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Abstract
Non-photochemical quenching (NPQ) of the excited state of chlorophyll a is a major photoprotective mechanism plants 
utilize to survive under high light. Here, we report the impact of long-term light quality treatment on photosynthetic prop-
erties, especially NPQ in rice. We used three LED-based light regimes, i.e., red (648–672 nm), blue (438–460 nm), and 
“warm” white light (529–624 nm), with the incident photon flux density of 300 µmol photons m−2 s−1, the difference in the 
absorbed photon flux densities by leaves grown under different light quality being less than 7%. Our results show that blue 
light, as compared to white light, induced a significant decrease in Fv/Fm, a decreased rate of reduction of P700

+ after P700 
was completely oxidized; furthermore, blue light also induced higher NPQ with an increased initial speed of NPQ induction, 
which corresponds to the qE component of NPQ, and a lower maximum quantum yield of PSII, i.e., Y(II). In contrast, rice 
grown under long-term red light showed decreased Y(II) and increased NPQ, but with no change in Fv/Fm. Furthermore, we 
found that rice grown under either blue or red light showed decreased transcript abundance of both catalase and ascorbate 
peroxidase, together with an increased  H2O2 content, as compared to rice grown under white light. All these data suggest 
that even under a moderate incident light level, rice grown under blue or red light led to compromised antioxidant system, 
which contributed to decreased quantum yield of photosystem II and increased NPQ.

Keywords Antioxidant system · Effective quantum yield of PSII · Light quality · Non-photochemical quenching of the 
excited state of chlorophyll a · Oryza sativa · Quantum yield of regulated energy dissipation in PSII

Introduction

Light influences photosynthesis through multiple mecha-
nisms. Most importantly, light absorbed by photosynthetic 
pigments is the source of energy for photosynthesis. The 
wavelength of light is a major factor influencing both the 
development of photosynthetic machinery and the effi-
ciency of photosynthesis. As compared to plants grown 
under red light (660–670 nm), those grown under blue light 
(430–480 nm) exhibit higher chlorophyll (Chl) a/b ratio, 
higher amount of antenna Chl in their light-harvesting com-
plex II (LHCII), higher electron transfer activity per Chl 
(Leong and Anderson 1984; Leong et al. 1985; Senger and 
Bauer 1987), and higher ribulose-1, 5-bisphosphate (RuBP) 
carboxylase/oxygenase (Rubisco) activity per unit leaf area 
(Bukhov et al. 1995). Further, Cucumis sativus (cucumber) 
plants, grown under red light alone, as compared to those 
grown under red + blue light, show a decrease in the maxi-
mum quantum yield of photosystem II (PSII), as measured 
by variable to maximum chlorophyll (Chl) fluorescence, 
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Fv/Fm, a relatively low rate of  CO2 fixation, and a slow 
response of stomata to light (Hogewoning et al. 2010).

Photon flux densities (i.e., light intensities) influence 
photosynthesis dramatically (see e.g., Norcini et al. 1991). 
When plants are grown under low light, the antenna size of 
the photosystems increases to better capture (and transfer) 
the excitation energy to the photosynthetic reaction cent-
ers (Green and Parson 2003). However, when plants receive 
too much light, the excess excitation energy is dissipated 
through non-photochemical quenching (NPQ) of the excited 
state of Chl a in the form of heat (Demmig-Adams et al. 
2014; Ort 2001). Under such a condition, plants may expe-
rience damage to PSII by reactive oxygen species (ROS) 
(Asada 2006), either on the (electron) donor or the (electron) 
acceptor side of PSII (Pospíšil 2009, 2012). When the donor 
side is damaged, the oxygen evolving complex (OEC) cannot 
efficiently reduce the reaction center Chl of PSII  (P680+), 
which can further oxidize other intermediates. In addition, 
the donor-side inhibition is often associated with the forma-
tion of hydrogen peroxide  (H2O2), which can be oxidized to 
the superoxide radical  (O2

•−), or reduced to the hydroxyl 
radical  (HO•). However, inhibition on the PSII acceptor side 
leads to reverse electron transfer from the reduced  QA  (QA

•−) 
to pheophytin, Pheo, leading, ultimately, to the formation 
of excited triplet state of P680 (3P680*), which in turn may 
interact with the triplet ground state of molecular oxygen 
(3O2) forming damaging singlet oxygen (1O2) (Alboresi et al. 
2011; Pospíšil and Prasad 2014; Triantaphylides and Havaux 
2009).

To cope with the deleterious effects of high-light 
stress, plants have developed a number of photoprotection 
responses: (1) leaf movement at the whole plant level (Björk-
man and Powles 1987; Koller 1990); (2) chloroplast move-
ment at the cellular level (Cazzaniga et al. 2013; Kagawa and 
Wada 2000; Sztatelman et al. 2010); and (3) non-radiative 
dissipation of energy as heat (through the NPQ process) at 
the molecular level (Derks et al. 2015; Müller et al. 2001). 
There are different components of NPQ that can be distin-
guished according to their induction and relaxation kinetics 
following light exposure: (1) a major and fast component, 
which is associated with the build-up of the trans-thylakoid 
ΔpH gradient (qE); (2) a slower component, which relaxes 
within seconds to minutes and is related to state transitions 
(qT); and (3) the slowest component, which relaxes from 
minutes to hours and is due to photoinhibition of photosyn-
thesis (qI) (Leonelli et al. 2017; Papageorgiou and Govind-
jee 2014; Rochaix 2014; Ruban 2018).

NPQ has been considered to be a prime target to increase 
light use efficiency under fluctuating light and extensive 
research has been devoted to study the mechanism of NPQ 
(Demmig-Adams et al. 2014). Zhu et al. (2004) proposed 
that increase in the speed of recovery of NPQ from high 
light to low light may improve photosynthetic efficiency 

and increase biomass under dynamic light conditions. This 
hypothesis was tested by Kromdijk et al. (2016) when they 
observed that plants with accelerated recovery of NPQ 
showed increased biomass production in the field. Further-
more, the effect of different light intensity on NPQ has been 
thoroughly investigated (Belgiol et al. 2018; Miyake et al. 
2005; Tian et al. 2017). In addition, Oguchi et al. (2011) 
have observed different extent of photoinhibition, repre-
sented by the decrease of the maximal quantum yield of 
PSII (Fv/Fm), in plants grown under different colors of light, 
but with the same incident photon flux density. However, the 
potential impact of light quality on NPQ has been relatively 
less studied. Understanding the impact of light spectrum on 
photosynthetic properties can not only help better under-
stand growth of plants in the field, but also help design bet-
ter lighting system for greenhouses to obtain optimal plant 
performance. On this aspect, earlier studies have shown that 
leaves under lower layers of a canopy experience more green 
light proportionally, as compared to those at the top layer of 
that canopy (Grant 1997). Many LED-based lighting sys-
tems are used in greenhouse industry, which also requires a 
thorough understanding of responses of plants grown under 
different light spectra to enable better lighting design. This 
work aims to investigate the impact of different wavelengths 
of light with the same incident PFD on photosynthetic per-
formances. Specifically, we grew rice (Oryza sativa) under 
red (peak at 662 nm), blue (peak at 447 nm), or “warm” 
white (peak at 568 nm) LED light conditions and examined 
changes in light reaction-related parameters. We show that 
under an incident light level of 300 µmol photons m−2 s−1, 
which is a moderate light intensity for rice, there is a signifi-
cant decrease of quantum yield of PSII and increase in NPQ 
when rice was grown under monochromatic red or blue light, 
as compared to plants grown under white light conditions. 
We also show that these observed effects are mainly due to 
the light quality rather than the very small (7%) difference in 
the PPFD absorbed by leaves in different treatments.

Materials and methods

Growth conditions

We used three different colors of light (one for each light-
controlled chamber) using a custom design LED light 
source, i.e., blue light (peak at 447 nm), red light (peak 
at 662 nm), and “warm” white light (a broad band, with a 
peak at 568 nm) (Fig. 1a and Table S1). Light intensities 
were measured with a photosynthetic active radiation (PAR) 
meter, and the photosynthetic photon flux density (PPFD), 
at the top of plants, was maintained, for all the three light 
regimes, at ~ 300 µmol photons m−2 s−1. First, seeds were 
germinated in Petri dishes on wet filter paper at ~ 27 °C in 
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the dark for 5 days. After that, the germinated seeds were 
kept for another 5 days in Petri dishes under a single LED 
light (blue, red or white), and then they were transplanted 
into plastic pots (6 L volume) containing commercial peat 
soil (Pindstrup Substrate no. 4). Rice (O. sativa, cv. XS134) 
was grown for ~ 50 days in three different light-controlled 
chambers for 14 h L/10 h D photoperiod and at ~ 27 °C. For 
the data shown in Fig. 4b, we first grew plants under either 
red or blue light during the germination stage, and then 
transferred plants to white light. The plants were grown for 
~ 50 days with a 14 h L/10 h D photoperiod under this white 
light. A measurement representing a mean of data from six 
plants at each condition was taken for a randomized design 
of growth conditions.

Lighting system

Three different LEDs were used to obtain blue (438–460 nm; 
peak at 447 nm), red (648–672 nm; peak 662 nm), and warm 

white light (a broad band 529–624 nm with a peak at 568 nm). 
The transmission spectra for all three LEDs were recorded 
using an Ocean Optics QE 65000 spectrometer (Ocean Optics 
Inc., Dunedin, FL) (Fig. 1a and Table S1). As noted above, the 
PFD at the top of the plant was maintained at ~ 300 µmol pho-
tons m−2 s−1; this was done by adjusting the distance between 
the LED and the plant canopy. To minimize the potential 
impact of pot location relative to the LED light on light envi-
ronments experienced by plants, pots were systematically 
moved under light source after every 2 days.

Transmission and reflectance spectra of the leaves

The transmission and reflectance spectrum of each leaf was 
recorded from 200 to 1100 nm, using an Ocean Optics Spec-
trometer HR2000 (Ocean Optics Inc., Dunedin, FL) (Fig. S1). 
Absorbance (% absorptance) at each wavelength was calcu-
lated after measurement of reflectance and of transmittance 
using the following formula (Inada 1980; see Fig. 1b):

The absorbed PFD at each wavelength was calculated based 
on a total PFD between 400 and 700 nm, the spectra of inci-
dent light, and the absorption at each wavelength by the leaf. 
With the calculated PFD at each wavelength, we found that 
the total absorbed by leaves under blue light, red light, and 
white light was 275.9 µmol photons m−2 s−1, 268.2 µmol pho-
tons m−2 s−1, and 253.5 µmol photons m−2 s−1, respectively 
(see inset of Fig. 1a) (See details of calculation in Online 
Appendix—1).

Chlorophyll (Chl) and carotenoid content

The content of Chl and of the carotenoids was determined 
according to methods described earlier (Holm 1954; Porra 
et al. 1989). Leaf samples (0.05 g) were incubated overnight 
with 1 mL 80% acetone at 4 °C, the resulting suspension was 
centrifuged at 13,000×g for 5 min, and then Chl a, Chl b, 
and carotenoids were measured using a UV visible spectro-
photometer (50 Bio Varian, Varian Inc., Walnut Creek, CA), 
at 663.6 nm, 645.6 nm, and 440.5 nm, respectively. Concen-
tration (g/g) of pigments was determined from the following 
equations (Holm 1954; Porra et al. 1989):

(1)
100% = %Absorptance + %Reflectance + %Transmittance

(2)

Chl a =

[
(12.25 × OD663.6 − 2.55 × OD646.6) × Vm

Wt

]

(3)

Chl b =

[
(20.31 × OD646.6 − 4.91 × OD663.6) × Vm

Wt

]

(4)
Carotenoid =

[(
4.69 × OD440.5 × Vm

Wt

)
− 0.267(chl a + chlb)

]

Fig. 1  Light spectrum and photon flux density (PFD) absorbed by 
leaves. a Spectral scans of the incident PFD used for plant growth: 
red (peak at 662 nm), blue (peak at 447 nm) and “warm” white (peak 
at 568  nm) LED light. Inset Estimated absorbed PFD for leaves 
grown under different light regimes. Bars represent average ± sd of 
five independent experiments. b Leaf % absorptance (absorbance) 
spectrum, each curve represents the average of five independent 
measurements
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Vm represents the volume of supernatant with a unit of mL, 
and Wt represents the sample weight with a unit of gram.

Maximum quantum yield of PSII (as inferred 
from Fv/Fm), slow Chl a fluorescence induction 
(PSMT) and transmission changes at 820 nm (i820)

Variable (Fv = Fm − Fo; Fo is the “O” level) to maximum 
fluorescence (Fm, the “P” level), Fv/Fm, the fluorescence 
transient, the PSMT (P is for the peak; S is for a steady 
state, M is for a maximum, and T is for terminal steady 
state) phases of fluorescence, and the transmission change 
at 820 nm, I820, were measured using the Multifunctional 
Plant Efficiency Analyser (M-PEA) (Hansatech, King Lynn, 
Norfolk, UK). Plants were first kept overnight at 24 °C in 
darkness before measurements. Then, after a further 10-min 
dark adaptation, the detached uppermost fully expanded 
leaves were exposed for 0.5 s to saturating (5000 µmol pho-
tons m−2 s−1) orange–red (625 nm) actinic light for Fv/Fm 
measurements. Simultaneously, 820 nm modulated light was 
provided by a LED lamp for I820 measurements. During the 
measurements, upon light excitation, the P700 is first oxi-
dized then gradually reduced due to the faster transfer of 
electrons from P700 than the slower arrival of electrons from 
PSII or cyclic electron flow around PSI. After a 10-min dark 
adaptation, the same leaves were exposed to 300 s of low 
intensity (100 µmol photons m−2 s−1) orange–red (625 nm) 
actinic light for the PSMT measurement. Measurements 
were repeated six times for each light condition. The maxi-
mum quantum yield of PSII was determined by

where Fv is variable fluorescence; Fm is fluorescence at the 
P level, and Fo is fluorescence at the O level.

Fluorescence quenching analysis

Chl a fluorescence quenching analysis was done using a 
Dual-PAM-100 instrument (Walz, Effeltrich, Germany). 
Plants were first kept overnight at 24 °C in darkness, and 
then after a 10-min additional dark adaptation period, the 
upper side of detached leaves was exposed to weak modu-
lated measuring light, obtained from a 620 nm LED. This 
provided the Fo (the O level) values, the initial minimum 
value for fluorescence. A saturating light pulse of 500 ms 
duration and 20,000 µmol photons m−2  s−1 light from 
620 nm LED arrays was given to the sample to obtain 
Fm, the maximum fluorescence value (equivalent to the P 
level). After the first saturating pulse, a blue actinic light 
of 815 µmol photons m−2 s−1 from 460 nm LED arrays was 
switched on for 10 min followed by a 10-min dark period. 

(5)
Fv

Fm

=
(Fm − Fo)

Fm

,

During this time, a saturating pulse of light was applied 
every 20 s to measure Fm′. In order to obtain Fo′, blue 
actinic light was switched off and far red light (720 nm) 
was given. The effective PSII quantum yield, Y(II), was 
calculated as described previously (Genty et al. 1989) by 
the formula:

Furthermore, the quantum yield of regulated energy 
dissipation Y(NPQ) and quantum yield of non-regulated 
energy dissipation in PSII Y(NO) were calculated as 
described previously (Kramer et al. 2004):

where NPQ is non-photochemical quenching and qL is the 
coefficient of photochemical quenching (Klughammer and 
Schreiber 2008; Pfündel et al. 2008).

Detection of hydrogen peroxide  (H2O2)

Mature plants grown under sunlight were acclimated to red, 
blue or white LED light at around 800 µmol photons m−2 s−1 
for 7 days. Then, the detached leaves, from each light con-
dition, were infiltrated with 5 mM of 3, 3′diaminobenzi-
dine (DAB) at pH 3.8, and incubated in dark for 2 h. After 
that, the upper side of the detached leaves was exposed to 
high intensity (1400 µmol photons m−2 s−1) white light for 
60 min. Finally, Chl was extracted from the leaves prior to 
imaging by boiling them in DAB for 12 min and incubating 
in 99.5% alcohol. The observed brown spots reflected the 
interaction between DAB and  H2O2 in the presence of per-
oxidase. This measurement was repeated three times using 
three different leaves from each light condition.

(6)Y(II) =

(
Fm

�

− F
)

Fm
�

.

(7)Y(NPQ) =

⎡
⎢⎢⎢⎣
1 − Y(II) −

⎧
⎪⎨⎪⎩

1

NPQ+1 + qL
�

Fm

Fo

− 1
�
⎫
⎪⎬⎪⎭

⎤
⎥⎥⎥⎦

(8)Y(NO) =

⎧⎪⎨⎪⎩
1

NPQ + 1 + qL
�

Fm

Fo

− 1
�
⎫⎪⎬⎪⎭
,

(9)NPQ =

(
Fm − Fm

�
)

Fm
�

(10)qL =

{ (
Fm

� − F
)

(Fm

�

− Fo

�

)

} {
Fo

�

F

}
.
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RNA isolation and real‑time RT‑PCR analysis

Total RNA was extracted from leaves of the same plants 
used for  H2O2 detection, as previously described (Ham-
dani et al. 2015). The real-time RT-PCR was carried out 
with LightCycle480 System (Roche Applied Science, 
Indianapolis, USA). The primers for CAT  (CAT-A: LOC_
Os02g02400) and APX (OsAPx8: LOC_Os02g34810.1) 
were designed using information from the website of 
IDT (integrated DNA technologies, USA), while the 
primers for the housekeeping gene, Ubiquitin 5 (UBQ5, 
AK061988), were designed as described previously (Jain 
et al. 2006). To avoid the mismatch during PCR amplifi-
cation of APX gene, we have used the 3′UTR region as 
template. The primer sequences were as follows:

Primers for CAT-A

Forward: 5′-CCA CAC CTT CTT CTT CCT CTTC-3′
Reverse: 5′-CAG TGG AAC TTG ACG TAC CTG-3′

Primers for OsAPx8

Forward: 5′-ACC TCC TCT GAC GAG TGT TT-3′
Reverse: 5′-CCA TTC ACA TGC CCA TCC TT-3′

Primers for UBQ5

Forward: 5′-ACC ACT TCG ACC GCC ACT ACT-3′
Reverse: 5′-ACG CCT AAG CCT GCT GGT T-3′

PCR reactions were performed in 96-well white plates 
with a volume of 20 µL containing 1 µL of cDNA tem-
plate (~ 100 ng), 1 µM for each primer, and 10 µL of 10× 
SYBR Green I PCR Master Mix (Roche Applied Science, 
Indianapolis, USA). The above reactions were subjected 
to a heating step at 95 °C for 5 min, followed by 35 cycles 
of denaturation at 95 °C for 10 s, annealing at 58 °C for 
20 s and elongation at 72 °C for 20 s. Transcript levels 
were normalized to that of UBQ5 (internal control gene). 
Each PCR reaction was performed in triplicate and the 
calculated error bars represent the standard deviation from 
three to four PCR results. Statistical analyses involved the 
2−ΔΔCT method (Livak and Schmittgen 2001).

Statistical analysis

We analyzed the different set of data using a student t test 
analysis and show the P values in the Figures. We used 
the Microsoft Excel software (Microsoft Inc.) to perform 
the t test analysis.

Results

Effect of light quality on pigment content

In our experiment, although the same incident light was 
used, plants grown under red or blue light exhibit slightly 
higher leaf absorption as compared to those grown under 
white light (Inset of Fig. 1a). However, this difference in 
PFD absorbed by leaves between different light spectra is 
less than 7% (Inset of Fig. 1a). In this study, we first exam-
ined the effect of these light regimes on the pigment content. 
We measured the concentration of total Chls (Chl a + Chlb) 
and carotenoids in plants grown under red, blue, or white 
light. Figure  2a shows that red light (peak at 662  nm) 
induced a decrease in the content of Chl (a + b) by about 
45% as compared to blue (peak at 447 nm) and white (peak 

Fig. 2  Chlorophyll (Chl) and carotenoid contents. a Chl and carote-
noid contents in leaves of rice grown for 50 days under different LED 
lights: blue light (peak at 447 nm), red light (peak at 662 nm), and 
“warm” white light (peak at 568 nm); the light intensity at the top of 
plants was ~ 300 µmol photons m−2  s−1 for all three regimes. b Chl 
a/b ratio in rice grown under different LED lights. Bars in a represent 
average ± sd of 3–4 independent measurements; bars in b represent 
average ± sd of six independent measurements. Different lower-case 
letters indicate significant difference at P ≤ 0.05
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at 568 nm) light. These changes in Chls are much higher 
than the slight differences in absorbed intensities. Thus, rice 
grown under red light, as compared to the others, clearly had 
less Chl. In addition, the carotenoid content, in rice grown 
under red light, was also lower by about 32% than rice under 
blue and white light. These results are consistent with the 
visual observation of these leaves (during the germination 
stage) grown under red, blue, and white light (Fig. S2). This 
result suggests a down-regulation in the biosynthesis of pho-
tosynthetic pigments induced by red light, especially during 
the germination stage of rice. Furthermore, we observe that 
plants grown under blue light showed an approximately 7% 
higher Chl a/b ratio as compared to those grown under white 
light. However, no significant change in the Chl a/b ratio was 
observed in plants grown under red light compared to those 
grown under either blue or white light (Fig. 2b). This ratio 
is generally thought to reflect changes in the photosystem 
stoichiometry and the antenna size of each photosystem (see 
e.g., Melis et al. 1987). Since most of Chl b is associated 
with LHCII (Evans 1989; Green and Durnford 1996), this 
result may suggest a slightly smaller PSII antenna size and 
a lower PSII/PSI ratio in plants grown under blue light as 
compared to white light.

Effect of light quality on the maximum quantum 
yield of PSII, as estimated by measurements 
of Fv/Fm, and on the electron transfer activity

Fv/Fm in leaves of rice plants grown under blue light showed 
a decrease of approximately 7% as compared to those 
grown in both red and white light. However, no difference 
was observed between red and white light (less than 1%) 
(Fig. 3a). Measurement of the transmittance at 820 nm, I820, 
shows that rice acclimated to blue light exhibited a 20% 
slower reduction rate of P700

+. In addition, blue light induced 
a 32% higher accumulation of P700

+ as compared to those 
grown under white light (Fig. 3b and inset). Such behavior 
suggests a slight delay in the arrival of electrons from PSII, 
induced by a transient block in the electron transfer from 
PSII in blue light, which is consistent with the observed 
decrease in Fv/Fm. Rice under red light only induced a 5% 
increase in the P700

+ accumulation than rice grown under 
white light (Fig. 3b and inset).

Effect of light quality on the slow chl a fluorescence 
induction (PSMT)

The slow (1–300 s) PSMT fluorescence phases can pro-
vide information on the dynamic changes of NPQ (Papa-
georgiou and Govindjee 2011). Our results show that rice 
acclimated to either blue or red light had a faster P–S 
decline with the slopes of the PS phases being − 63.9 and 
− 53.2 for the rice grown under blue light and red light, 

respectively. We also observed a faster S–M rise with the 
slopes of the SM phases for rice grown under blue and 
red light being 8.2 and 8.4, respectively, as compared to 
those grown under white light for which the slope for the 
PS Phase was − 31.3 and the slope for SM phase was 1.3. 
For the MT decline phase, the slope for rice grown under 
blue light was − 8.9, which was faster than in rice grown 
under white light, which has a slope of − 12.8. The MT 
phase started sooner at 7.5 s under blue light, but was more 

Fig. 3  Chl a fluorescence and I820 measurements. a The maximum 
quantum yield of PSII, represented by Fv/Fm, in rice grown under dif-
ferent wavelengths of LED light (see the legend of Fig. 2 for details). 
Rice leaves were first kept in dark for 10 min, and then excited with 
orange–red (625  nm) actinic light (5000  µmol  photons  m−2  s−1) for 
0.5  s. F0, basal (initial, minimal) level of Chl a fluorescence; Fm, 
maximal level of Chl a fluorescence; Fv, variable Chl a fluorescence 
(Fm − Fo). b Transmission changes at 820 nm (I820), reflecting mostly 
changes in the reaction center of PSI (P700). Data are shown, on a log 
time scale, for leaves of rice grown under different wavelengths of 
LED light (see the legend of Fig. 2 for details). Each curve represents 
the average of 4–6 independent measurements. The vertical solid line 
shows the approximate time for the end of the P700 oxidation and the 
start of the P700

+ reduction phase. Inset: A plot of the P700
+ reduc-

tion rate calculated from the initial slope of the P700
+ reduction phase. 

Bars represent average ± sd of 4–6 independent measurements. Differ-
ence in lower-case letters indicates significant differences at P ≤ 0.05
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pronounced under white light with a starting time at 15.6 s 
(Fig. 4a; Table 1).

Interestingly, the carotenoids/Chl (a + b) ratio was similar 
under both red and blue light, but both being approximately 
18% higher than under white light (Inset of Fig. 4a). To test 
the relationship between the carotenoids/Chl (a + b) ratio 

and the PSMT phase, rice plants grown under both red and 
blue light during the germination stage were switched to 
white light (Fig. 4b and Inset). The transition from red to 
white light induced a significant modification, i.e., a 32% 
decrease in carotenoids/Chl (a + b) ratio as compared to 
the ratio under white light, in parallel with a considerable 
change in the shape of the PSMT fluorescence transient 
(Fig. 4b and Inset). In contrast, the transition from blue to 
white light did not induce a significant modification in the 
carotenoids/Chl (a + b) ratio (Fig. 4b).

Light quality and photoprotection

To further investigate the effect of light quality on plant 
photoprotection, we measured the photochemical and non-
photochemical Chl a fluorescence quenching, using a pulse 
amplitude modulation (PAM) fluorometer with the saturat-
ing light pulse method (Schreiber 2004). Figure 5a shows 
that plants acclimated to blue light exhibited a faster quench-
ing of chlorophyll fluorescence with a slope of − 0.0043 
(slope calculated during the first 130 s of actinic light) 
and a 15% lower steady-state Fm′ during light exposure as 
compared to those grown under white light with a slope of 
around − 0.0040. In contrast, red light induced: (1) a slightly 
slower quenching; (2) a 5% higher steady-state Fm′ during 
light exposure; however, this difference is not statistically 
significant; and (3) a significantly slower recovery than that 
in white light grown plants, with a slope of 0.001 for red and 
0.002 for white (recovery slope was calculated during the 
first 100 s of dark relaxation). Figures 5b and S3 show that 
the steady-state NPQ was 22.5% and 6% higher in plants 
grown under blue and red light, respectively, as compared 
to plants grown under white light. In addition to this, we 
observed a faster NPQ induction rate in plants grown under 
red and blue light as compared to white light, with the slope 
of NPQ induction being 0.018, 0.015, and 0.013 for rice 
grown under blue, red, and white light, respectively. How-
ever, relaxation of NPQ in darkness was slightly slower in 
rice grown under red light than those under blue and white 
light (see Table 2). In rice treated with blue or red light, the 
steady-state quantum yield of PSII, i.e., Y(II), was lower 
(by 24% and 36%, respectively) and the quantum yield of 
regulated energy dissipation in PSII [Y(NPQ)] was higher 
(by 11% and 6% respectively) than in rice grown under white 
light (Fig. 6a). In rice treated with red light, quantum yield 
of non-regulated energy dissipation in PSII [Y(NO)] was 
higher by 19%.

Light quality and the antioxidant system

Rice acclimated to either red or blue light, as compared 
to white light, showed a higher  H2O2 accumulation in the 
area of leaf exposed to high light (Fig. 7a), as indicated by 

Fig. 4  Chlorophyll a fluorescence induction curve measurements. a 
Chl a fluorescence induction curves (PSMT) measured in leaves of 
rice grown under different LED lights (see the legend of Fig.  2 for 
details). Leaves were first kept in dark for 10 min, and then excited 
with orange–red (625 nm) actinic light (100 µmol photons m−2  s−1) 
for 300  s. Each curve represents average of 4–6 independent meas-
urements. Inset: carotenoids/Chl (a + b) ratio in rice grown under 
different LED lights. Bars represent average ± sd of three independ-
ent measurements. Difference in lower-case letters indicates signifi-
cant differences at P ≤ 0.05. b Slow fluorescence (PSMT) curves in 
response to a new light regime: plants were first grown under either 
red or blue light during the germination stage, and then exposed to 
white light. Inset: Carotenoids/Chl (a + b) ratio in rice lines grown 
under different LED light regimes. White: rice grown under white 
light; Blue + White: rice first grown under blue, and then switched 
to white light; Red + White: rice first grown under red light and then 
switched to white light. Bars represent average ± sd of three inde-
pendent measurements. Difference in lower-case letters indicates sig-
nificant differences at P ≤ 0.05



114 Photosynthesis Research (2019) 139:107–121

1 3

staining with 3, 3′diaminobenzidine (DAB) (Fryer et al. 
2002). We further measured changes in transcript levels of 
both CAT  (isozyme CAT-A: LOC_Os02g02400) and APX 

(OsAPx8: LOC_Os02g34810.1), which specifically target 
 H2O2, using the real-time RT-PCR method. Figure 7b shows 
a significant decrease in both CAT  and APX transcript levels 
under both blue and red light as compared to white light 
(around 1.5–3.5 fold, respectively, for CAT , and around 
1.15–2.5 fold, respectively, for APX), suggesting that the 
acclimation under both blue and red light, especially under 
red light, down-regulated key enzymes involved against ROS 
and hence potentially weakened the antioxidant system. Our 
results are consistent with those of Bian et al. (2018) on 
lettuce, where the APX and CAT activities were found to 
decrease under continuous “Red + Blue” light treatment for 
24 and 48 h as compared to that under “Red + Blue + Green” 
light with the same time frame treatment.

Discussion

In this study, we grew plants under the same incident PFD 
but with different light quality, i.e., red, blue, or white light. 
Plants grown under different light quality absorbed differ-
ent amount of light; however, the difference of absorbed 
PFD under different light quality is less than 7%. Therefore, 
the observed differences in photosynthetic properties and 
photoprotective properties observed in this study are mainly 
due to light quality. Our results show that rice plants grown 
under red or blue light, in contrast to white light, experience 
greater photo-damage despite their high NPQ capacity. Fur-
thermore, we suggest, based on measured expression levels 
of catalase and ascorbate peroxidase in these plants, that 
deficient antioxidant capacities might have contributed to 
these observed photo-damage under monochromatic red or 
blue light (Fig. 8). Now, we shall discuss the data supporting 
this statement.

Rice plants grown under long‑term red or blue light, 
as compared to white light, show decreased PSII 
quantum efficiency and increased NPQ

As compared to white light, there was a significant increase 
in the Chl a/b ratio (Fig. 2b) and lower Fv/Fm in blue light 
treated samples (Fig. 3a). One possibility of a lower Fv/Fm 
under blue light is blue-light induced limitation on the 

Table 1  Parameters obtained from slow Chl a fluorescence induction curve, i.e., the PSMT curve shown in Fig. 4

Results are average ± sd of 4–6 measurements. See the legend of Fig. 2 for details of light used
Difference in lower-case letters indicates significant difference at P ≤ 0.05

Light regime Slope of PS decline Slope of SM rise Slope of MT decline P, time (s) S, time (s) M, time (s)

Red − 53.2 ± 18.4a 8.4 ± 3.8a − 9.1 ± 0.7b 1.6 ± 0.3b 5.6 ± 3.9a 11.5 ± 4.4a

Blue − 63.9 ± 19.2a 8.2 ± 5.9a − 8.9 ± 1.6b 1.5 ± 0.05b 3.8 ± 0.9b 7.5 ± 1.3b

White − 31.3 ± 4.6b 1.3 ± 0.6b − 12.8 ± 1.8a 2.2 ± 0.4a 8.6 ± 1.3a 15.6 ± 1.9a

Fig. 5  Fluorescence quenching analysis. a Kinetics of maximum 
Chl a fluorescence under light (Fm′) normalized to Fm in rice grown 
under different LED lights (see the legend of Fig. 2). After a 10-min 
dark period, leaves were excited by blue actinic light (815 µmol pho-
tons m−2 s−1) for 10 min followed by a 10-min dark. During this time, 
a saturating (20,000  µmol  photons  m−2  s−1) light pulse of 500  ms 
duration was applied every 20 s to measure Fm′. b Dynamic changes 
of non-photochemical quenching, NPQ, in rice grown under different 
LED lights (see the legend of Fig.  2 for details). Each curve repre-
sents average ± sd of 4–6 independent measurements. Arrows indicate 
switching on (down arrow) and off (up arrow) of the blue actinic light
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(electron) donor side of PSII since blue light has been sug-
gested to damage the Mn cluster in the OEC of Synechococ-
cus elongatus (Ohnishi et al. 2005), and thus the deteriora-
tion of OEC activity may have led to a decrease in Fv/Fm 
(Beauchemin et al. 2007; Hamdani and Carpentier 2009; 
Hasni et al. 2013). In addition, we found a delay in the reduc-
tion of  P700+ (Fig. 3b and inset) under blue light, which is 
again consistent with a donor-side limitation. Compared to 
white light, red light was shown to induce a decrease in 
both carotenoid and chlorophyll concentrations (Fig. 2a), but 
there were insignificant changes in Chl a/b ratio, Fv/Fm and 
P700

+ accumulation (Figs. 2b, 3a, b). The decreased pigment 
concentration can be related to the regulation of expression Ta
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Fig. 6  Measurement of the quantum yield of PSII under steady state 
and dynamic light conditions. a Steady state of quantum yields of 
regulated energy dissipation Y(NPQ), non-regulated energy dissipa-
tion in PSII, Y(NO), and effective quantum yield of PSII, Y(II), in 
rice grown under different wavelengths of LED light (see the legend 
of Fig. 2 for details). Stacked bars represent the average (%) of 4–6 
independent measurements. Difference in lower-case letters indicates 
significant differences at P ≤ 0.05. b Y(II) in rice grown under red, 
blue, or white LED light (see the legend of Fig. 2 for details). Each 
curve represents average ± sd of 4–6 independent measurements. 
Arrows indicate switching on (down arrow) and off (up arrow) of the 
blue actinic light (815 µmol photons m−2 s−1)
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of genes related to biosynthesis or degradation of these pig-
ments under different lights, as shown in a recent study in 
strawberry (Zhang et al. 2018).

The PSMT phase of Chl a fluorescence transient pro-
vides information on the NPQ process (Fratanico et al. 
2016). Our results showed that the PS phase, when rice 
was grown under red or blue light, decreased much faster 
as compared to that in white light (Fig. 4a; Table 1). This 
probably reflects the ability of rice acclimated to either red 
or blue light to more efficiently activate the qE component. 
Furthermore, rice grown under red or blue monochromatic 
light showed increased magnitude of SM phase (Fig. 4a), 
suggesting an increased state transition (state 2 to state 1) 
in these plants, as compared to rice grown under white light 
(Papageorgiou and Govindjee 2011; Kodru et al. 2015). In 
the blue light- or red light-treated plants, the carotenoids/
Chl(a + b) ratio was higher (Inset of Fig. 4a), suggesting that 
an increased Zx concentration might be one possible reason 
for this increased NPQ response (Rubin and Horton 1999; 
Demmig-Adams et al. 2014; Sacharz et al. 2017).

The changes in NPQ under blue light were also seen in the 
changes in the Fm′ under light. As compared to rice grown 
under red or white light, we observed a faster and larger 
decrease in Fm′ in rice grown under blue light when exposed 
to a 10-min blue actinic light (815 µmol photons m−2 s−1) 

(Fig. 5a). The faster decrease in Fm′ can be attributed to 
a rapid induction of NPQ as discussed above. In addition, 
the decrease of Fm′ might also be related to changes in the 
structure of the LHCII in leaves grown under blue light, 
since in these leaves, the Chl a/b ratio increased significantly 
(Fig. 2b), suggesting a decrease in the relative abundance of 
LHCII compared to other photosynthetic pigment-protein 
complexes. This is because Chl b is mainly associated with 
LHCII and LHCII usually has a much lower Chl a/b ratio 
compared to other major photosynthetic pigment-protein 
complexes (Evans 1989; Green and Durnford 1996).

The faster NPQ formation in the blue-light grown plants 
is also observed in the measured kinetics of NPQ and Y(II) 
in leaves grown under blue, red, or white light. Upon expo-
sure to actinic light, the NPQ curves showed three distinct 
phases: fast, intermediate and slow. The fast phase (0–100 s), 
which is thought to be regulated by ΔpH formation, but 
without de-epoxidation of Vx–Zx (Johnson et al. 2008), 
was faster (NPQ Induction slope for rice grown under blue, 
red, and white light being 0.018, 0.015, and 0.013, respec-
tively). These observed changes in the fast phase are in full 
agreement with the PSMT measurements, which showed a 
faster and a pronounced PS phase, induced by both blue and 
red light as compared to that by white light (Fig. 4a). The 
intermediate phase of NPQ (100–200 s) was higher in rice 

Fig. 7  Detection of hydrogen peroxide  (H2O2). a Image of three rice 
leaves infiltrated with 3, 3′diaminobenzidine (DAB). Mature plants 
grown under sunlight were acclimated to red, blue, or white LED 
light at around 800  µmol  photons  m−2  s−1 for 7  days, then the left 
side of the leaf (indicated by a yellow horizontal bar) was excited 
by strong white light (1400 µmol photons m−2 s−1) for 60 min. The 

brown staining reflects the interaction between DAB and  H2O2. b 
Transcript levels of CAT  (CAT-A: LOC_Os02g02400) and APX 
(OsAPx8: LOC_Os02g34810.1) measured by real-time RT-PCR in 
rice acclimated to different wavelengths of LED light (see the legend 
of Fig. 2 for details) for 7 days. The transcript levels of both CAT  and 
APX were normalized to that of UBQ gene
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grown under blue and red light than that in rice grown in 
white light. This phase is probably related to Zx accumula-
tion and its binding to LHCII (Dall’Osto et al. 2005; Nilkens 
et al. 2010). There was an increase in the amplitude of the 
slowest phase (200–600 s) of about 22.5% and 6% in blue 
and red light (with lower level) grown rice, respectively, as 
compared to that in rice grown in white light (Figs. 5b and 
S3, Table 2), which was probably related to the decreased 
Y(II) during this period (Fig. 6b).

Growing rice under either blue or red light regime 
decreased Y(II), as compared to rice grown under white 
light (Fig. 6a). During the entire period of Y(II) kinetics 
measurement, white light grown plants showed higher Y(II) 
as compared to those grown under red or blue light (Fig. 6b; 
Table 3). Furthermore, during the transition from dark to 
light, the speed of increase of Y(II) was much higher; dur-
ing the transition from light to dark, the speed of recovery of 

Y(II) was also much higher (Fig. 6b; Table 3). The decreased 
steady-state Y(II) under light in rice grown under either 
red or blue light regime was due to increased Y(NPQ) and 
Y(NO) (See Fig. 6a; Table 3). Here, our data also show that 
rice plants grown under either red or blue light also have 
decreased capacity in restoring the maximum efficiency dur-
ing dark.

Decreased capacity of antioxidant system in rice 
grown under long‑term red or blue light

Under high light, plants use different mechanisms to avoid 
photodamage caused by excessive light energy, including 
NPQ, movement of leaf, movement of chloroplasts, and up-
regulation of the antioxidant system (Cazzaniga et al. 2013; 
Derks et al. 2015; Gill and Tuteja 2010; Koller 1990; Niyogi 
1999; Ort 2001). In this study, we used an incident light 

Fig. 8  A schematic representation of the electron transfer process and 
photoprotection in rice grown under white (a) blue (b) or red light 
(c). Results from this study suggest that blue light, as compared to 
the white light, induces: (1) a partial inactivation of the oxygen evolv-
ing complex, increasing reactive oxygen species (ROS) production; 
(2) a decreased rate of electron transfer process; (3) an increase in 

heat dissipation through non-photochemical quenching (NPQ) of the 
excited Chl a; and (4) an inefficient antioxidant system through down-
regulation of key enzymes involved against reactive oxygen species 
(ROS). On the other hand, red light induces: (1) an increase in the 
NPQ process; and (2) an inefficient antioxidant system through down-
regulation of key enzymes involved against ROS
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level of 300 µmol photons m−2 s−1, which is considered to 
be a moderate light level for rice growth. However, grow-
ing rice under this moderate light level with monochromatic 
red or blue light resulted in substantial decrease of Y(II) 
in rice as compared to rice plants grown under white light 
(Fig. 6a). Data from this study suggest that a compromised 
antioxidant system in these plants might have contributed 
to this observed decrease in Y(II). This is because, though 
the incident light level was not too high, under monochro-
matic light conditions, the light absorption by PSI and PSII 
may have been less balanced, leading to increased produc-
tion of reactive oxygen species which demands for a robust 
antioxidant system (Asada 2006; Huang et al. 2018). Con-
sidering that rice leaves treated with monochromatic light 
have increased Y(NPQ) and Y(NO), we speculate that 
these plants may have compromised antioxidant capacity 
as compared to plants grown under white light, resulting 
in increased quantity of reactive oxygen species. To test 
this possibility, we had conducted an experiment where we 
first grew rice plants under sunlight, then treated the mature 
rice plants by red, blue, or white light for 7 days. Then, we 
used the DAB staining to detect one representative reactive 
oxygen species, hydrogen peroxide  (H2O2), in these leaves 
(Daudi and O’Brien 2012). Our results show that there was 
indeed higher concentration of  H2O2 in rice plants treated 
by red or blue light, as compared to white light (Fig. 7a).

Since light quality can dramatically influence gene 
expression (Glick et al. 1986; Gyula et al. 2003), we exam-
ined the expression levels of two genes coding two anti-
oxidant enzymes i.e., CAT and APX (Asada 2006). Results 
showed that a significant down-regulation of both CAT  and 

APX transcripts was observed in rice treated with both red 
and blue light as compared to those treated with white light. 
Interestingly, Bian et al. (2018) recently showed that green 
light supplementation enhanced CAT and APX enzyme 
activities. Hence, the weakened antioxidant system and 
correspondingly the accumulated reactive oxygen species, 
as represented by  H2O2 here, in rice plants grown under 
blue or red light regimes might have played a role in the 
observed changes in Y(II), Y(NO), Y(NPQ) and even in 
Fv/Fm (Figs. 3a, 6a).

Conclusion

In the present work, we show that monochromatic blue or 
red light give substantial stress to rice. Though there is dif-
ference in the absorbed light in leaves grown under different 
light spectrums with the same incident PFD, the difference 
in absorbed light between these three light regimes was less 
than 7% (Inset of Fig. 1a). Therefore, our observed differ-
ence in Y(II), Y(NPQ), and Y(NO) can be mainly attributed 
to the differences in the light spectrum, though other factors 
might also play a role in these changes. Recently, Bian et al. 
(2018) showed that green light plays a key role in maintain-
ing better PSII efficiency and efficient photoprotection. In 
this study, although plants acclimated under both blue and 
red light led to higher NPQ (22.5% and 6%), as compared 
to rice grown under white light, they still did not have suf-
ficient protection to photosystem, as shown by the decreased 
Y(II), which might be due to inefficient antioxidant activ-
ity (Figs. 5, 6), as shown by these elevated  H2O2 contents 

Table 3  Parameters extracted from Chl a fluorescence quenching analysis i.e., the Y(II), Y(NO), and Y(NPQ) dynamics shown in Fig. 6

Results are average ± sd of 4–6 measurements. See the legend of Fig. 4 for details of light used
Difference in lower-case letters indicates significant difference at P ≤ 0.05

Parameters Red Blue White

Y(II)
 Slope of Y(II) for initial 130 s after actinic light switched ON 0.0006 ± 4.5E−5b 0.0005 ± 0.0001b 0.0010 ± 0.0001a

 Steady-state Y(II) during Actinic Light exposure 0.153 ± 0.026c 0.188 ± 0.03b 0.238 ± 0.027a

 Steady state of Y(II) during dark relaxation 0.635 ± 0.042b 0.648 ± 0.031b 0.680 ± 0.009a

 Relaxation slope of Y(II) for initial 100 s of dark after turning off Actini light 0.0018 ± 0.0002b 0.0022 ± 0.0001a 0.0018 ± 0.0001b

Y(NO)
 Slope of Y(NO) for initial 130 s after actinic light switched ON − 0.0046 ± 0.0001a − 0.0004 ± 0.0003b − 0.0044 ± 0.0002a

 Steady-state Y(NO) during Actinic Light exposure 0.252 ± 0.010a 0.241 ± 0.044b 0.239 ± 0.024b

 Steady state of Y(NO) during dark relaxation 0.237 ± 0.010a 0.250 ± 0.028a 0.216 ± 0.017b

 Relaxation slope of Y(NO) for initial 100 s of dark after turning off Actini light 0.0001 ± 2.2E−5b 0.0004 ± 6.4E−5a 0.0002 ± 6.4E−5a

Y(NPQ)
 Slope of Y(NPQ) for initial 130 s after actinic light switched ON 0.0038 ± 0.00012a 0.0036 ± 0.00014b 0.0034 ± 0.00010b

 Steady-state Y(NPQ) during Actinic Light exposure 0.564 ± 0.039b 0.617 ± 0.063a 0.521 ± 0.015c

 Steady state of Y(NPQ) during dark relaxation 0.136 ± 0.035a 0.123 ± 0.031b 0.102 ± 0.016c

 Relaxation slope of Y(NPQ) for initial 100 s of dark after turning off Actini light − 0.0018 ± 0.0003b − 0.0027 ± 0.0002a − 0.0019 ± 0.0002b
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along with decreased transcription abundance of CAT and 
APX (Fig. 7). Here we do recognize that the potential role 
of photoreceptors (Möglich et al. 2010) in generating the 
observed phenotype reported was not studied in this study; 
it is likely that they also have contributed to the observed 
changes in pigment composition and NPQ dynamics. It is 
worth noting here that several previous reports have shown 
a beneficial effect of monochromatic light (blue or red and 
others) on photosynthesis activities (Eskins et al. 1991; 
Hogewoning et al. 2010; Jung et al. 2013; Leong et al. 1985). 
This is because most of these earlier experiments were done 
under either much lower photon flux densities or under much 
shorter treatment periods compared to this study (Table S1). 
Taken all these together, we show that long-term monochro-
matic light treatment can compromise antioxidant system 
in rice, leading to decreased quantum yield of PSII and 
increased NPQ. In other words, even under moderate ambi-
ent light levels, plants require a robust antioxidant system to 
remove reactive oxygen species to maintain high quantum 
yield of PSII.
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