20:00 to 08:00 h. Figure 2A shows that all RL NB
treatments inhibited stem elongation of tomato plants. The RL-
treated plants were shorter than the control plants. After 56 days
of RL NB treatments, the heights of tomato plants exposed to RL
NB every 1, 2, 3, and 4 h decreased by 32.73, 31.44, 20.44, and
13.00%, respectively, compared with those of the control plants
(Figure 2B).

The stem diameters of tomato plants were strongly affected
by RL NB treatments (Figure 2C). After 56 days of treatments,
the stem diameters of tomato plants subjected to RL NB every
1, 2, 3, and 4 h increased by 27.09, 25.08, 10.22, and 6.07%,
respectively, compared with those of control plants (Figure 2D).
No differences in total dry weight of tomato plants were observed
between the RL NB treatment groups and the control group
(Table 1). However, the leaf dry weight significantly increased
and the stem dry weight significantly decreased in plants
subjected to RL NB treatment every 1 and 2 h compared with
those of the control plants (Table 1).

Effects of RL NB Treatments on Flowering
of Tomato Plants
The transition from vegetative growth to reproductive growth is
a major event in the plant cycle. The RL NB treatments delayed
the flowering time of tomato plants. Control plants produced 8
leaves on the main stem before flowering; however, plants treated
with RL NB every 1 and 2 h produced 11 leaves before flowering
(Figure 3A), and those treated with RL NB every 3 h produced an
average of 9 leaves before flowering (Figure 3A). There were no
differences in the number of leaves produced before flowering in
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FIGURE 2 | Effects of red light (RL) night break (NB) treatment on tomato plant height and stem diameter. (A) Plant height was measured weekly after RL

NB treatments every 1, 2, 3, and 4 h. (B) Plant height was measured after 56 days of RL NB treatments every 1, 2, 3, and 4 h. (C) Stem diameter was measured

weekly after RL NB treatments every 1, 2, 3, and 4 h. (D) Stem diameter after 56 days of RL NB treatments every 1, 2, 3, and 4 h. Vertical bars represent SE (n = 10).

Bars with different letters are significantly different at the level of P = 0.01 (Duncan’s multiple range test).

TABLE 1 | Effect of red light night break (NB) on the dry weight of tomato

leaf, stem, and root.

Treatment Leaf dry Stem dry Root dry Total dry

weight (g) weight (g) weight (g) weight (g)

NB every 1 h 0.86A 0.37B 0.15A 1.39A

NB every 2 h 0.84A 0.38B 0.14A 1.36A

NB every 3 h 0.77B 0.44AB 0.13A 1.34A

NB every 4 h 0.75B 0.48A 0.13A 1.36A

Control 0.72B 0.53A 0.12A 1.37A

Different letters in a column represent significance at the 0.01 level (Duncan’s multiple

range test).

plants subjected to RL NB treatment every 4 h and control plants.
The time from the start of the experiment to flowering was 39
days for control plants. The time to flowering for tomato plants
subjected to RL NB treatment every 1, 2, 3, and 4 h increased to
56, 53, 49, and 42 days, respectively (Figure 3B).

Effects of RL NB Treatments on IAA and
GA3 Contents
IAA and GA have important roles in plant growth and
development. We measured the contents of IAA and GA3 in
leaves and stems of tomato plants subjected to RL NB treatment

for 56 days. The results showed that IAA and GA3 contents
in both leaves and stems decreased after RL NB treatment
(Figures 4A,B). Treatment of tomato plants with RL NB every
1, 2, 3, and 4 h reduced the IAA contents in leaves by 33.3,
29.93, 15.31, and 8.50%, respectively, and reduced the GA3

content in leaves by 41.29, 40.74, 24.07, and 9.26%, respectively,
compared with those of control plants (Figures 4A,B). The RL
NB treatment every 1, 2, 3, and 4 h reduced the IAA and GA3

contents in stem by 56.04, 51.09, 24.17, and 7.69%, respectively,
and 57.14, 46.71, 28.57, and 14.28%, respectively, compared with
those of control plants (Figures 4A,B).

Effects of RL NB Treatments on Mature
Tomato Plant Growth and Fresh Fruit
Weight
The quality of plants and young plants is important for plant
growth and yield. Two weeks after the young tomato plants were
transplanted into the solar greenhouse, the stem diameter and
leaf dry mass of tomato plants treated with RL NB every 1 and
2 h increased significantly, whereas plant height and stem dry
weight decreased, and root dry weight did not change compared
with control plants (Table 2). No significant differences in plant
height, stem diameter, leaf dry mass, and stem dry mass were
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FIGURE 3 | Effects of red light (RL) night break (NB) on flowering of tomato plants. (A) Effects of RL NB treatment every 1, 2, 3, and 4 h on the number of

days to flowering. (B) Effects of RL NB treatment every 1, 2, 3, and 4 h on the number of leaves to flowering. Vertical bars represent SE (n = 3). Bars with different

letters are significantly different at the level of P = 0.01 (Duncan’s multiple range test).

FIGURE 4 | Effects of red light (RL) night break (NB) on phytohormone contents in leaves and stems of tomato plants. (A) Effects of RL NB treatment

every 1, 2, 3, and 4 h on IAA contents in tomato leaves and stems. (B) Effects of RL NB treatment every 1, 2, 3, and 4 h on GA contents in tomato leaves and stems.

Vertical bars represent SE (n = 3). Bars with different letters are significantly different at the level of P = 0.01 (Duncan’s multiple range test).

TABLE 2 | Growth and development of tomato plants in the solar greenhouse after red light night break (NB) treatment of plants and young plants up until

flowering.

Treatment 2 weeks in solar greenhouse 5 weeks in solar greenhouse 8 weeks in solar greenhouse

Plant Stem Plant Stem Plant Stem

height diameter height diameter height diameter

(cm) (cm) Dry mass (g) (cm) (cm) Dry mass (g) (cm) (cm) Dry mass (g)

Leaf Stem Root Leaf Stem Root Leaf Stem Root

NB every 1 h 48.12B 11.96A 6.18A 2.36A 1.36A 92.12A 14.58A 18.66A 8.34A 2.09A 157.82A 16.21A 34.81A 14.88A 4.44A

NB every 2 h 49.02B 10.72A 6.07A 2.22A 1.32A 92.19A 14.45A 18.52A 7.95A 1.99A 155.71A 15.99A 33.78A 15.03A 4.71A

NB every 3 h 54.42AB 9.77B 5.34B 2.18AB 1.18A 90.18A 13.18A 16.93A 7.92A 2.11A 157.23A 15.38A 30.77A 14.92A 4.55A

NB every 4 h 55.58A 8.55C 4.85C 2.11B 1.26A 90.14A 13.08A 17.18A 7.83A 1.98A 153.35A 15.62A 33.34A 14.55A 4.18A

Control 57.85A 8.08C 4.46C 1.99B 1.10A 89.95A 12.99A 17.11A 7.99A 2.06A 150.59A 15.41A 33.41A 13.72A 4.62A

Different letters in a column represent significance at the 0.01 level (Duncan’s multiple range test).
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TABLE 3 | Effect of red light night break (NB) on tomato growth,

development, and fruit yield.

Treatment Per fruit

mass of first

spica (g)

Per fruit mass

of second

spica (g)

Per fruit

mass of third

spica (g)

Fresh fruit

mass per

plant (kg)

NB every 1 h 215.561A 211.232A 204.522A 2.62A

NB every 2 h 207.348A 219.311A 198.451A 2.51A

NB every 3 h 178.145B 207.431A 211.072A 2.38AB

NB every 4 h 146.235B 207.174A 209.812A 2.23B

Control 138.036C 203.321A 216.216A 2.12B

Different letters in a column represent significance at the 0.01 level (Duncan’s multiple

range test).

detected 5 weeks after tomato plants were transplanted into the
solar greenhouse.

After the tomato plants pre-treated with RL NB treatment
every 1, 2, 3, and 4 h, the per tomato fresh weight increased
by 23.58, 18.39, 12.26, and 9.43%, respectively, compared with
control plants (Table 3). The increased fresh weight per tomato
plant is due to the increased fresh weight of the first spica. There
were no differences in the fresh weights of the second and third
spica for plants subjected to RL NB treatments and control plants
(Table 3).

DISCUSSION

Previous studies on stem elongation kinetics indicated that stem
elongation was not constant during a 24 h day/night cycle, in
many plant species, stem elongation rate was higher in dark
conditions than in the light (Bertram and Karlsen, 1994; Tutty
et al., 1994). Therefore, one of the effective ways to control plant
height is to control the light condition in the dark period. Recent
studies report that RL or high R: Fr light can make phytochromes
exist more in Pfr form which inhibit plant stem elongation,
whereas FRL or low R: Fr light can make phytochromes exist
more in Pr form which can promote plant stem elongation
(Behringer and Davies, 1992; Van Tuinen et al., 1999; Smith,
2000). Tomato contains five phytochromes, designated PHYA,
PHYB1, PHYB2, PHYE, and PHYF, the five phytochromes can
sense RL and FRL to control tomato plant growth (Hauser
et al., 1997). It has been concluded that PHYB1 is mainly
responsible for mediating the de-etiolation response of seedlings
to RL as quantified by the inhibition of hypcotyl elongation,
enhancement of anthocyanin accumulation, and end-of-day FRL
responses (Kerckhoffs et al., 1997). Tomato plants subjected
to light environments with low R:FR ratio or end-of-day FRL
treatment displayed no differences in leaf area expansion, but
had significantly increased stem elongation (Chia and Kubota,
2010; Kurepin et al., 2010). In the current study, we use RL NB
treatment to prevent tomato plants from becoming spindly. RL
NB can quickly change phytochromes from the Pr form to the Pfr
form during the night and inhibit tomato stem elongation. The
results showed that with the increase of RL NB frequency, plant
height decreased. When the RL NB frequency was every 1 h, the

heights of tomato plant decreased by 32.73% compared with the
control (Figures 2A,B).

Before entering dark conditions, phytochromes exist
predominantly in the Pfr form. After entering dark conditions,
Pfr undergoes dark recovery and slowly converts into the inactive
Pr form. 10min RL NB can quickly change phytochromes from
the Pr form to the Pfr form. When RL NB frequency is every
4 h, the tomato plants will enter dark period 4 h after 10min RL
NB which will lead phytochromes undergoes dark recovery and
slowly converts into the inactive Pr form during the 4 h dark
period. Therefore, the inhibition of tomato stem elongation by
RL NB every 4 h is limited. However, when RL NB frequencies
is every 1 h, the tomato plants will enter dark period 1 h
after 10min RL NB which will not enough for dark recovery.
Therefore, the inhibition of tomato stem elongation by RL NB
every 1 h is significant.

Light and phytohormones did not always independently
regulate plant growth. This study showed that IAA and GA3

contents decreased in both leaf and stem after treatment with
RL NB, which reduced tomato stem elongation. Similar results
have been reported by Steindler et al. (1999), who observed
that inhibition of auxin transport alone was sufficient to abolish
hypocotyl elongation in Arabidopsis plants grown under low
R:FR ratio. Behringer and Davies (1992) reported that end-of-
day FRL treatment increased IAA levels and stem elongation
in the third internode of Pisum sativum plants. Kurepin et al.
(2010) reported that stem elongation and endogenous GA levels
increased when tomato plants were grown under low R:FR
ratio conditions. Van Tuinen et al. (1999) demonstrated that
tomato plants subjected to end-of-day FRL treatment elongated
significantly more than control plants which could be due to the
fact that phytochromes exist more in the Pr form during the night
after end-of-day FRL treatment. In this study, RL NB treatment
caused rapid conversion of the phytochromes from the Pr form
to the Pfr form, which reduced the expression of genes involved
in hormone synthesis, decreased the content of IAA and GA3

in tomato leaf and stem, and inhibited tomato stem elongation
(Nozue et al., 2007; Soy et al., 2012).

Tomato is a photoperiod-insensitive plant. The primary
shoot is terminated by an inflorescence, and subsequent upright
growth of tomato plants manifests as an apparent linear shoot
consisting of consecutive sympodial units, each producing three
leaves before terminating in a compound inflorescence. Tomato
flowering timewas evaluated by the number of leaves produced in
the initial segment. Flower initiationwas earlier and inflorescence
development was superior under short-day conditions than
under long-day conditions (Kinet, 1977). The NB treatments
affected flowering of both long-day (Goto et al., 1991) and short-
day plants (Ishikawa et al., 2005), but the effects were more
evident in short-day plants, in which flowering was inhibited
by a very short exposure to light during the night (Ishikawa
et al., 2005). In the present study, the number of leaves to the
first inflorescence increased from 8 in the control to 11 after
tomato plants suffer from RL NB treatment every 1 and 2 h,
but the number of inflorescences and florets did not differ from
those of control plants. The sympodial unit morphologies of
tomato plants subjected to RL NB treatments were the same as
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those of control plants, with each producing three leaves before
terminating in a compound inflorescence (data not shown). Daily
exposure to 1 h of light in the middle of the night resulted in early
flowering in Arabidopsis (Goto et al., 1991). Treatment of rice
(Oryza sativa) with RL NB for 10min clearly affected flowering
when applied for different numbers of days (Ishikawa et al.,
2005). In Eustoma grandiflorum, NB treatment using light with
R:FR ratio above 5.3 delayed flowering, whereas light with R:FR
ratio below 5.3 promoted earlier flowering (Yamada et al., 2009;
Kim et al., 2011). In the future tomato growth, we can control the
number of leaves to flowering through RL NB treatments.

Tomato is widely grown worldwide, and its production
is economically and culturally important. The production of
compact and heathier tomato plants could ultimately increase
plant yield. This study showed that the fresh weight of the first
spica increased after RL NB treatment. This resulted from an
increase in the number of leaves from 8 to 11 in response to RL
NB treatment every 1 and 2 h. Themodel developed byHeuvelink
(1996) proposes that dry matter distribution in fruiting vegetable
crops is regulated primarily by organ sink strength. Fruit
development is an important event that significantly changes the
sink load. From the time of inception, tomato fruit may account
for as much as 90% of the total increase in plant dry weight
(Nielsen and Veierskov, 1988). The RL NB treatment delayed
flowering time in tomato plants, and plants produced more
leaves, which increased leaf dry matter distribution, enhanced

photosynthesis, and accelerated plant growth. This resulted in
higher fresh weight of the first spica after treatment of tomato
plants with RL NB.

LED is a new light source with several unique advantages, the
use of LED in protected agriculture will become more and more
popular. Therefore, the research of the precision utilization of
LED in protected horticulture is very important for energy-saving
and accuracy control in protected vegetable growth. Based on the
results we obtained in this study, R LED could be used as a non-
chemical alternative to control tomato height. More compact and
healthier tomato plants could be gotten by NB using R LED and
improve tomato early yield.

AUTHOR CONTRIBUTIONS

ZZ conceived and designed research; KC, LC, LY, XZ, and HZ
conducted the experiments and write this manuscript, EB revised
the language.

ACKNOWLEDGMENTS

This research was supported by the Key Laboratory of Protected
Horticultural Engineering in Northwest, Ministry of Agriculture,
PR China, by the State Key Laboratory of Crop Stress Biology for
Arid Areas, NWAFU, PR China, and by the Agriculture Research
System in China (No. CARS-25-D-02).

REFERENCES

Alokam, S., Chinnappa, C., and Reid, D. M. (2002). Red/far-red light

mediated stem elongation and anthocyanin accumulation in Stellaria longipes:

differential response of alpine and prairie ecotypes. Can. J. Bot. 80, 72–81. doi:

10.1139/b01-137

Behringer, F. J., and Davies, P. J. (1992). Indole-3-acetic acid levels after

phytochrome-mediated changes in the stem elongation rate of dark-and light-

grown Pisum seedlings. Planta 188, 85–92. doi: 10.1007/BF01160716

Berova, M., and Zlatev, Z. (2000). Physiological response and yield of paclobutrazol

treated tomato plants (Lycopersicon esculentum Mill.). Plant Growth Regul. 30,

117–123. doi: 10.1023/A:1006300326975

Bertram, L., and Karlsen, P. (1994). Patterns in stem elongation rate in

chrysanthemum and tomato plants in relation to irradiance and day/night

temperature. Sci. Hortic. 58, 139–150. doi: 10.1016/0304-4238(94)90134-1

Bourget, C. M. (2008). An introduction to light-emitting diodes. HortScience 43,

1944–1946.

Chia, P.-L., and Kubota, C. (2010). End-of-day far-red light quality and dose

requirements for tomato rootstock hypocotyl elongation. HortScience 45,

1501–1506.

Childs, K. L., Miller, F. R., Cordonnier-Pratt, M.-M., Pratt, L. H., Morgan,

P. W., and Mullet, J. E. (1997). The sorghum photoperiod sensitivity

gene, Ma3, encodes a phytochrome B. Plant Physiol. 113, 611–619. doi:

10.1104/pp.113.2.611

Djilianov, D. L., Dobrev, P. I., Moyankova, D. P., Vankova, R., Georgieva, D.

T., Gajdošová, S., et al. (2013). Dynamics of endogenous phytohormones

during desiccation and recovery of the resurrection plant species Haberlea

rhodopensis. J. Plant Growth Regul. 32, 564–574. doi: 10.1007/s00344-013-

9323-y

Dobrev, P. I., and Vankova, R. (2012). “Quantification of abscisic acid, cytokinin,

and auxin content in salt-stressed plant tissues,” in Plant Salt Tolerance, eds S.

Shabala and T. A. Cuin (Sydney, NSW: Springer), 251–261.

Goto, N., Kumagai, T., and Koornneef, M. (1991). Flowering responses to light-

breaks in photomorphogenic mutants ofArabidopsis thaliana, a long-day plant.

Physiol. Plant. 83, 209–215. doi: 10.1111/j.1399-3054.1991.tb02144.x

Haque, S., Farooqi, A., Gupta, M., Sangwan, R., and Khan, A. (2007). Effect

of ethrel, chlormequat chloride and paclobutrazol on growth and pyrethrins

accumulation in Chrysanthemum cinerariaefoliumVis. Plant Growth Regul. 51,

263–269. doi: 10.1007/s10725-007-9170-6

Hauser, B. A., Pratt, L. H., and Cordonnier-Pratt, M.-M. (1997). Absolute

quantification of five phytochrome transcripts in seedlings and mature

plants of tomato (Solanum lycopersicum L.). Planta 201, 379–387. doi:

10.1007/s004250050080

Heuvelink, E. (1996). Dry matter partitioning in tomato: validation of a dynamic

simulation model. Ann. Bot. 77, 71–80. doi: 10.1006/anbo.1996.0009

Hughes, J., and Lamparter, T. (1999). Prokaryotes and phytochrome. The

connection to chromophores and signaling. Plant Physiol. 121, 1059–1068. doi:

10.1104/pp.121.4.1059

Ishikawa, R., Tamaki, S., Yokoi, S., Inagaki, N., Shinomura, T., Takano, M., et al.

(2005). Suppression of the floral activator Hd3a is the principal cause of the

night break effect in rice. Plant Cell 17, 3326–3336. doi: 10.1105/tpc.105.037028

Izawa, T., Oikawa, T., Sugiyama, N., Tanisaka, T., Yano, M., and Shimamoto,

K. (2002). Phytochrome mediates the external light signal to repress FT

orthologs in photoperiodic flowering of rice. Genes Dev. 16, 2006–2020. doi:

10.1101/gad.999202

Kerckhoffs, L., Schreuder, M., Tuinen, A. V., Koornneef, M., and Kendrick, R.

(1997). Phytochrome control of anthocyanin biosynthesis in tomato seedlings:

analysis using photomorphogenic mutants. Photochem. Photobiol. 65, 374–381.

doi: 10.1111/j.1751-1097.1997.tb08573.x

Kim, Y. J., Lee, H. J., and Kim, K. S. (2011). Night interruption promotes

vegetative growth and flowering of Cymbidium. Sci. Hortic. 130, 887–893. doi:

10.1016/j.scienta.2011.08.031

Kinet, J. (1977). Effect of light conditions on the development of the inflorescence

in tomato. Sci. Hortic. 6, 15–26. doi: 10.1016/0304-4238(77)90074-7

Frontiers in Plant Science | www.frontiersin.org 7 April 2016 | Volume 7 | Article 527

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Cao et al. Red Light Night Break

Kurepin, L. V., Walton, L. J., and Reid, D. M. (2007). Interaction of red to far red

light ratio and ethylene in regulating stem elongation of Helianthus annuus.

Plant Growth Regul. 51, 53–61. doi: 10.1007/s10725-006-9147-x

Kurepin, L. V., Yip, W.-K., Fan, R., Yeung, E. C., and Reid, D. M. (2010). The

roles and interactions of ethylene with gibberellins in the far-red enriched light-

mediated growth of Solanum lycopersicum seedlings. Plant Growth Regul. 61,

215–222. doi: 10.1007/s10725-010-9465-x

Massa, G. D., Kim, H.-H., Wheeler, R. M., and Mitchell, C. A. (2008). Plant

productivity in response to LED lighting. HortScience 43, 1951–1956.

Mockler, T. C., Guo, H., Yang, H., Duong, H., and Lin, C. (1999). Antagonistic

actions of Arabidopsis cryptochromes and phytochrome B in the regulation of

floral induction. Development 126, 2073–2082.

Morrow, R. C. (2008). LED lighting in horticulture. HortScience 43,

1947–1950.

Nielsen, T. H., and Veierskov, B. (1988). Distribution of dry matter in sweet pepper

plants (Capsicum annuum L.) during the juvenile and generative growth phases.

Sci. Hortic. 35, 179–187. doi: 10.1016/0304-4238(88)90111-2

Nourai, A., and Harris, G. (1983). Effects of growth retardants on inflorescence

development in tomato. Sci. Hortic. 20, 341–348. doi: 10.1016/0304-

4238(83)90148-6

Nozue, K., Covington, M. F., Duek, P. D., Lorrain, S., Fankhauser, C.,

Harmer, S. L., et al. (2007). Rhythmic growth explained by coincidence

between internal and external cues. Nature 448, 358–361. doi: 10.1038/

nature05946

Qiu, R., Kang, S., Li, F., Du, T., Tong, L., Wang, F., et al. (2011). Energy

partitioning and evapotranspiration of hot pepper grown in greenhouse

with furrow and drip irrigation methods. Sci. Hortic. 129, 790–797. doi:

10.1016/j.scienta.2011.06.012

Smith, H. (2000). Phytochromes and light signal perception by

plants—an emerging synthesis. Nature 407, 585–591. doi: 10.1038/

35036500

Soy, J., Leivar, P., González-Schain, N., Sentandreu, M., Prat, S., Quail, P. H., et al.

(2012). Phytochrome-imposed oscillations in PIF3 protein abundance regulate

hypocotyl growth under diurnal light/dark conditions in Arabidopsis. Plant J.

71, 390–401. doi: 10.1111/j.1365-313x.2012.04992.x

Steindler, C., Matteucci, A., Sessa, G., Weimar, T., Ohgishi, M., Aoyama, T.,

et al. (1999). Shade avoidance responses are mediated by the ATHB-2

HD-zip protein, a negative regulator of gene expression. Development 126,

4235–4245.

Tutty, J. R., Hicklenton, P. R., Kristie, D. N., and McRae, K. B. (1994). The

influence of photoperiod and temperature on the kinetics of stem elongation

in Dendranthema grandiflorum. J. Am. Soc. Hortic. Sci. 119, 138–143.

Van Tuinen, A., Peters, A., Kendrick, R., Zeevaart, J., and Koornneef, M. (1999).

Characterisation of the procera mutant of tomato and the interaction of

gibberellins with end-of-day far-red light treatments. Physiol. Plant. 106,

121–128. doi: 10.1034/j.1399-3054.1999.106117.x

Weller, J. L., and Reid, J. B. (1993). Photoperiodism and photocontrol of stem

elongation in two photomorphogenic mutants of Pisum sativum L. Planta 189,

15–23. doi: 10.1007/BF00201338

Yamada, A., Tanigawa, T., Suyama, T., Matsuno, T., and Kunitake, T. (2009). Red:

far-red light ratio and far-red light integral promote or retard growth and

flowering in Eustoma grandiflorum (Raf.) Shinn. Sci. Hortic. 120, 101–106. doi:

10.1016/j.scienta.2008.09.009

Yang, R., Yang, T., Zhang, H., Qi, Y., Xing, Y., Zhang, N., et al. (2014). Hormone

profiling and transcription analysis reveal a major role of ABA in tomato salt

tolerance. Plant Physiol. Biochem. 77, 23–34. doi: 10.1016/j.plaphy.2014.01.015

Zhan, J., Huang, W., and Wang, L. (2003). Research of weak light stress

physiology in plants. Chinese Bull. Bot. 20, 43–50. doi: 10.3969/j.issn.1674-

3466.2003.01.005

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2016 Cao, Cui, Ye, Zhou, Bao, Zhao and Zou. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 8 April 2016 | Volume 7 | Article 527

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Effects of Red Light Night Break Treatment on Growth and Flowering of Tomato Plants
	Introduction
	Materials and Methods
	Plant Materials and Treatments
	Measurement of Plant Growth and Development during the NB treatment Period
	Measurement of Hormone Contents in Leaves and Stems
	Measurement of Plant Growth, Development, and Yield after NB Treatment
	Statistical Analysis

	Results
	Effects of RL NB Treatments on Tomato Vegetative Growth
	Effects of RL NB Treatments on Flowering of Tomato Plants
	Effects of RL NB Treatments on IAA and GA3 Contents
	Effects of RL NB Treatments on Mature Tomato Plant Growth and Fresh Fruit Weight

	Discussion
	Author Contributions
	Acknowledgments
	References


