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Light-emitting diodes (LEDs) are widely used in horticultural facilities in recent years. However, the inﬂuence of
light quality on photosynthesis still calls for further exploration. This study comprehensively analyzed the inﬂuence of diﬀerent LED lighting (white: W, combination of red and blue 1:1: RB, blue: B, purple: P and red: R) on
photosynthetic electron transport in tomato leaves. Plant height under B and P treatments was signiﬁcantly
higher than the other treatments and showed more compact development. Photosynthetic pigment content and
net photosynthetic rate (Pn) of B and P treatments were signiﬁcantly lower than the W treatment. The redox
state of photosystem I was repressed by blue and purple light while the intrinsic PSII activity was not altered by
the treatments. The ETR (II) and ETR (I) under B and P treatment were lower than the other treatments, while
the cyclic electron ﬂow (CEF), the quantum yield of regulated energy dissipation in PSII [Y(NPQ)] and the
quantum yield of PSI non-photochemical energy dissipation due to the donor-side limitation [Y(ND)] were
higher, indicating that B and P treatment induced non-photochemical quenching of PSII and excitation of PSI’s
self-protection mechanisms in tomato plants. Blue and purple light exposure resulted in a higher proton gradient
(ΔpH), leading to impaired thylakoid membrane integrity and inhibited the activity of ATP-synthase. In conclusion, the blue and purple light signiﬁcantly reduced photosynthesis eﬃciency, enhancing CEF and inducing
NPQ for photoprotection of PSII and PSI via lumen acidiﬁcation.

1. Introduction
Photosynthesis is an essential biological process that maintains
plant life and has a very important role in the evolution of the earth's
ecosystems. Enhancing photosynthetic eﬃciency has been vital in improving crop production to meet the human demand for food (Zhu
et al., 2010; Long et al., 2015). The activity of the photosynthetic
electron transport chain can be altered by environmental stresses, such
as heat, drought, cold, salinity and heavy metal can reduce photochemical reaction eﬃciency, indirectly creating excess absorbed light
energy, further causing aggravated photoinhibition (Kouřil et al., 2013;
Yamori, 2016) and reactive oxygen species (ROS) production (Foyer
and Shigeoka, 2011; Takahashi and Murata, 2008; Gururani et al.,
2015). Interestingly, recent studies have shown that accelerated relaxation of non-photochemical quenching (NPQ) can signiﬁcantly increase crop yield (Murchie and Niyogi, 2011; Kromdijk et al., 2016;
Murchie, 2017).
Plants live in continuously changing environments that are often
unfavorable for growth. Solar radiation provides the earth’s ultimate
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source of energy and is the most direct factor aﬀecting plant photosynthesis. Improper light exposure is one of the most impact stressors
that retard plant development. Plants must be able to adapt to the
sudden changes of light intensity, light quality and light direction to
survive (Kläring and Krumbein, 2013; Li et al., 2014; Johnson et al.,
2015). Additionally, plants absorb certain wavelengths from solar radiation through light-harvesting pigments during photosynthesis. These
diﬀerent light wavelengths can directly regulate the photosynthetic
process by inﬂuencing stomatal, chloroplast development, pigment
content, the activity of photosystems and related enzyme as well as
indirectly regulate photosynthesis by stimulating the production and
metabolism of numerous functional chemicals through the photoreceptor-mediated signal pathway. One such example in recent research
found that a blue-light photoreceptor can mediate the feedback regulation of photosynthesis (Chen et al., 2004, Petroutsos et al., 2016;
Allorent and Petroutsos, 2017).
Blue light-emitting diodes (LEDs) can control the integrity of
chloroplast proteins that optimize photosynthetic performance in natural environments (Muneer et al., 2014). Blue light has been shown to
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Fig. 1. (A) Experimental instrument; (B) Spectrum chart of diﬀerent
LED light sources; (C) Diﬀerent light quality LED lighting treatment;
(D) Tomato plants growth under diﬀerent LED lighting; (E)
Histochemical staining of tomato leaves exposed to various light conditions with tetranitroblue tetrazolium chloride (NBT); (F)
Histochemical staining of tomato leaves exposed to various light conditions with diaminobezidin (DAB). W: white light, RB: combination
light of red-blue light at 1:1, R: red light, B: blue light, P: purple light.
(For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

up-regulate the expression of rbcS, rbcL, psbA, psbB genes and enhance
the Fv/Fm and electron transport rate (ETR) in tomatoes. Under red
light, the net photosynthetic rate (Pn) and NPQ have been shown to
increase when the rbcS and psbA genes were highly expressed. Yellow
light- and green light-illuminated plants showed poor growth. However, photosynthesis eﬃciency was higher under green light compared
to plants under yellow light (Wu et al., 2014). Yoshida et al. (2016) has
shown that photosynthetic performance of strawberry is superior when
grown in blue light compared to red light. Research regarding the eﬀect
of monochromatic light on PSII damage has shown that the photodamage light spectrum is diﬀerent from the absorption spectrum of
chlorophyll and carotenoid, but similar to the absorption spectrum of
the oxygen-evolving complex (OEC) (Zavafer et al., 2015a, 2015b).
Takahashi et al. (2010) found that the photodamage to PSII occurred
most strongly in regions exposed to ultraviolet (UV) or yellow light
when leaves were exposed to diﬀerent wavelengths of sunlight by dispersing the solar radiation across the surface of the leaf via a prism, it
suggesting that photodamage to PSII under sunlight is primarily associated with UV rather than visible-light wavelengths.
Diﬀerent colored shading nets have been used to manipulate light
quality to improve photosynthesis in horticultural crop production (Ilić
et al., 2015; Ilić and Fallik, 2017; Rodrigues Soares et al., 2017; Shahak
et al., 2004). In addition to solar radiation, artiﬁcial light especially
LED has been widely utilized in horticultural crop production, plant
factories, space agriculture and microalgae cultivation, LED lighting has
become an optimal lighting source in recent years because of its many
advantages, including narrow band wavelength, long service life, high
light eﬃciency and controlled light wavelengths (Agarwal and Gupta,
2016; D'Souza et al., 2015). Light wavelength is also an essential
parameter for microalgae growth and further inﬂuence biofuel production, some recent studies have found mixed LED light wavelength
(red:blue = 5:5) treatments were optimal for microalgal growth, and it
mainly due to accelerate the photosynthetic CO2 uptake (Yan and
Zheng, 2014; Yan et al., 2016a, 2016b; Zhu et al., 2016). Compared to

colored plastic ﬁlms and optical ﬁlters, LED light sources provide a
more direct means to study the inﬂuence of light quality on photosynthetic performance (Tennessen et al., 1994; Takahashi et al., 2010;
Grbic et al., 2016; Amoozgar et al., 2017). Maximizing lighting precision management for optimal plant growth could signiﬁcantly improve
the photosynthesis and in turn, crop yield.
Although there has been much research focused on the response of
plant growth and development to light quality, as well as the inﬂuence
on plant photosynthesis, in-depth research of the inﬂuence on the
photosynthetic electron transport chain is limited, especially in horticultural crops (Bergstrand et al., 2016). We suppose the diﬀerence of
photosynthesis eﬃciency under diﬀerent light wavelength of LED
lighting is related with the degree of photoinhibition and the activation
of photoprotection which occur at the photosynthetic electron transport
chain, while the response mechanism of tomato leaves is not clear. In
the present study, our objective is to investigate the response mechanism of the photosynthetic electron transport activity of tomato
leaves to diﬀerent light qualities (red, blue, purple, white and a red and
blue combination 1:1 LED light sources) through measuring multiple
photosynthetic ﬂuorescent parameters such as the activity of PSII and
PSI, non-photochemical quenching (NPQ) and cyclic electron ﬂow
(CEF).
2. Materials and methods
2.1. Plant materials and treatments
All experiments were conducted at Shenyang Agricultural
University (longitude: 123.56°E; latitude: 41.82°N) during Jun-Oct
2015. Tomato (Solanum lycopersicum L.) seeds from the popular variety
‘Liao Yuan Duo Li’ were germinated in a greenhouse and transferred to
plastic pots (13 cm × 13 cm) at the 2-leaf stage. We conducted LED
lighting tests in a shading compartment in Chinese solar greenhouse
once the tomatoes reached the 6-leaf stage. Normal cultivation
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management was adopted during growth. LED lighting treatments were
as follows: white light as control (W), combination light of red: blue at
1:1 (RB), red light (R), blue light (B), purple light (P). SVC-1500
spectrometer was used to measure the spectrum of the various LED light
sources. The LED panel was 45 × 50 cm in size and contained 54 lamp
beads. Each lighting treatment possessed shading on three sides in order
to avoid interference with other light treatments. The light intensity
was 300 μmol m−2 s−1 at a 20–30 cm distance between LED panel and
plants with a day-night photoperiod of 14:10 h. Plants were adjusted
daily to ensure uniform lighting and watered daily in the morning and
evening (Fig. 1A–C). The eﬀects of diﬀerent light quality on the photosynthetic process in tomato leaves were explored.
2.2. Measurement of morphological index, photosynthetic pigment content
and histochemical staining of ROS
Plant height, stem diameter and the angles between the stem and
leaf were determined by ruler, Vernier caliper and protractor, respectively. A total of 0.2 g of fresh sample from the fourth leaf was taken
and placed into a 20 mL tube with 5 mL anhydrous ethanol and 5 mL
80% acetone for 24 h under dark conditions. Optical density (OD) was
measured with a UV-1200 spectrophotometer calculated by the following equations (Arnon, 1949; Fan et al., 2013): Chl a
(mg g−1) = (12.72 OD663 nm – 2.59 OD645 nm) V/1000 W; Chl b
(mg g−1) = (22.88 OD645 nm – 4.67 OD663 nm) V/1000 W; Carotenoid (mg g−1) = (1000 OD470 nm – 3.27 Chl a – 104 Chl b) V/
(229 × 1000 W). For histochemical staining of ROS, the fourth leaves
with similar size were chosen for sampling. These were quickly placed
in a petri dish containing diaminobezidin (DAB) or tetranitroblue tetrazolium chloride (NBT) staining ﬂuid, and then placed away from light
at room temperature overnight. Leaves were put in anhydrous ethanol
followed by a boiling-water bath for 10–15 min. Finally, leaves were
put in anhydrous ethanol at room temperature for 30 min. Leaves were
scanned after decoloring completely and H2O2 was stained reddish
brown while O2− stained dark blue (Daudi and O’Brien, 2012; Kumar
et al., 2014).
2.3. Measurement of gas-exchange parameters, electron transport rate and
quantum yield of PSI and PSII
The software GFS-Win and Dual PAM v1.19 were used to control
GFS-3000 and DUAL-PAM-100 measuring systems (Heinz Walz,
Eﬀeltrich, Germany) to calculate the photosynthetic-related parameters, respectively. Gas exchange, chlorophyll ﬂuorescence and absorption changes at 830 nm were measured simultaneously. The measurement was conducted using the software’s standard procedures as
well as appropriate modiﬁcations when required (Zhang et al., 2014).
The fourth leaf from each plant was used in this measurement. The leaf
area of the standard measuring head is 1.3 cm2 with atmospheric CO2
concentrations and a saturation pulse from red LEDs
(10,000 μmol m−2 s−1, 300 ms duration) were applied to determine the
maximum chlorophyll ﬂuorescence with closed PSII centers after dark
acclimation (Fm) and during illumination (Fm'). Fluorescence induction
kinetics were measured after dark adaptation for 30 min, then the rapid
light curves (RLCs) were recoded immediately. The light intensity
gradient of the RLC was 29, 37, 55, 113, 191, 213, 349, 520, 778, 1197,
1474 μmol m−2 s−1. The duration of each light intensity was 30 s and
the saturation pulse was 10000 μmol m−2 s−1 for 300 ms. All measurements were conducted at room temperature (25 ± 2 °C). The
parameters included the net photosynthetic rate [Pn], stomatal conductance [gs], transpiration rate [E], intercellular CO2 concentration
[Ci]. The maximum photochemical quantum yield of PSII [Fv/
Fm = (Fm–Fo)/Fm] eﬀective quantum yield of PSII in the actinic light
[Y(II) = (Fm'–Fs)/Fm'], the quantum yield of non-regulatory energy
dissipation [Y(NO) = Fs/Fm] and the quantum yield of regulatory energy dissipation [Y(NPQ) = 1–Y(II)–Y(NO)] (Kramer et al., 2004).

P700+ was monitored as the absorption diﬀerence between 830 and
875 nm in the transmission mode, and the quantum yields of PSI were
also determined using the saturation pulse method (Klughammer and
Schreiber, 1994). The parameter representing the maximum oxidation
state of PSI (Pm) was determined by application of the SP in the presence of far-red light at 720 nm. The photochemistry quantum yield of
PSI [Y(I) = 1–Y(ND)–Y(NA)], quantum yield of non-photochemical
energy dissipation due to donor side limitation [Y(ND) = 1–P700red],
quantum yield of non-photochemical energy dissipation due to acceptor
side limitation [Y(NA) = (Pm − Pm')/Pm] was also measured
(Schreiber and Klughammer, 2008b). The coeﬃcient of photochemical
quenching, qP, a measure of the fraction of open PSII reaction centers
[qP = (Fm' − F)/(Fm' − Fo')], the excitation energy capture eﬃciency
by an open PSII reaction center [Fv'/Fm' = (Fm' − Fo')/Fm'], electron
transfer rate of PSI [ETR(I) = Y(I) × PAR × 0.84 × 0.5], and the electron transfer rate of PSII [ETR(II) = Y(II) × PAR × 0.84 × 0.5] were
also calculated. The cyclic electron ﬂow value (CEF) was estimated as
ETRI – ETRII. Similarly, Y(CEF)/(II) = [Y(I) − Y(II)]/Y(II) was indicated as the ratio of the quantum yield of CEF to Y(II), it was used to
evaluate cyclic electron transfer. Using the exponential model of Dual
PAM v1.19,s for ﬁtting RLC of ETR(I) and ETR(II), the following
parameters were included: the initial slope of RLC of ETR(I) or ETR(II)
(α), the maximum electron transport rate of PSI or PSII (rETRmax) and
the light saturation point of PSI or PSII (Ik) (Huang et al., 2016, 2017;
Deng et al., 2013, 2014; Wang et al., 2013; Lu et al., 2017).

2.4. Analysis of P700 redox kinetics
The redox state of P700 was determined in vivo using automated
routines provided by the Dual-PAM software as described by Schreiber
and Klughammer (2008b). The P700 signal was measured during a
single turnover ﬂash (ST, 50 ms, PQ pools being oxidized) followed by
multiple turnover ﬂashes (MT, 50 ms, PQ pools are fully reduced) in the
presence of far-red (FR) background light. The P700 signal changes
reﬂect the dynamic of the P700 oxidation state after FR light exposure,
and P700 signal changes reﬂect the dynamic of P700 reduction after
removal of the FR light. Balancing and calibration of the P700 signal
using the automated routine of the Dula-PAM-100 software were performed before each measurement. The complementary area between
the oxidation curve of P700 after ST and MT excitation and the stationary level of P700+ under FR represented the ST- and MT-areas,
respectively. These were used to calculate the functional pool sizes of
intersystem electrons relative to P700 as follows: e−/P700 = MTareas/ST-areas (Zhang et al., 2014; Zivcak et al., 2014; Joly et al., 2010;
Oukarroum et al., 2015).

2.5. Measurement of P515/P535
The dual-beam 550 nm to 515 nm diﬀerence signal (the electrochromic shift) was monitored simultaneously by using the P515/535
module of the Dual-PAM-100. The balancing and calibration of the
P515 signal using the automated routine of the Dula-PAM-100 software
were performed before each measurement (Schreiber and Klughammer,
2008a; Zhang et al., 2014; Suzuki et al., 2011; Zivcak et al., 2014). After
1 h of dark adaptation, P515 changes induced by saturating single
turnover ﬂashes were recorded to evaluate the integrity of the thylakoid
membrane. After 6 min of pre-illumination at 630 μmol m−2 s−1 and
4 min of dark adaptation, P515 changes induced by saturating single
turnover ﬂashes were recorded to evaluate ATP-synthase activity. Slow
dark–light–dark induction transients of the 550 nm to 515 nm signals
reﬂected changes in both the membrane potential (electrochromic
pigment absorbance shift) and the zeaxanthin content. These transients
were measured after 1 h of dark adaptation. Actinic light (AL;
630 μmol m−2 s−1) was turned on after 30 s and oﬀ at 330s.
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2.6. Statistical analysis
The quantitative assessment was conducted on randomly selected
samples. One-way analysis of variance (ANOVA) was performed in SPSS
version 22 (SPSS, Chicago, USA). Comparisons between the mean values were accomplished by the least signiﬁcant diﬀerence. Values are
means of at least three replicates ± SD, statistically signiﬁcant diﬀerences of every sample compared to the W are marked by asterisks (*:
p < 0.05, **: p < 0.01). All graphs were made using SigmaPlot version 12.0 (Systat) using means and standard deviation of each data
points.
3. Results
Fig. 2. Light response curves of the tomato leaf net photosynthetic rate (Pn) under different LED lighting. Values are means of six replicates ± SD. Statistically signiﬁcant
diﬀerences of every sample compared to the W are marked by asterisks (*: p < 0.05, **:
p < 0.01). W: white light, RB: combination light of red-blue light at 1:1, R: red light, B:
blue light, P: purple light. PPFD: photosynthetic photon ﬂux density. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

3.1. Morphological, photosynthetic pigment content, ROS and gas-exchange
parameters
Stem diameters of tomatoes under W and RB lighting were signiﬁcantly higher than monochromatic lighting after seven days of LED
lighting, and there were no signiﬁcant diﬀerences between monochromatic light treatments. The stem and leaf angle under the B and P
treatments was slightly lower than W and RB treatments while it was
signiﬁcantly higher than other light qualities under R (Fig. 1D, Table 1).
The content of chlorophyll a, chlorophyll b and carotenoid under RB
and R treatments were signiﬁcantly higher than the W. The content of
photosynthetic pigment signiﬁcantly decreased under B and P while
chlorophyll a/b was higher under RB and B (Table 1). Leaves with NBT
staining had no obvious blue spots under RB, B and P lighting, but
showed deep-blue spots under W and R treatments and mainly distributed near the veins. DAB staining showed similar trends to NBT
staining, it was lighter in RB, B and P treatments, showing that RB, B
and P treatments had the ability to remove H2O2 and O2− (Fig. 1E,F).
The Pn of tomato under W rose rapidly with increased light intensity
and showing a signiﬁcant diﬀerence between treatments when light
intensity was higher than 500 μmol m−2 s−1, the Pn under B, R and P
was signiﬁcantly lower than the W treatment (Fig. 2). The gas-exchange
parameters of tomato leaves were also recoded when illumination at
630 μmol m−2 s−1 light intensity, the Pn of tomato was
9.21 μmol m−2 s−1 (W), 8.92 μmol m−2 s−1 (RB), 7.80 μmol m−2 s−1
(R), 6.57 μmol m−2 s−1 (B) and 5.92 μmol m−2 s−1 (P) (Fig. 3A), E of B,
R and P also signiﬁcant lower than W (Fig. 3B), gs of B and P treatment
signiﬁcant lower than W while Ci of B and R signiﬁcantly higher than
that of W (Fig. 3C,D). These results suggest that B and P treatments can
reduce the capacity of photosynthetic gas exchange.

reactions under P treatment signiﬁcantly lower than W (Fig. 5A,B). The
maximum oxidation state of PSI (Pm) of each treatment decreased after
three days of lighting followed by an increase for up to seven days. The
Pm of the tomato leaves under the P treatment was signiﬁcantly lower
than W after ﬁve days of illumination, while the P and B treatment
showed signiﬁcantly lower Pm than W by the seventh day, while no
signiﬁcant diﬀerences were seen between RB, R and W treatments
(Fig. 4B). These results indicated that the redox state of PSI was repressed by blue and purple light while the intrinsic PSII activity was
minimally inﬂuenced by the light quality or other photoprotection
pathways were activated to protect PSII from damage.

3.3. Redox state of PSI
The response of P700 redox kinetics to light quality was measured
through single turnover ﬂashes (ST, 50 ms; PQ pool being oxidized)
followed by multiple turnover ﬂashes (MT, 50 ms; PQ pool is fully reduced) in the presence of far-red (FR) light (Fig. 6A). The ratio of MTarea/ST-area was used to estimate the size of the functional PQ pools.
The PQ size in the tomato leaves under R and RB treatments was signiﬁcantly lower than W, while the PQ size was higher than the B and P
treatments (Fig. 6B). The enlarged P700 signal after FR light was applied reﬂected the dynamic changes of the P700 oxidation state, the
maximum oxidation state of P700 was induced after FR light exposure.
The maximum oxidation state of P700 was highest under the W treatment, followed by RB and R, while the lowest was under the B and P
treatments (Fig. 6C). The reduction of P700 signal from the maximum
redox state after FR light was turned oﬀ reﬂected the dynamic changes
of P700 reduction, while the reduction progress showed no diﬀerences
among all treatments (Fig. 6D).

3.2. Fv/Fm and Pm of tomato under LED lighting
The maximum photochemical eﬃciency of PSII (Fv/Fm) of tomato
leaves has no signiﬁcant diﬀerence between treatments (Fig. 4A). The
rapid light curve (RLC) of the light-adapted maximum quantum yield of
PSII (Fv'/Fm') and photochemical quenching coeﬃcient (qP) of tomato
leaves initially increased then slowly decreased as light intensity increased and the results revealed that the eﬃcient PSII photochemical

Table 1
Eﬀects of light quality on morphogenesis and photosynthetic pigment content of tomato seedlings. Values are means of four replicates ± SD. Diﬀerent letters (a, b, c, d) in the same
column indicate signiﬁcant diﬀerence between treatments at p ≤ 0.05 by using LSD test. W: white light, RB: combination light of red-blue light at 1:1, R: red light, B: blue light, P: purple
light.
light
quality

plant height (cm)

stem diameter (cm)

angle of stem and leaf
(°)

chlorophyll a
(mg g−1)

chlorophyll b
(mg g−1)

chlorophyll a/
chlorophyll b

carotenoid (mg g−1)

W
RB
B
R
P

26.06
25.73
28.93
25.44
28.19

0.69
0.71
0.60
0.64
0.62

60.57
66.69
55.84
74.92
59.47

2.31
2.79
1.99
2.54
1.68

0.83
0.91
0.67
0.88
0.61

2.77
3.10
2.99
2.87
2.75

0.34
0.45
0.30
0.40
0.26

±
±
±
±
±

1.37b
1.21b
1.03a
1.11b
1.48a

±
±
±
±
±

0.02a
0.01a
0.03b
0.06b
0.02b

±
±
±
±
±

2.44c
1.65b
3.63d
4.93a
2.97 cd

±
±
±
±
±

0.06b
0.26a
0.08c
0.12ab
0.14d

±
±
±
±
±

0.04b
0.04a
0.01c
0.04ab
0.04c

±
±
±
±
±

0.07c
0.16a
0.12ab
0.04bc
0.06c

±
±
±
±
±

0.01b
0.06a
0.02bc
0.02a
0.03c
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Fig. 3. Response of gas exchange parameters of tomato leaves to diﬀerent light quality of LED lighting.
(A) Net photosynthetic rate (Pn); (B) Transpiration
rate (E); (C) Stomatal conductance (gs); (D)
Intercellular CO2 concentration (Ci). The gas exchange parameters were recoded after illumination at
630 μmol m−2 s−1 light intensity for about 5 min.
Values are means of three replicates ± SD.
Statistically signiﬁcant diﬀerences of every sample to
the W are marked by asterisks (*: p < 0.05, **:
p < 0.01). W: white light, RB: combination light of
red-blue light at 1:1, R: red light, B: blue light, P:
purple light. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

3.4. The light energy distribution between photosystems
We measured the rapid light curves (RLCs) of photosynthetic
quantum yields for PSI and PSII as the photosynthetic electron transport
activity is sensitive to excess light energy and signiﬁcantly correlated
with the redox state of electron transfer chain. The eﬀective quantum
yield of PSII photochemistry [Y(II)] increased rapidly when initially
exposed to light and decreased gradually with increasing light intensity
at both light quality treatments, while Y(II) was signiﬁcantly lower
under the B and P treatments compared to W at almost all light intensities (Fig. 7A). The quantum yield of non-regulated energy dissipation in PSII [Y(NO)] was stable when light intensity increased and it
was signiﬁcantly higher in the B and P treatments than under the W
before light intensity reached to 600 μmol m−2 s−1 (Fig. 7C). On the
contrary, the quantum yield of regulated energy dissipation in PSII [Y
(NPQ)] increased rapidly with increasing light intensity at both light
quality treatments, Y(NPQ) was the highest under the B and P treatments followed by the R treatment (Fig. 7E) and both signiﬁcant higher
than W, it indicates that B, P and R treatments have the capacity to
induce photoprotection of PSII. The quantum yield of PSI photochemistry [Y(I)] decreased gradually with increasing light intensity at
both light quality treatments, while the Y(I) of P and B treatments was
higher than other treatments under weak light intensity and showing

the opposite trend under strong light intensity (Fig. 7B). B and P
treatments signiﬁcantly increased the quantum yield of PSI non-photochemical energy dissipation due to the donor-side limitation [Y(ND)]
and reduced the quantum yield of PSI non-photochemical energy due to
the acceptor-side limitation [Y(NA)] compared with the W treatment
(Fig. 7D,F). These results suggested that B and P light exposure induce
non-photochemical quenching of PSII and excitation of PSI’s self-protection in tomato plants.
3.5. Photosynthetic electron transport
The electron transfer rate of PSII [ETR(II)] in tomato leaves rapidly
increased with increasing light intensity. The ETR(II) became steady
after light intensity reached to 600 μmol m−2 s−1, and ETR(II) of W
signiﬁcantly higher than the other treatments (Fig. 8A). The initial
slope of RLC of ETR(II) [α(II)], the maximum electron transport rate of
PSII [rETR(II)max] and the light saturation point of PSII [Ik(II)] of tomato leaves under B and P treatments were signiﬁcantly lower than W
treatment (Table 2). The electron transfer rate of PSI (ETRI) in tomato
leaves rapidly increased with the light intensity increase and trend to
steady after light intensity reached to 1000 μmol m−2 s−1, B and P
treatments signiﬁcantly reduced the ETR(I) of tomatoes compared to W
treatment (Fig. 8B). The ETR(I) was the highest under the W and RB
Fig. 4. (A) Eﬀects of light quality on the maximum
photochemical eﬃciency of PsiI (Fv/Fm) of tomato
leaves; (B) Eﬀects of light quality on the maximum
oxidation state of PSI (Pm) of tomato leaves. Values
are means of six replicates ± SD. Statistically signiﬁcant diﬀerences of every sample compared to the
W are marked by asterisks (*: p < 0.05, **:
p < 0.01). W: white light, RB: combination light of
red-blue light at 1:1, R: red light, B: blue light, P:
purple light. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
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Fig. 5. (A) Eﬀects of light quality on the rapid light
curves(RLCs) of light-adapted maximum quantum
yield of PSII (Fv'/Fm') and (B) photochemical
quenching coeﬃcient (qP). Values are means of six
replicates ± SD. Statistically signiﬁcant diﬀerences
of every sample compared to the W are marked by
asterisks (*: p < 0.05, **: p < 0.01). W: white light,
RB: combination light of red-blue light at 1:1, R: red
light, B: blue light, P: purple light. PPFD: photosynthetic photon ﬂux density. (For interpretation of
the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

treatment with an ETRmax(I) of 266.93 μmol e− m−2 s−1 and
255.17 μmol e− m−2 s−1, respectively (Table 2).
We found that the cyclic electron ﬂow around PSI (CEF) increased
with the light intensity increase and that the B and P treatment signiﬁcant improved CEF (Fig. 8C). Similarly, the ratio of the quantum
yield of CEF to Y(II) [Y(CEF)/Y(II)] under the B and P treatments was
higher than that of the R, W, and RB at any light intensity (Fig. 8D).
These results demonstrated that blue and purple light treatments have
the ability to improve CEF, while the cyclic electron transfer may be an
important mechanism to relieve photoinhibition. Most PSI reaction
centers were in the oxidation state because of the excitation of cyclic
electron transfer, and it was characterized by Y(ND) that showed to be
maintained at a higher level to protect PSI from damage under B and P
treatments (Fig. 7D).

3.6. Proton motive force, thylakoid membrane integrity and ATP- synthase
activity

diﬀerence between the signal of steady state and the “dark baseline”
reﬂects a substantial membrane potential (Δψ). The “undershoot”
below the “dark baseline” was considered a measure for the steady state
proton gradient (ΔpH) (Fig. 9A). Results showed that Δψ of the B and P
treatment were signiﬁcantly lower than W while the ΔpH was signiﬁcantly higher than W treatment (Fig. 9). These results indicated that
the blue and purple light can induce a greater acidiﬁcation of the
thylakoid lumen. A functionally intact photosynthetic apparatus is
characterized by slow decay of P515 signal after dark-adaptation (high
membrane integrity) and fast decay after illumination (high ATP-synthase activity) (Schreiber and Klughammer, 2008a; Zhang et al., 2014).
In our research, the faster decay of P515 signal after adaptation to
darkness and the slower decay after irradiation to actinic light in the B
and P treatments plants implied that the thylakoid membrane integrity
was impaired and the ATP-synthase activity was inhibited compared to
the W and RB treatments (Fig. 9C,D). It also indicated that the rate of
proton transfer from the lumen to the stroma via ATP-synthase was
largely inhibited when leaves were illuminated with blue and purple
light.

It has been shown that the membrane potential (Δψ) and proton
gradient (ΔpH) components of the proton motive force (pmf) can be
estimated by analyzing light-oﬀ responses of the P515 signal. The
Fig. 6. Eﬀects of light quality on P700 redox kinetics
of tomato leaves. (A) Response of far-red light induced P700 redox kinetics to light quality; (B)
Response of functional PQ pools to light quality; (C)
Enlarged display of P700 signal after far-red light was
applied; (D) Enlarged display of P700 signal after farred light was removed. Values are means of three
replicates ± SD. Statistically signiﬁcant diﬀerences
of every sample to the W are marked by asterisks (*:
p < 0.05, **: p < 0.01). W: white light, RB: combination light of red-blue light at 1:1, R: red light, B:
blue light, P: purple light. PPFD: photosynthetic
photon ﬂux density. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 7. Eﬀects of light quality on the rapid light
curves(RLCs) of photosynthetic quantum yields of PSI
and PSII. (A) RLC of the eﬀective quantum yield of
PSII photochemistry [Y(II)]; (B) RLC of the quantum
yield of PSI photochemistry [Y(I)]; (C) RLC of the
quantum yield of non-regulated energy dissipation in
PSII [Y(NO)]; (D) RLC of the quantum yield of PSI
non-photochemical energy dissipation due to the
donor-side limitation [Y(ND)]; (E) RLC of the
quantum yield of regulated energy dissipation in PSII
[Y(NPQ)]; (F) RLC of the quantum yield of PSI nonphotochemical energy due to the acceptor-side limitation [Y(NA)]. Values are means of three
replicates ± SD. Statistically signiﬁcant diﬀerences
of every sample to the W are marked by asterisks (*:
p < 0.05, **: p < 0.01). W: white light, RB: combination light of red-blue light at 1:1, R: red light, B:
blue light, P: purple light. PPFD: photosynthetic
photon ﬂux density. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

4. Discussion
Plants must be able to grow under constantly changing light environments throughout their life cycle. Not all wavelengths of light are
beneﬁcial for plant growth and development. It has been well documented that photosynthetic active radiation (PAR, 400–700 nm) directly aﬀects the photosynthesis of plants. Blue (425–490 nm) and red
light (610–700 nm) are the best light spectra for plant photosynthesis,
while the absorbed ratio of green light (520–610 nm) is very low (Pettai
et al., 2005; Yoshida et al., 2016). In recent years, there has been a
growing bank of knowledge focused on the eﬀects of LED lighting on
plant photomorphogenesis. Researchers have found that red and blue
light can maximize crop production if light intensity and quality are
precisely controlled (Jishi et al., 2016; Zheng and Van Labeke, 2017). In
this study, the eﬀects of diﬀerent light quality on the growth of tomatoes were found to be signiﬁcantly diﬀerent among varying wavelengths. It was seen that plants grown under blue and purple light were
more compact. On the contrary, plants grown in red light were less
compact. This may be explained by the movement of leaves in response
to diﬀerent light signals to avoid photoinhibition. In our research, the
net photosynthetic rate (Pn), transpiration rate (E) and stomatal conductance (gs) both reduced and intercellular CO2 concentration (Ci)
were increased under B and P treatments compared to W, it indicates
that B and P treatments signiﬁcantly reduced the capacity of

photosynthetic gas exchange of tomato leaves, and light quality has
certain inﬂuence on the stomatal movement. It has been shown in the
light-demanding plant Bauhinia tenuiﬂora that the plant structure can
become less dense through the movement of the leaves in response to
PSII photoinhibition under stress condition (Huang et al., 2014), while
cotton and soybean have diﬀerent morphological change strategies for
photosynthesis under drought stress (Zhang et al., 2011). Additionally,
diﬀerent light qualities have an important inﬂuence on plant functional
chemical levels, and many studies showed that blue and purple light are
more advantageous to the synthesis of antioxidant substances
(Nascimento et al., 2013; Bantis et al., 2016; Bian et al., 2015). In this
experiment, NBT and DAB staining of tomato leaves indicated that blue
and purple light have certain abilities to remove ROS and that this effect could be related to increased antioxidant content in tomato leaves
grown under these conditions.
The photosynthetic electron transport chain is located on the thylakoid membrane and includes a series of electron transport carriers
(such as PSII, PSI, cytochrome b6f, ATP-synthase, PQ and PC), that are
composed of diﬀerent pigment protein complexes. Photochemical reactions are highly aﬀected by light quality due to the diﬀerent light
capturing eﬃciencies of various photosynthetic pigments (Yu et al.,
2017; Hoﬀmann et al., 2015; Fan et al., 2013). Light quality has important inﬂuences on the synthesis of pigments, as it was seen that
photosynthetic pigments decreased signiﬁcantly in tomatoes grown
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Fig. 8. Eﬀects of light quality on photosynthetic
electron transport in tomato leaves. (A) Rapid light
curve (RLC) of the photosynthetic electron transport
rate of PSII (ETRII) of tomato leaves; (B) RLC of the
photosynthetic electron transport rate of PSI (ETRI);
(C) RLC of the cyclic electron ﬂow around PSI (CEF);
(D) RLC of the ratio of the quantum yield of CEF to Y
(II) [Y(CEF)/(II)]. Values are means of three
replicates ± SD. Statistically signiﬁcant diﬀerences
of every sample to the W are marked by asterisks (*:
p < 0.05, **: p < 0.01). W: white light, RB: combination light of red-blue light at 1:1, R: red light, B:
blue light, P: purple light. PPFD: photosynthetic
photon ﬂux density. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

under blue and purple light. The activity of the electron transport
carriers is speciﬁcally adjusted by light. Speciﬁc spectra of solar radiation can damage the photosystems, especially PSII, and further
causing photoinhibition (Zavafer et al., 2015a, 2015b; Tikkanen and
Aro, 2014; Takahashi et al., 2010). Here, we found that light qualities
signiﬁcantly inﬂuence the photosynthetic electron transport of tomato
leaves. The combination of red and blue light, as well as white light was
more conducive to eﬃcient photosynthesis operation and performance
in tomato leaves; a ﬁnding is in agreement with previous researches
(Wang et al., 2016; He et al., 2017). The damage degree of PSII and PSI
in tomato leaves under blue and purple light was higher than under red
light or the combination of red and blue light. The blue and purple light
signiﬁcantly reduced photosynthetic eﬃciency. These results indicated
that the diﬀerent wavelength of LED lighting speciﬁcally regulated heat
dissipation, state transition, energy distribution, cyclic electron transfer
and the activity of the photosynthetic electron transport chain.
The proton motive force (pmf) drives ATP synthesis via the ATPsynthase and consists of two components: the proton gradient (ΔpH)
and membrane potential (Δψ). It is proposed that pmf plays two major
functions: ﬁrstly, Δψ motivates the carrier of ATP/ADP, while ΔpH
drives the carrier of phosphate, secondly, ΔpH can induce the energization-dependent quenching (qE) component of the non-photochemical quenching (NPQ) of chlorophyll ﬂuorescence via acidiﬁcation
of the thylakoid lumen (Armbruster et al., 2017; Davis et al., 2016).

PGR5/PGRL1- and NDH-dependent cyclic electron transport was
thought to be essential for balancing the ATP/NADPH production ratio
and for protecting both photosystems from damage caused by stromal
overreduction through induce the formation of pmf (Shikanai and
Yamamoto, 2017; Huang et al., 2017; Yamori and Shikanai, 2016). The
regulation of the cyclic electron transport around PSI has been recognized as essential for photosynthesis and plant growth. However,
the regulatory role of cyclic electron transport in plants after exposure
to diﬀerent light qualities was not clear. We found that blue and purple
light can enhance CEF, as well as ΔpH. The ATP-synthase activity and
the integrity of the thylakoid membrane were also negatively regulated
by blue and purple light. We propose that CEF was enhanced to induce
NPQ by the blue and purple light treatments and functions to protect
PSII and PSI from photoinhibition via the lumen acidiﬁcation.
Photosynthetic pigments and related protein complexes have different optimum absorption spectrum. Light quality can directly inﬂuence the photochemical reaction during short-term illumination and
indirectly inﬂuences photosynthetic electron transport through adjusting many biochemical processes such as endogenous metabolic reactions and hormonal balance. After comprehensive understanding the
response mechanism of photosynthesis to the diﬀerent wavelength of
LED lighting, one or two kind of necessary light quality and special
beneﬁcial light quality can make up a light formula for a kind of photosynthetic organism during certain period and certain environmental

Table 2
RLC parameters of ETR(II) and ETR(I). Values are means of four replicates ± SD. Diﬀerent letters (a, b, c, d) in the same column indicate signiﬁcant diﬀerence between treatments at
p ≤ 0.05 by using LSD test. W: white light, RB: combination light of red-blue light at 1:1, R: red light, B: blue light, P: purple light.
light quality

W
RB
B
R
P

RLC parameters of PSII

RLC parameters of PSI

α(II)
e− photon−1

ETR max(II)
μmol·e− m−2 s−1

Ik(II)
μmol photons m−2 s−1

α(I)
e− photons−1

ETR max(I)
μmol e− m−2 s−1

Ik(I)
μmol photons m−2 s−1

0.32
0.32
0.30
0.32
0.29

135.27 ± 15.22a
121.23 ± 12.87ab
108.17 ± 5.60bc
119.60 ± 7.26ab
99.93 ± 7.12bc

471.67
445.33
399.03
424.40
372.33

0.26
0.25
0.29
0.26
0.30

266.93
255.17
222.97
245.90
210.00

1136.83 ± 77.28a
1098.80 ± 40.94a
852.03 ± 34.36c
953.23 ± 53.57b
789.73 ± 32.46c

±
±
±
±
±

0.04a
0.01a
0.01b
0.02a
0.01b

±
±
±
±
±

13.63a
8.41b
16.70c
12.02b
10.45d

±
±
±
±
±

0.02ab
0.01bc
0.02ab
0.01ab
0.01a

±
±
±
±
±

9.79a
6.82a
21.48b
17.17a
14.15bc
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Fig. 9. Eﬀects of light quality on P515 signal of tomato leaves. (A) Complete recording of light-on and
light-oﬀ responses and enlarged display of light-oﬀ
response to light quality with indication of the estimated the proton gradient (ΔpH) and membrane potential (Δψ) components of proton motive force
(pmf). Slow “dark-light-dark” induction transients of
the 515 nm signal was measured. Actinic light (AL;
630 μmol·photons m−2 s−1) was turned on after 30 s
and oﬀ after 330s. (B) ΔpH and Δψ components of the
pmf estimated from the curves of slow P515 kinetics;
(C) Rapid kinetics of P515 induced by saturating
single turnover ﬂashes in tomato leaves after darkadapted for 1 h; (D) Fast kinetics of P515 induced by
saturating single turnover ﬂashes in tomato leaves
after pre-illumination for 6 min at 630 μmol photons m−2 s−1 followed by 4 min dark. Values are
means of three replicates ± SD. Statistically signiﬁcant diﬀerences of every sample compared to the
W are marked by asterisks (*: p < 0.05, **:
p < 0.01). W: white light, RB: combination light of
red-blue light at 1:1, R: red light, B: blue light, P:
purple light. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

conditions, it is a crucial scientiﬁc issue that should be established for
modern intensive crop or microalgal production system with artiﬁcial
light (Liu, 2012; Yan and Zheng, 2014). Optimization of lighting
system, establishment of light formula and light environment management strategy can increase biomass accumulation by maximizing
photosynthetic eﬃciency and greatly increase the accumulation of
photosynthetic products, it is important for crop productivity and microalgae industry. Our results showed that diﬀerent wavelength of LED
lighting speciﬁcity inﬂuenced the activity of the photosynthetic electron transport, and the combination of light was advantageous to the
photosynthetic eﬃciency. Blue and purple light reduced photosynthetic
eﬃciency but enhanced CEF to induce NPQ and mainly functions for
protect PSII and PSI from photoinhibition. These results oﬀer a prerequisite knowledge of crops as well as microalgae with the potential
for higher photosynthesis eﬃciency and biomass accumulation due to
photosynthesis is a conservative biological process. While demonstrating the eﬀects of light quality on photochemical reaction is a very
complicated process, it needs further comprehensive research.
5. Conclusion
Light is the most direct factor inﬂuencing photosynthesis. This study
demonstrates the eﬀects of diﬀerent light quality on photosynthetic
performance in tomato leaves and aims to improve environmental
control during crop growth. Our results suggest that diﬀerent light
quality treatments have signiﬁcant eﬀects on various photosyntheticrelated processes. The white light and the combination of red and blue
light exhibited higher photosynthetic operation eﬃciency in tomato,
while the blue and purple light irradiation signiﬁcantly reduced the
photosynthetic eﬃciency via inﬂuencing plant morphology, damaging
the thylakoid membrane structure, reducing the photosynthetic pigment content and photosynthetic electron transport rate. However, CEF
was enhanced to induce NPQ under the blue and purple light treatment.
We posit that this mainly function to protect PSII and PSI from photoinhibition via lumen acidiﬁcation. Understanding the eﬀects of wavelength-speciﬁc lighting on photosynthetic electron transport activity
in tomato leaves has signiﬁcant implications on basic academic

research as well as commercial greenhouse production. The underlying
molecular mechanism remains unknown and further study is necessary
to fully understanding these phenomena to improve the yield and
quality of crops.
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