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Plants employ an array of photoprotection mechanisms to alleviate the
harmful effects of high light intensity. The violaxanthin cycle, which is
associated with non-photochemical quenching (NPQ), involves violaxanthin
de-epoxidase (VDE), and zeaxanthin epoxidase (ZEP) and is one of the most
rapid and efficient mechanisms protecting plants under high light intensity.
Woody bamboo is a class of economically and ecologically important
evergreen grass species widely distributed in tropical and subtropical areas.
However, the function of VDE in bamboo has not yet been elucidated. In
this study, we found that high light intensity increased NPQ and stimulated
the de-epoxidation of violaxanthin cycle components in moso bamboo
(Phyllostachys edulis), whereas, samples treated with the VDE inhibitor
(dithiothreitol) exhibited lower NPQ capacity, suggesting that violaxanthin
cycle plays an important role in the photoprotection of bamboo. Further
analysis showed that not only high light intensity but also extreme
temperatures (4 and 42°C) and drought stress upregulated the expression
of PeVDE in bamboo leaves, indicating that PeVDE is induced by multiple
abiotic stresses. Overexpression of PeVDE under the control of the CaMV
35S promoter in Arabidopsis mutant npql mutant could rescue its NPQ,
indicating that PeVDE functions in dissipating the excess absorbed light
energy as thermal energy in bamboo. Moreover, compared with wild-
type (Col-0) plants, the transgenic plants overexpressing PeVDE displayed
enhanced photoprotection ability, higher NPQ capacity, slower decline in the
maximum quantum yield of photosystem Il (F,/Fn,) under high light intensity,

01 frontiersin.org


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.927949
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.927949&domain=pdf&date_stamp=2022-08-11
https://doi.org/10.3389/fpls.2022.927949
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fpls.2022.927949/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Lou et al.

10.3389/fpls.2022.927949

and faster recovery under optimal conditions. These results suggest that
PeVDE positively regulates the response to high light intensity in bamboo
plants growing in the natural environment, which could improve their
photoprotection ability through the violaxanthin cycle and NPQ.

Phyllostachys edulis, photoprotection, NPQ, PeVDE, violaxanthin cycle

Introduction

Plants are challenged by various environmental stressors
in nature, especially light stress. Although light is essential
for photosynthesis, excessive light can cause oxidative damage
to the photosynthetic apparatus by producing reactive oxygen
species (ROS) (Miiller et al, 2001; Takahashi and Badger,
2011). To prevent oxidative damage to the photosynthetic
apparatus, plants have developed a series of photoprotection
mechanisms (Goss and Lepetit, 2015; Leonelli et al., 2017;
Velitchkova et al., 2020; Gray et al, 2022). One of the most
rapid and efficient protection mechanisms is dissipating the
excess absorbed light energy as thermal energy, which can
be monitored as the non-photochemical quenching (NPQ) of
chlorophyll fluorescence (Jahns and Holzwarth, 2012; Goss
and Lepetit, 2015; Ruban and Wilson, 2021). NPQ consists
of several components: energy quenching (qE), zeaxanthin-
dependent NPQ (qZ), state transition (qT), photoinhibitory
quenching (qI), sustained quenching (qH), and the fluorescence
decay lacking component (QM) (Ruban et al., 2012; Ware et al,,
2015; Malnoé, 2018; Pashayeva et al., 2021). As the main part
of NPQ, qE is triggered by the generation of a pH gradient
(ApH) across the thylakoid membrane and by two additional
key factors: zeaxanthin (Z) and PsbS protein (Johnson et al,
2009; Ruban et al, 2012; Goss and Lepetit, 2015). In most
plants, Z is a product of the violaxanthin cycle (also known
as the xanthophyll cycle), and its accumulation is regulated by
two enzymes, violaxanthin de-epoxidase (VDE) and zeaxanthin
epoxidase (ZEP) (Goss and Jakob, 2010; Leonelli et al., 2016;
Hoang et al.,, 2020; Lacour et al., 2020; Fernandez-Marin et al.,
2021).

The violaxanthin cycle exists in both higher plants and green
algae and involves interconversions among three pigments,
violaxanthin (V), antheraxanthin (A), and Z, which are
catalyzed by VDE and ZEP (Hoang et al.,, 2020; Fernindez-
Marin et al, 2021). V is converted to Z via A by VDE
under excessive light, and Z is converted back to V via A
by ZEP under deficient light (Jahns et al, 2009; Li et al,
2016; Girolomoni et al,, 2020; Goss and Latowski, 2020).
The npql and npq2 mutants of Arabidopsis thaliana harbor
mutations in the VDE and ZEP genes, respectively. These two
mutants are defective in converting V to Z or constitutively
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accumulating Z; consequently, the ability to induce NPQ is
either suppressed (npq1I) or enhanced (npq2) (Niyogi et al., 1998;
Tkeuchi et al., 2016). Overexpression of Lycopersicon esculentum
LeVDE in tobacco could improve its tolerance to high light
intensity and chilling stress by affecting NPQ (Han et al., 2010).
Similar results were also obtained in transgenic Arabidopsis
plants overexpressing Cerasus humilis ChVDE (Sun et al,
2019). In addition, NPQ was reduced by the overexpression
of antisense Cucumis sativus CsVDE in Arabidopsis (Li et al.,
2013). Therefore, VDE is indispensable for dissipating the excess
absorbed light energy by NPQ through the violaxanthin cycle.
Bamboo is an ecologically and economically important
group of plants and a renewable source of biomass, with great
development potential and application prospects. More than
1,250 bamboo species have been identified to date (Benton,
2015), which account for 30 million hectares of forest area
in the tropical, subtropical, and temperate regions. Bamboo
forests are widely distributed, ranging from the sea horizon to
an altitude of 4,000 m above sea level, and play an important
role in developing regional economies and eliminating poverty.
Unlike other crops, bamboos are a highly diverse group of
plants of varying sizes, ranging from dwarf species (<1 m
tall) to giant tropical species (up to 40 m in height) (Cao
et al,, 2012). Woody bamboo exhibits excellent properties such
as high mechanical and tensile strength and high elasticity,
which are highly beneficial for timber, artwork, and paper
making applications. Because woody bamboo is an evergreen
forest tree, with a vegetative phase generally lasting for
more than a few decades, it must possess the ability to
overcome multiple adverse environmental conditions, such as
dehydration, chilling stress, and significant fluctuations in light
intensity. Changes in light intensity can be caused by temporal
and spatial differences in light environments, such as seasonal
variation in sunlight duration and light scattering due to cloud
movement, respectively. Although light is crucial for bamboo
growth, photoprotection is indispensable for bamboo to adapt
to different light environments. To adapt to the significant
fluctuations in light intensity, bamboo species have evolved a
series of sophisticated mechanisms that enable the harvesting
and conversion of enough light energy for carboxylation
while avoiding the formation of ROS. Moreover, bamboos
are fast-growing plants, indicating that they possess strong
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photosynthetic capacity for carbon assimilation (Jiang et al,
2012).

To explore the molecular and regulatory mechanisms of
photoprotection of bamboo, Zhao et al. (2016) performed
RNA-seq analysis of moso bamboo (Phyllostachys edulis) leaves
treated with high light intensity, which revealed some genes
closely related to photoprotection, such as PePsbS, PeVDE,
and PeZEP. The PeZEP and PePsbS genes of moso bamboo,
which are related to NPQ, have been cloned and functionally
characterized (Lou et al., 2017, 2018). The PeVDE gene of moso
bamboo, which has also been cloned, is expressed primarily
in leaves, and the encoded protein has been shown to convert
V to Z through A in vitro (Gao et al, 2013). Although high
light intensity has been shown to induce the expression level
of PeVDE, it is still uncertain for the changes of A, V, and Z in
moso bamboo leaves under high light intensity. Moreover, the
relationship between PeVDE and NPQ in vivo is also unclear.
The genome sequences of only six bamboo species have been
published to date (Peng et al., 2013; Guo et al, 2019; Zheng
et al., 2022), and the photoprotective molecular mechanism of
bamboo has been explored less than the function of VDEs.

In the present study, to reveal the photoprotective function
of PeVDE and the response of the violaxanthin cycle to high
light intensity in bamboo, we determined NPQ and violaxanthin
cycle components in the leaves of moso bamboo under high light
intensity. Furthermore, we used VDE-deficient npgl mutant
and wild-type Arabidopsis plants to analyze the function of
PeVDE in moso bamboo.

Materials and methods

Plant materials, growth conditions, and
treatments

Moso bamboo (P. edulis) seeds were sown and cultivated
under laboratory conditions at 18-25°C, 16-h light/8-h dark
photoperiod, and 250-350 wmol-m~2:s~! light intensity. Six-
month-old seedlings were used for different treatments. To
conduct the varying light intensity treatment, 24-h dark-adapted
seedlings were exposed to different light intensities (0, 300, 600,
900, 1,200, and 1,500 pmol-m~2.s~1), and leaf samples were
collected after 2 h. To conduct high light intensity treatment,
seedlings were exposed to 1,200 wmol-m~2-s~! light intensity,
and leaves were collected after 0, 1, 2, 3, 4, 8, and 12 h. To
perform cold and heat treatments, seedlings were cultured at 4
or 42°C, respectively, for 0, 1, 2, 6, 12, and 24 h. In the drought
treatment, watering was withheld for 17 days, and leaves were
sampled at different time points during the drought period (0,
5,7,9, 11, 13, 15, and 17 days). To inhibit the VDE enzyme in
bamboo leaves, detached leaves were incubated in distilled water
containing 10 mM dithiothreitol (DTT) and dark-adapted for
6 h before measuring enzyme activity.
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Seeds of Arabidopsis thaliana ecotype Columbia (Col-0; wild
type [WT]) and mutant npgl (SALK_CS3771) were obtained
from the Arabidopsis Biological Resource Center (ABRC; OH,
United States), and sown on half-strength Murashige and Skoog
(1/2 MS) medium or in peat moss and vermiculite mixture (1:1,
v/v). Plants were grown in a growth chamber at 22°C under
16-h light/8-h dark photoperiod and fluorescent lamps with
150-250 pmol-m~2-s~ ! light intensity.

Measurement of violaxanthin
xanthophyll component contents

To extract pigments, leaf samples were frozen in liquid
nitrogen and ground using a mortar and pestle. Then, the
ground leaf tissue was treated with 100% acetone, and the extract
was gently mixed in the dark at 4°C for 1 h. Cell debris was
removed by centrifugation two times at 12,000 rpm and 4°C for
10 min. The supernatant was passed through a 0.2-pm syringe
filter. Pigment separation was performed in a high-performance
liquid chromatography (HPLC) system (Gao et al., 2013). The
de-epoxidation state (DES) of violaxanthin cycle components
was calculated using the following equation:

DES = (A+2)/(V+A+2)

Measurement of chlorophyll
fluorescence

The chlorophyll fluorescence of photosystem II (PSII) of
moso bamboo was measured in vivo using the actinic light
model of IMAGING-PAM (Walz, Effeltrich, Germany). Prior
to measurement, the plants were dark-adapted for 15 min.
The maximum quantum yield of PSII (F,/F,,) and NPQ was
calculated as follows:

FV/Fm = (Fm_ D)/Fm

NPQ = (Fy —F,)/F,

where F,, is the minimum fluorescence in the dark-adapted state;
F,, is the maximum fluorescence in the dark-adapted state; and
F,," is the maximum fluorescence in any light-adapted state.
Fy, Fp, and F,,’ are obtained by applying saturating pulses.
The chlorophyll fluorescence of Arabidopsis was also measured
using this method.

RNA extraction and gene expression
analysis

Total RNA was extracted from all leaf samples using
the TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and
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treated with RNase-free DNase I
WI, USA) to remove any residual genomic DNA. Then,

(Promega, Madison,
cDNA was synthesized from total RNA using the Reverse
Transcription Kit (Promega, Madison, W1, USA), according to
the manufacturer’s instructions.

Quantitative real-time PCR (qRT-PCR) was performed on a
qTOWER 2.2 system (Analytik Jena, Germany) using the Roche
Light Cycler 480 SYBR Green I Master kit. The qRT-PCR was
performed in a 10.0-pwL reaction volume containing 5.0 pL of
2 x SYBR Green I Master, 0.8 wL of cDNA, 0.2 L of each
primer (5.0 mM), and 3.8 pL of ddH,O. The thermocycling
conditions were as follows: 95°C for 10 min, followed by 40
cycles of 95°C for 10 s and 60°C for 10 s. A 227-bp product
of PeVDE was amplified using the PeVDE-qF/-qR primer pair.
PeNTB, a nucleotide tract-binding protein gene of P. edulis,
was amplified as a reference gene using the PeNTB-qF/-qR
primer pair (Fan et al., 2013). Dissociation curve analysis of the
amplification products was performed at the end of each PCR to
confirm that only one PCR product was amplified and detected.
The qRT-PCR was performed in three biological replicates for
the reach gene. The relative expression level of PeVDE was
calculated using the 274 4 ¢ method (Livak and Schmittgen,
2001). Primers used for qRT-PCR are listed in Supplementary
Table 1.

Vector construction and Arabidopsis
transformation

To generate VDE-complementation and -overexpression
lines, a PeVDE overexpression vector was constructed from
pBI121 as described previously (Gao et al, 2013). Briefly,
the open reading frame (ORF) of PeVDE was amplified
from the cDNA of bamboo leaf samples using the primers
PeVDE-F and PeVDE-R, which harbored BamHI and Sacl
restriction sites, respectively. The PCR product was cloned into
the pBI121 vector downstream of the CaMV 35S promoter.
The recombinant vector was introduced into Agrobacterium
tumefaciens strain EHA105 by electroporation and then
transformed into Arabidopsis npql mutant and WT (Col-0)
plants using the floral dipping method (Clough and Bent, 1998).
TO seeds were collected from the transgenic plants and selected
on 1/2 MS medium containing 50 mg-L~! of kanamycin.
The identification of transgenic lines was validated by PCR.
Homozygous T3 lines were used for subsequent experiments.

High-light intensity treatment

Wild type (Col-0) seeds and homozygous T3 seeds of PeVDE
overexpression lines were germinated on 1/2 MS medium and
then transplanted into the peat moss: vermiculite mixture (1:1,
v/v). After 4-8 weeks of growth, the seedlings were exposed
to high light intensity (1,200 Mmol-m_z-s_l) for 0, 1, 2, 3,
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and 4 h. Subsequently, the plants were transferred to darkness
for recovery. The values of F,/F,, and NPQ were measured at
each time point.

Measurements of antioxidant enzyme
activity and malondialdehyde content

After exposure to high light intensity, the activities of
superoxide dismutase (SOD) and peroxidase (POD) enzymes
and the content of malondialdehyde (MDA) in the leaves of
transgenic and Col-0 plants were measured using the A001-
1, A084-3, and A003-1 Kkits, respectively (Jiancheng, Nanjing,
China), according to the manufacturer’s instructions.

Histochemical staining of superoxide
anion and hydrogen peroxide

Histochemical staining of superoxide anion (O,°7) and
hydrogen peroxide (H,O;) was conducted as described
previously (Zulfugarov et al,, 2014), with some modifications.
To detect O,°, the leaf samples of transgenic and Col-0 plants
were immersed in a 6 mM nitroblue tetrazolium (NBT) solution
containing 50 mM sodium phosphate (pH 7.5), and incubated
in the dark for 12 h. To detect H,O, detection, the detached
leaves were immersed in 5 mM 3, 3/-diaminobenzidine (DAB)
solution containing 10 mM MES (pH 3.8) for 12 h under
darkness. Subsequently, the NBT- and DAB-stained leaves were
destained by boiling in lacto: glycerol:ethanol (1:1:4) solution
for 5 min, and then cooled to room temperature before taking
photographs.

Statistical data analysis
A standard t-test was used to determine statistical

significance with a 95% confidence interval. In all figures, data
are represented as the mean =+ standard error (SE).

Results

Kinetics of non-photochemical
quenching induction in moso bamboo

(NPQ) of
chlorophyll fluorescence is deemed as a tool to reflect the

Non-photochemical —quenching kinetics
NPQ processes. Figure 1 shows that actinic light induced
an increase in NPQ in dark-adapted leaves; however, NPQ
decreased to its original value when the actinic light was turned
off. Under 230 pmol-m—2.s~! actinic light, NPQ increased

rapidly, reaching 0.75 at 80 s, and then gradually decreased
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FIGURE 1

Non-photochemical quenching (NPQ) kinetics of chlorophyll
fluorescence in moso bamboo. Samples were exposed to
actinic light at two different intensities (230 pwmol-m=2.s~1 [NL]
and 1,075 pmol-m~2.s~1 [HL]) and then transferred to complete
darkness. Additionally, one group of moso bamboo leaves
(HL+DTT) was treated with DTT before being exposed to HL.

to 0.40 at 240 s. However, under 1,075 pmol-m~2-s~! actinic
light, NPQ reached 1.40 at 80 s and 2.10 at 240 s, indicating
that the higher NPQ showed more energy dissipation under
high light intensity. After treatment with the VDE inhibitor
(DTT, 10 mM), NPQ in leaves increased to 0.50 at 240 s under
high light intensity conditions, which was significantly lower
than the NPQ obtained in control leaves (no DTT treatment)
(Figure 1). These data suggest that high light intensity induces
energy dissipation in moso bamboo leaves, and the violaxanthin
cycle might be responsible for NPQ under high light intensity.
We also analyzed the F,/F,, of DTT-treated and untreated
leaves. No significant difference was detected in the F,/F,,
of DTT-treated and untreated leaves under normal light
intensity (Supplementary Figure 1). However, after exposure
to high light intensity for 4 h, the value of F,/F, declined
to approximately 66.6 and 45.0% in leaves treated with
and without DTT, respectively, which further suggests
that VDE prevents photoinhibition via inducing energy

dissipation in moso bamboo.

Analysis of violaxanthin cycle
components and non-photochemical
quenching

To determine the relationship between violaxanthin cycle
components and NPQ capacity, moso bamboo seedlings were
treated with different light intensities, and DES and NPQ
were measured. The results showed that DES, which indicates
Z-dependent thermal dissipation, was positively correlated with
light intensity (Figure 2A). The value of DES increased from
0.37 in the dark condition to the maximum value of 0.96 under
1,500 pmol-m~2.s~! light intensity. Additionally, the value of
NPQ also increased with the increase in light intensity, from
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0 in the dark to the maximum value of 2.73 under high light
intensity (1,500 umol-m_z-s_l). Under 1,200 umol-m_2~s_1
light intensity, the DES increased rapidly to approximately 0.86
within the first hour, and then increased slowly, ultimately
reaching a steady-state level over time. The value of NPQ also
increased markedly in the first hour, and then increased slowly,
reaching a peak of approximately 2.61 at the 4-h time point
(Figure 2B). These results further demonstrate that violaxanthin

cycle components play a critical role in NPQ in moso bamboo.

Effects of variable light intensity on
PeVDE expression

To examine whether the expression of PeVDE is affected
by light intensity, we examined the PeVDE transcript level
in moso bamboo leaves exposed to different light intensities
for 2 h. The results showed that the transcript level of
PeVDE gradually increased with the increase in light intensity,
reaching the highest level under 1,500 pwmol-m~2-s~! light
intensity, which was 8.5-fold higher than that obtained in
complete darkness (0 jumol-m~2-s~!) (Figure 3A). In addition,
chlorophyll fluorescence analysis showed that F,/F,, decreased,
whereas NPQ increased with the increase in light intensity
(Supplementary Figure 2A). Furthermore, the light intensity of

1,200 pumol m~ 2.7 !

was sufficient to induce a significant stress
response. To examine the expression of PeVDE in response
to prolonged high light intensity stress, the moso bamboo
seedlings were exposed to 1200 jwmol-m~2.s~! light intensity
for up to 12 h. The transcript level of PeVDE significantly
increased in the first hour, and then increased slowly, reaching
a steady-state level, which was approximately 4.5-fold higher
than that of the control (0 h) (Figure 3B). Additionally, NPQ
increased, whereas F,/F,, decreased significantly in the first
hour of high light stress; however, at subsequent time points,
both NPQ and F,/F,, changed slowly and reached a relatively
steady-state level with prolonged exposure to high light stress
(Supplementary Figure 2B). These results indicate that PeVDE
is a light-responsive gene, and NPQ is strongly correlated with
the PeVDE transcript level in moso bamboo leaves.

Effects of temperature extremes and
drought stress on PeVDE expression

Exposure to cold stress (4°C) and heat stress (42°C) altered
the F,/F,, of moso bamboo seedlings. At both temperatures,
F,/F,, decreased sharply within the first hour and then
decreased slowly until the end of the stress treatment. Moreover,
NPQ increased dramatically in the first hour and then displayed
a slowly increasing trend during the remaining stress treatment
(Figures 4A,C). To further investigate whether the low or
high temperature stress could affect PeVDE expression, we
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Asterisks indicate significant differences (*p < 0.05, **p < 0.01).

Transcript levels of PeVDE in moso bamboo leaves under different light conditions. (A,B) PeVDE expression in leaves treated with different light
intensities (0, 300, 600, 900, 1,200, and 1,500 pmol-m~2.s~1) for 2 h (A), and with high light intensity (1,200 umol-m~2.s=1) for up to 12 h (B).

Relative expression

Time /h

selected samples collected at four representative time points,
namely, 0, 1, 6, and 12 h. During low temperature stress, the
abundance of PeVDE transcripts reached the maximum level
in the first hour (approximately 6.8-fold higher than that at
0 h), and then started to drop gradually (Figure 4B). Unlike
the low-temperature stress, high-temperature stress induced
the expression of PeVDE continuously, which reached the
maximum level at 12 h (approximately 6.6-fold higher than that
at 0 h) (Figure 4D).

In the drought stress treatment, neither F,/F,, nor NPQ
showed an abrupt change in the first 7 days (Figure 4E). Both
F,/F,, and NPQ started to show obvious changes on the ninth
day. Then, the F,/F,, decreased and NPQ increased, reaching
a relatively steady-state level on the 13th day (Figure 4E).
According to the changing trends of F,/F,, and NPQ under
drought stress, samples collected at four representative time
points (0, 7, 9, and 13 days) were selected for further
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investigation of the PeVDE transcript level. The expression of
PeVDE increased gradually, reaching the maximum level on the
13th day (3.6-fold higher than that at 0 day) (Figure 4F). These
results suggest that the expression of PeVDE is affected by low
temperature, high temperature, and drought stresses.

Functional complementation analysis
of PeVDE in npql

A previous study indicated that VDE is a single-copy gene in
Arabidopsis (Niyogi et al., 1998). The VDE-deficient A. thaliana
mutant, npql, is unable to convert V to Z. Hence, it is easy
to differentiate the npql mutant from Col-0 by monitoring
NPQ. The vectors harboring CaMV 35S-driven PeVDE were
constructed and transformed into the npqI mutant. The putative
PeVDE transgenic plants were selected on 1/2 MS medium
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Fy/Fm. non-photochemical quenching (NPQ), and PeVDE transcript levels in moso bamboo leaves under different abiotic stresses. (A—F) Values
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containing 50 mg -L~! of kanamycin, and the selected seedlings
were further verified by PCR (Supplementary Figure 3). A total
of four transgenic lines (L1, L3, L4, and L5) were randomly
selected to perform further experiments. To investigate whether
the ectopic expression of PeVDE could rescue the NPQ of the
npql mutant, the transgenic lines were analyzed under different
actinic light conditions. Chlorophyll fluorescence imaging
showed that NPQ values of the four transgenic lines were
different from that of the npgI mutant, which was similar to that
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of Col-0, particularly under high light intensity (Figures 5A,B).
NPQ kinetics of transgenic plants increased more than that of
the npql mutant. Furthermore, the absence of VDE was fully
complemented in the transgenic lines L3 and L4 and partially
complemented in lines L1 and L5 under medium and high
light intensities (Figure 5C). Furthermore, the results of semi-
quantitative RT-PCR revealed that PeVDE was expressed in
all four transgenic lines (Supplementary Figure 3B), and the
expression level of PeVDE in L3 and L4 was higher than that
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in L1 and L5. The expression level of PeVDE showed a positive
correlation with NPQ under high light intensity. Considering
all the above results, we concluded that the expression of
PeVDE could rescue NPQ of npql, and the Z synthesized by
PeVDE performs the function of dissipating excess absorbed
light energy as heat.

Based on these experiments, we selected two lines (L1
and L3) with different PeVDE expression levels for subsequent
analyses. To assess the tolerance of Col-0, npgl mutant,
and transgenic lines (L1 and L3) to high light intensity
(1,200 wmol-m~2-s7!), we measured the F,/F,, of these
genotypes. Before the exposure to high light intensity, no
significant difference was detected in the F,/F,, values of the
different genotypes (Figure 6A). However, after exposure to
high light intensity, the F,/F,, decreased in all genotypes. After
4 h, the F,/F, decreased markedly in the npql mutant but
only slightly in L1 and L3 compared with Col-0 (Figures 6A,B).
After exposure to high light stress for 4 h, the plants were
transferred to low light intensity (~50 wmol-m~2.s71), and
a gradual recovery of F,/F, was observed in all genotypes.
The recovery rate of F,/F,, was better in Col-0, L1, and L3
plants than in the npgl mutant. After 8 h of recovery, the
F,/F,, in L1 and L3 had returned to 87.6 and 88.4% of the
initial F,/F,,, respectively, and these recovery rates were close to
that of Col-0 (89.8%); however, the F,/F,, of the npql mutant
returned only to 74.2% of the initial level (Figure 6A). In
addition, the NPQ value of all genotypes increased rapidly,
and the maximum NPQ was detected at the end of high light
intensity stress. Although the NPQ values of L1, L3, and Col-
0 showed no significant differences, they were all higher than
the NPQ of the npgI mutant (Figure 6C). These results indicate
that the overexpression of PeVDE could improve the NPQ
and alleviate photoinhibition of PSII under high light intensity
stress. Furthermore, histochemical staining analysis of Col-0,
npql mutant, L1, and L3 leaves before high light intensity
treatment revealed no significant differences in O,°~ and H,O,
levels, and the level of O,°~ was lower than that of Col-0. After
high light intensity stress, O,°®~ accumulations in the leaves
of all genotypes increased. The intensity of dark blue color
was stronger in npql mutant leaves than in Col-0, L1, and L3
leaves (Figure 6G). Because O,°~ is rapidly converted into the
more stable compound (H,0O3) by SOD, we monitored H,0,
accumulation by histochemical staining with DAB. Because of
0,°~ accumulation, the accumulation of H,O; in npgl mutant
leaves was greater than that in Col-0 and transgenic plants under
high light stress (Figure 6H). These results suggest that PeVDE
participates in photoprotection by reducing the accumulation of
0,° and H,0,.

Malondialdehyde is an indicator of membrane lipid
peroxidation. Before high light stress, no significant difference
in the MDA content was observed among Col-0, npql mutant,
and transgenic plants. After high light intensity stress for
4 h, a remarkable increase in MDA content was noted in all
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samples. The MDA content of npql increased more quickly
and significantly than that of transgenic and Col-0 plants
(Figure 6D), indicating that membrane damage was greater in
npql than in Col-0 and transgenic plants under high light stress.
The activity of ROS-scavenging enzymes (SOD and POD) also
was examined. Compared with Col-0 and transgenic plants,
the npgl mutant showed higher activity of SOD and POD
(Figures 6E,F). This result suggests that PeVDE plays a critical
role in reducing the accumulation of ROS under high light
intensity stress.

Overexpression of PeVDE in wild type
Arabidopsis plants

Since the overexpression of PeVDE could rescue the npql
mutant phenotype by increasing the NPQ, we overexpressed
PeVDE under the control of the CaMV 35S promoter in
WT Arabidopsis (Col-0) plants to verify whether PeVDE
could enhance the ability of photoprotection. A total of nine
independent transgenic lines were obtained, among which
three lines (L7, L8, and L9) were further confirmed by PCR
(Supplementary Figure 4) and used to investigate the ability of
photoprotection.

Distinguishing between transgenic and Col-0 plants based
on NPQ was difficult under low to moderate light intensities;
however, the NPQ of transgenic plants was higher than
that of Col-0 under high light intensity (Figure 7A).
Furthermore, we performed chlorophyll fluorescence imaging
(Figure 7B) and NPQ analysis (Figure 7C) under high light
intensity (1,250 wmol-m~2:s7!) and moderate light intensity
(925 pmol-m~2.s~1), respectively. The results showed that all
transgenic plants had higher NPQ capacity than Col-0. After
exposure to high light stress for 4 h, the F,/F,, of transgenic
plants was higher than that of Col-0 plants (Figure 7D).
These results indicate that PeVDE overexpression enhances the
ability of NPQ under high light intensity and alleviates the
photoinhibition of PSII in transgenic plants.

Discussion

High light intensity is typical stress found in nature that
induces the photoinhibition of PSII and causes photodamage
to the photosynthetic apparatus (Takahashi and Badger, 2011;
Ruban, 2016). To avoid photoinhibition and photodamage,
plants have developed diverse photoprotection mechanisms,
such as light avoidance associated with the movement of leaves
and chloroplasts; screening of photo radiation; ROS scavenging
systems; thermal energy dissipation; cyclic electron flow around
PSI; and the photorespiratory pathway. Thermal dissipation
can be quantified by measuring the NPQ of chlorophyll
fluorescence, which is one of the most studied topics in
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photoprotection research (Takahashi and Badger, 2011). One
of the important factors inducing NPQ in plants and green
algae is the violaxanthin cycle. Previous studies showed that
NPQ is positively correlated with the DES of V (Goss and
Lepetit, 2015; Li et al,, 2016). In the current study, we found
that high light intensity increased the NPQ and stimulated the
de-epoxidation of V and A in moso bamboo, whereas treatment
with the VDE inhibitor (DTT) decreased the NPQ capacity of
leaves (Figure 1), indicating that PeVDE plays an important role
in the process of photoprotection, consistent with the results
found in green algae (Mou et al, 2013; Zhangetal,, 2013).
Additionally, DES and NPQ showed similar trends, which
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increased with the increase in light intensity and rapidly
increased in the first hour under high light intensity (Figure 2).
This result is consistent with the results of previous studies
on Cucumis sativus, Ulva prolifera, and Panax notoginseng (Li
et al,, 2013; Mou et al., 2013; Zhang et al., 2021), which further
supports the importance of PeVDE in photoprotection. These
data suggest that the violaxanthin cycle plays a critical role in
the NPQ of moso bamboo. We also found that violaxanthin
cycle pigment conversion and NPQ kinetics in moso bamboo
were quicker to reach stable status, with lower light intensity
(~900 pmol-m~2-s~1) and shorter induction time (~1 h), than
those in tomato and cucumber (Han et al., 2010; Li et al., 2013).
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v

This indicates that the VDE gene of moso bamboo responds to
high light intensity stress more quickly and directly than the
VDE genes of other crops.

Violaxanthin de-epoxidase is a key enzyme in the
violaxanthin cycle that catalyzes the conversion of V to Z
through A under high light intensity. The regulation of VDE
could take place at the transcriptional, post-transcriptional,
or translational level. In plants, VDE genes have been shown
to positively or negatively regulate the tolerance to abiotic
stresses, especially high light intensity stress (Wang et al,
2022). The PeVDE gene was cloned from moso bamboo and
was shown to be primarily expressed in leaves (Gao et al,
2013). In the present study, we investigated the expression
of PeVDE under different light intensities and found that
PeVDE was upregulated with the increase in light intensity.
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Moreover, the expression level of PeVDE increased rapidly in
the first hour under high light intensity, and then continued
to increase slowly over time (Figure 3). This suggests that
PeVDE is a light-inducible gene. Moreover, NPQ also increased
with the increase in light intensity (Supplementary Figure 2),
which indicates that PeVDE is responsible for the increase
in NPQ in moso bamboo in response to changes in light
intensity. Similar results were reported in C. sativus and
Lycium chinense (Li et al., 2013; Guan et al, 2015). In
addition, we also analyzed the expression of PeVDE in
moso bamboo leaves under other environmental stresses
that could induce photoinhibition (Figure 4). The results
showed that the expression of PeVDE was induced by low
temperature, high temperature, and drought stress, consistent
with the results of CsVDE, LcVDE, and AhVDE expression
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analyses (Li et al, 2013; Guan et al, 2015; Yang et al,
2015).

Because the field of the molecular biology of bamboo started
relatively late, studies on bamboo genetics are challenged by
factors such as an unpredictable and extremely long flowering
cycle, plant death after flowering, low seed setting rate, and
lack of a genetic transformation system. Therefore, we had to
perform part of the functional analysis of PeVDE in Arabidopsis.
Overexpression of PeVDE could rescue the NPQ ability of the
Arabidopsis mutant npql (Figure 5), indicating that PeVDE
performs the same function as AtVDE. This result is in
agreement with the earlier studies, suggesting that VDE exhibits
a conserved function in plants (Xu et al., 2016). At the same
time, our results supported the previous results that the protein
encoded by PeVDE contains three conserved domains (Cys-rich,
lipocalin, and Glu-rich), and could catalyze the conversion of V
to Z through A in vitro (Gao et al,, 2013). The violaxanthin cycle-
related NPQ is a very important mechanism that protects PSII
under high light intensity (Goss and Lepetit, 2015). Previous
studies suggested that the VDE gene plays an important role
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in NPQ; overexpression and silencing of the VDE gene can
change the NPQ ability and subsequently affect the sensitivity
of PSII to high light intensity (Gao et al.,, 2010; Han et al., 2010;
Yang et al,, 2015). A similar result was also obtained in the
present study. Overexpression of PeVDE in the npgl mutant
or Col-0 could reduce the sensitivity to photoinhibition under
high light intensity by enhancing the ability of NPQ (Figures 6,
7). Excessive light energy leads to the accumulation of ROS to
harmful levels (Takahashi and Badger, 2011), and more ROS are
produced in the chloroplasts when NPQ is inhibited (Zulfugarov
et al, 2014). In the present study, histochemical staining of
npql mutant leaves showed that the overexpression of PeVDE
could reduce the accumulation of O,°~ and H,O, under high
light intensity stress, probably because NPQ could dissipate the
excess absorbed light energy and Z could scavenge the ROS
directly (Demmig-Adams et al., 2020). In short, overexpression
of PeVDE could not only rescue the photoprotection ability of
the npql mutant but also increase the photoprotection ability of
transgenic Col-0 plants, consistent with previous studies (Guan
et al., 2015).
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Conclusion

The current study reports the expression features of PeVDE
in bamboo under abiotic stress, especially under high light
intensity. The elevated expression of PeVDE improved bamboo
tolerance to stress by driving the violaxanthin cycle and
increasing the DES. Overexpression of PeVDE could rescue the
NPQ of the Arabidopsis npql mutant, indicating that PeVDE
functions in dissipating the excess absorbed light energy as
thermal energy in bamboo. Chlorophyll fluorescence analysis
could reflect the changes in NPQ equally well in both moso
bamboo and Arabidopsis, consistent with the expression of
PeVDE. These results indicate that the Z synthesized by
PeVDE plays an important role in avoiding photoinhibition
and improving the ability of photoprotection in moso bamboo.
Nonetheless, further research is needed to validate the function
of PeVDE in bamboo directly.

Data availability statement

The original contributions presented in this study are
included in the article/Supplementary material, further
inquiries can be directed to the corresponding author.

Author contributions

ZG designed and supervised this study. YL and HS
performed the experiments and collected all the data. CZ,
KY, and XL provided a method for the data analysis. YL
and ZG prepared the manuscript. HS and ZG modified the
manuscript. All authors contributed to the article and approved
the submitted version.

References

Benton, A. (2015). Priority Species of Bamboo. In Bamboo. Tropical Forestry
Liese, W., Kohl, M. (eds) .Springer, Cham. doi: 10.1007/978-3-319-14133-6_2

Cao, K. F,, Yang, S. J., Zhang, Y. J., and Brodribb, T. J. (2012). The maximum
height of grasses is determined by roots. Ecol. Lett. 15, 666-672. doi: 10.1111/j.
1461-0248.2012.01783.x

Clough, S. J., and Bent, A. F. (1998). Floral dip: A simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16,
735-743. doi: 10.1046/j.1365-313x.1998.00343 x

Demmig-Adams, B., Stewart, J. J., Lopez-Pozo, M., Polutchko, S. K., and Adams,
W. W. III (2020). Zeaxanthin, a molecule for photoprotection in many different
environments. Molecules 25:5825. doi: 10.3390/molecules25245825

Fan, C. ], Ma, J. M,, Guo, Q. R, Li, X. T., Wang, H,, and Lu, M. Z.
(2013). Selection of reference genes for quantitative real-time PCR in bamboo
(Phyllostachys edulis). PLoS One 8:e56573. doi: 10.1371/journal.pone.0056573

Ferndndez-Marin, B., Roach, T., Verhoeven, A., and Garcia-Plazaola, J. 1. (2021).
Shedding light on the dark side of xanthophyll cycles. N. Phytol. 230, 1336-1344.
doi: 10.1111/nph.17191

Frontiers in Plant Science

12

10.3389/fpls.2022.927949

Funding

This the
Research and Development Program of China (Grant
No. 2021YFD2200502), the National Natural Science
Foundation of China (Grant Nos. 31971736 and 31370588),
and the Project of Nanchang Key Laboratory (Grant
No. NCZDSY-011).

work was supported by National Key

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships
that could be of
interest.

construed as a potential conflict

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.927949/full#supplementary-material

Gao, S., Han, H.,, Feng, H. L, Zhao, S. J, and Meng, Q. W. (2010).
Overexpression and suppression of violaxanthin de-epoxidase affects the
sensitivity of photosystem II photoinhibition to high light and chilling stress in
transgenic tobacco. J. Integr. Plant Biol. 52, 332-339. doi: 10.1111/j.1744-7909.
2010.00891.x

Gao, Z. M., Liu, Q., Zheng, B., and Chen, Y. (2013). Molecular characterization
and primary functional analysis of PeVDE, a violaxanthin de-epoxidase gene
from bamboo (Phyllostachys edulis). Plant Cell Rep. 32, 1381-1391. doi: 10.1007/
500299-013-1450-1

Girolomoni, L., Bellamoli, F., de la Cruz Valbuena, G., Perozeni, F., D’Andrea,
C., Cerullo, G., et al. (2020). Evolutionary divergence of photoprotection
in the green algal lineage: A plant-like violaxanthin de-epoxidase enzyme
activates the xanthophyll cycle in the green alga Chlorella vulgaris
modulating photoprotection. N. Phytol. 228, 136-150. doi: 10.1111/nph.
16674

Goss, R., and Jakob, T. (2010). Regulation and function of xanthophyll cycle-
dependent photoprotection in algae. Photosynth. Res. 106, 103-122. doi: 10.1007/
s11120-010-9536-x

frontiersin.org


https://doi.org/10.3389/fpls.2022.927949
https://www.frontiersin.org/articles/10.3389/fpls.2022.927949/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.927949/full#supplementary-material
https://doi.org/10.1007/978-3-319-14133-6_2
https://doi.org/10.1111/j.1461-0248.2012.01783.x
https://doi.org/10.1111/j.1461-0248.2012.01783.x
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.3390/molecules25245825
https://doi.org/10.1371/journal.pone.0056573
https://doi.org/10.1111/nph.17191
https://doi.org/10.1111/j.1744-7909.2010.00891.x
https://doi.org/10.1111/j.1744-7909.2010.00891.x
https://doi.org/10.1007/s00299-013-1450-1
https://doi.org/10.1007/s00299-013-1450-1
https://doi.org/10.1111/nph.16674
https://doi.org/10.1111/nph.16674
https://doi.org/10.1007/s11120-010-9536-x
https://doi.org/10.1007/s11120-010-9536-x
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Lou et al.

Goss, R., and Latowski, D. (2020). Lipid dependence of xanthophyll cycling in
higher plants and algae. Front. Plant Sci. 11:455. doi: 10.3389/fpls.2020.00455

Goss, R., and Lepetit, B. (2015). Biodiversity of NPQ. J. Plant Physiol. 172, 13-32.
doi: 10.1016/j.jplph.2014.03.004

Gray, C., Wei, T., Polivka, T., Daskalakis, V., and Duffy, C. (2022). Trivial
excitation energy transfer to carotenoids is an unlikely mechanism for non-
photochemical quenching in LHCIL. Front. Plant Sci. 12:797373. doi: 10.3389/fpls.
2021.797373

Guan, C. F, Ji, J, Zhang, X. Q, Li, X. Z, Jin, C,, Guan, W. Z, et al.
(2015). Positive feedback regulation of a Lycium chinense-derived VDE gene
by drought-induced endogenous ABA, and over-expression of this VDE gene
improve drought-induced photo-damage in Arabidopsis. J. Plant Physiol. 175,
26-36. doi: 10.1016/j.jplph.2014.06.022

Guo, Z. H,, Ma, P. F, Yang, G. Q, Hu, J. Y,, Liu, Y. L., Xia, E. H,, et al. (2019).
Genome sequences provide insights into the reticulate origin and unique traits of
woody bamboos. Mol. Plant 12, 1353-1365. doi: 10.1016/j.molp.2019.05.009

Han, H., Gao, S, Li, B,, Dong, X. C,, Feng, H. L., and Meng, Q. W. (2010).
Overexpression of violaxanthin de-epoxidase gene alleviates photoinhibition of
PSII and PSI in tomato during high light and chilling stress. . Plant Physiol. 167,
176-183. doi: 10.1016/j.jplph.2009.08.009

Hoang, M. H., Kim, H. S., Zulfugarov, L. S., and Lee, C. H. (2020). Down-
regulation of zeaxanthin epoxidation in vascular plant leaves under normal and
photooxidative stress conditions. J. Plant Biol. 63, 331-336. doi: 10.1007/s12374-
020-09260-8

Tkeuchi, M., Sato, F., and Endo, T. (2016). Allocation of absorbed light energy in
photosystem II in NPQ mutants of Arabidopsis. Plant Cell Physiol. 57, 1484-1494.
doi: 10.1093/pcp/pcw072

Jahns, P., and Holzwarth, A. R. (2012). The role of the xanthophyll cycle and
of lutein in photoprotection of photosystem II. BBA Bioenerg. 1817, 182-193.
doi: 10.1016/j.bbabio.2011.04.012

Jahns, P., Latowski, D., and Strzalka, K. (2009). Mechanism and regulation of
the violaxanthin cycle: The role of antenna proteins and membrane lipids. BBA
Bioenerg. 1787, 3-14. doi: 10.1016/j.bbabio.2008.09.013

Jiang, Z. H., Peng, Z. H., Gao, Z. M,, Liu, C, and Yang, C. H. (2012).
Characterization of different isoforms of the light-harvesting chlorophyll a/b
complexes of photosystem II in bamboo. Photosynthetica 50, 129-138. doi: 10.
1007/s11099-012-0009-7

Johnson, M. P., Pérez-Bueno, M. L., Zia, A., Horton, P., and Ruban, A. V.
(2009). The zeaxanthin-independent and zeaxanthin-dependent qE components
of nonphotochemical quenching involve common conformational changes within
the photosystem II antenna in Arabidopsis. Plant Physiol. 149, 1061-1075. doi:
10.1104/pp.108.129957

Lacour, T., Babin, M., and Lavaud, J. (2020). Diversity in xanthophyll cycle
pigments content and related nonphotochemical quenching (NPQ) among
microalgae: Implications for growth strategy and ecology. J. Phycol. 56, 245-263.
doi: 10.1111/jpy.12944

Leonelli, L., Brooks, M. D., and Niyogi, K. K. (2017). Engineering the lutein
epoxide cycle into Arabidopsis thaliana. Proc. Natl. Acad. Sci. U. S. A. 114,
7002-7008. doi: 10.1073/pnas.1704373114

Leonelli, L., Erickson, E., Lyska, D., and Niyogi, K. K. (2016). Transient
expression in Nicotiana benthamiana for rapid functional analysis of genes
involved in non-photochemical quenching and carotenoid biosynthesis. Plant J.
88, 375-386. doi: 10.1111/tpj.13268

Li, X., Zhao, W. C,, Sun, X. Y., Huang, H. Y., Kong, L. C,, Niu, D. D,, et al. (2013).
Molecular cloning and characterization of violaxanthin de-epoxidase (CsVDE) in
cucumber. PLoS One 8:e64383. doi: 10.1371/journal.pone.0064383

Li, Z., Peers, G., Dent, R. M., Bai, Y., Yang, S. Y., Apel, W, et al. (2016). Evolution
of an atypical de-epoxidase for photoprotection in the green lineage. Nat. Plants
2:16140. doi: 10.1038/nplants.2016.140

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2A ACT method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Lou, Y. F, Sun, H. Y, Li, L. C,, Zhao, H. S., and Gao, Z. M. (2017).
Characterization and primary functional analysis of a bamboo ZEP gene from
Phyllostachys edulis. DNA Cell Biol. 36, 747-758. doi: 10.1089/dna.2017.3705

Lou, Y. F, Sun, H. Y., Wang, S. N,, Xu, H,, Li, L. C,, Zhao, H., et al. (2018).
Expression and functional analysis of two PsbS genes in bamboo (Phyllostachys
edulis). Physiol. Plant 163, 459-471. doi: 10.1111/ppl.12690

Malnoé, A. (2018). Photoinhibition or photoprotection of photosynthesis?
Update on the (newly termed) sustained quenching component qH. Environ. Exp.
Bot. 154, 123-133. doi: 10.1016/j.envexpbot.2018.05.005

Frontiers in Plant Science

10.3389/fpls.2022.927949

Mou, S. L., Zhang, X. W., Dong, M. T., Fan, X,, Xu, J,, Cao, S. N,, et al.
(2013). Photoprotection in the green tidal alga Ulva prolifera: Role of LHCSR
and PsbS proteins in response to high light stress. Plant Biol. 15, 1033-1039.
doi: 10.1111/j.1438-8677.2012.00712.x

Miiller, P, Li, X. P., and Niyogi, K. K. (2001). Non-photochemical quenching.
A response to excess light energy. Plant Physiol. 125, 1558-1566. doi: 10.1104/pp.
125.4.1558

Niyogi, K. K., Grossman, A. R., and Bjérkman, O. (1998). Arabidopsis
mutants define a central role for the xanthophyll cycle in the regulation of
photosynthetic energy conversion. Plant Cell 10, 1121-1134. doi: 10.1105/tpc.10.7.
1121

Pashayeva, A., Wu, G., Huseynova, L, Lee, C. H., and Zulfugarov, L. S. (2021).
Role of thylakoid protein phosphorylation in energy-dependent quenching of
chlorophyll fluorescence in rice plants. Int. J. Mol. Sci. 22:7978. doi: 10.3390/
ijms22157978

Peng, Z. H, Lu, Y, Li, L. B, Zhao, Q., Feng, Q. Gao, Z. M., et al.
(2013). The draft genome of the fast growing non-timber forest species moso
bamboo (Phyllostachys heterocycla). Nat. Genet. 45, 456-461. doi: 10.1038/ng.
2569

Ruban, A. V. (2016). Nonphotochemical chlorophyll fluorescence quenching:
Mechanism and effectiveness in protecting plants from photodamage. Plant
Physiol. 170, 1903-1916. doi: 10.1104/pp.15.01935

Ruban, A. V., Johnson, M. P., and Duffy, C. D. (2012). The photoprotective
molecular switch in the photosystem II antenna. BBA Bioenerg. 1817, 167-181.
doi: 10.1016/j.bbabio.2011.04.007

Ruban, A. V., and Wilson, S. (2021). The mechanism of non-photochemical
quenching in plants: Localization and driving forces. Plant Cell Physiol. 62,
1063-1072. doi: 10.1093/pcp/pcaal55

Sun, L. N, Wang, F., Wang, ]. W, Sun, L. ], Gao, W. R,, and Song, X. S. (2019).
Overexpression of the ChVDE gene, encoding a violaxanthin de-epoxidase,
improves tolerance to drought and salt stress in transgenic Arabidopsis. 3 Biotech.
9:197. doi: 10.1007/s13205-019-1732-6

Takahashi, S., and Badger, M. R. (2011). Photoprotection in plants: A new light
on photosystem IT damage. Trends Plant Sci. 16, 53-60. doi: 10.1016/j.tplants.2010.
10.001

Velitchkova, M., Popova, A. V., Faik, A., Gerganova, M., and Ivanov, A. G.
(2020). Low temperature and high light dependent dynamic photoprotective
strategies in Arabidopsis thaliana. Physiol. Plant 170, 93-108. doi: 10.1111/ppl.
13111

Wang, X. C,, Ren, P. X, Ji, L. X,, Zhu, B. H,, and Xie, G. S. (2022). OsVDE, a
xanthophyll cycle key enzyme, mediates abscisic acid biosynthesis and negatively
regulates salinity tolerance in rice. Planta 255:6. doi: 10.1007/s00425-021-03802- 1

Ware, M. A., Belgio, E, and Ruban, A. V. (2015). Comparison of the
protective effectiveness of NPQ in Arabidopsis plants deficient in PsbS protein and
zeaxanthin. J. Exp. Bot. 66, 1259-1270. doi: 10.1093/jxb/eru477

Xu, J., Li, Z. G,, Yang, H. R, Yang, X. H., Chen, C. X,, and Li, H. (2016). Genetic
diversity and molecular evolution of a violaxanthin de-epoxidase gene in maize.
Front. Genet. 7:131. doi: 10.3389/fgene.2016.00131

Yang, S., Meng, D. Y., Hou, L. L, Li, Y., Guo, F.,, Meng, J. ], et al. (2015). Peanut
violaxanthin de-epoxidase alleviates the sensitivity of PSII photoinhibition to heat
and high irradiance stress in transgenic tobacco. Plant Cell Rep. 34, 1417-1428.
doi: 10.1007/s00299-015-1797-6

Zhang, ]. Y., Zhang, Q. H., Shuang, S. P., Cun, Z., Wu, H. M., and Chen, J. W.
(2021). The responses of light reaction of photosynthesis to dynamic sunflecks in
a typically shade-tolerant species Panax notoginseng. Front. Plant Sci. 12:718981.
doi: 10.3389/fpls.2021.718981

Zhang, X. W., Ye, N. H,, Mou, S. L., Xu, D., and Fan, X. (2013). Occurrence of
the PsbS and LhcSR products in the green alga Ulva linza and their correlation with
excitation pressure. Plant Physiol. Biochem. 70, 336-341. doi: 10.1016/j.plaphy.
2013.05.024

Zhao, H. S, Loy, Y. F,, Sun, H. Y,, Li, L. C, Wang, L. L., Dong, L. L., et al.
(2016). Transcriptome and comparative gene expression analysis of Phyllostachys
edulis in response to high light. BMC Plant Biol. 16:34. doi: 10.1186/512870-016-
0720-9

Zheng, Y., Yang, D., Rong, J., Chen, L., Zhu, Q., He, T., et al. (2022). Allele-
aware chromosome-scale assembly of the allopolyploid genome of hexaploid Ma
Bamboo (Dendrocalamus latiflorus Munro). J. Integr. Plant Biol. 64, 649-670.
doi: 10.1111/jipb.13217

Zulfugarov, I. S., Tovuu, A., Eu, Y. J., Dogsom, B., Poudyal, R. S., Nath, K., et al.

(2014). Production of superoxide from photosystem II in a rice (Oryza sativa L.)
mutant lacking PsbS. BMC Plant Biol. 14:242. doi: 10.1186/512870-014-0242-2

frontiersin.org


https://doi.org/10.3389/fpls.2022.927949
https://doi.org/10.3389/fpls.2020.00455
https://doi.org/10.1016/j.jplph.2014.03.004
https://doi.org/10.3389/fpls.2021.797373
https://doi.org/10.3389/fpls.2021.797373
https://doi.org/10.1016/j.jplph.2014.06.022
https://doi.org/10.1016/j.molp.2019.05.009
https://doi.org/10.1016/j.jplph.2009.08.009
https://doi.org/10.1007/s12374-020-09260-8
https://doi.org/10.1007/s12374-020-09260-8
https://doi.org/10.1093/pcp/pcw072
https://doi.org/10.1016/j.bbabio.2011.04.012
https://doi.org/10.1016/j.bbabio.2008.09.013
https://doi.org/10.1007/s11099-012-0009-7
https://doi.org/10.1007/s11099-012-0009-7
https://doi.org/10.1104/pp.108.129957
https://doi.org/10.1104/pp.108.129957
https://doi.org/10.1111/jpy.12944
https://doi.org/10.1073/pnas.1704373114
https://doi.org/10.1111/tpj.13268
https://doi.org/10.1371/journal.pone.0064383
https://doi.org/10.1038/nplants.2016.140
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1089/dna.2017.3705
https://doi.org/10.1111/ppl.12690
https://doi.org/10.1016/j.envexpbot.2018.05.005
https://doi.org/10.1111/j.1438-8677.2012.00712.x
https://doi.org/10.1104/pp.125.4.1558
https://doi.org/10.1104/pp.125.4.1558
https://doi.org/10.1105/tpc.10.7.1121
https://doi.org/10.1105/tpc.10.7.1121
https://doi.org/10.3390/ijms22157978
https://doi.org/10.3390/ijms22157978
https://doi.org/10.1038/ng.2569
https://doi.org/10.1038/ng.2569
https://doi.org/10.1104/pp.15.01935
https://doi.org/10.1016/j.bbabio.2011.04.007
https://doi.org/10.1093/pcp/pcaa155
https://doi.org/10.1007/s13205-019-1732-6
https://doi.org/10.1016/j.tplants.2010.10.001
https://doi.org/10.1016/j.tplants.2010.10.001
https://doi.org/10.1111/ppl.13111
https://doi.org/10.1111/ppl.13111
https://doi.org/10.1007/s00425-021-03802-1
https://doi.org/10.1093/jxb/eru477
https://doi.org/10.3389/fgene.2016.00131
https://doi.org/10.1007/s00299-015-1797-6
https://doi.org/10.3389/fpls.2021.718981
https://doi.org/10.1016/j.plaphy.2013.05.024
https://doi.org/10.1016/j.plaphy.2013.05.024
https://doi.org/10.1186/s12870-016-0720-9
https://doi.org/10.1186/s12870-016-0720-9
https://doi.org/10.1111/jipb.13217
https://doi.org/10.1186/s12870-014-0242-2
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

	PeVDE, a violaxanthin de-epoxidase gene from moso bamboo, confers photoprotection ability in transgenic Arabidopsis under high light
	Introduction
	Materials and methods
	Plant materials, growth conditions, and treatments
	Measurement of violaxanthin xanthophyll component contents
	Measurement of chlorophyll fluorescence
	RNA extraction and gene expression analysis
	Vector construction and Arabidopsis transformation
	High-light intensity treatment
	Measurements of antioxidant enzyme activity and malondialdehyde content
	Histochemical staining of superoxide anion and hydrogen peroxide
	Statistical data analysis

	Results
	Kinetics of non-photochemical quenching induction in moso bamboo
	Analysis of violaxanthin cycle components and non-photochemical quenching
	Effects of variable light intensity on PeVDE expression
	Effects of temperature extremes and drought stress on PeVDE expression
	Functional complementation analysis of PeVDE in npq1
	Overexpression of PeVDE in wild type Arabidopsis plants

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


