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Light intensity is highly heterogeneous in nature, and plants have evolved a series of
strategies to acclimate to dynamic light due to their immobile lifestyles. However, it
is still unknown whether there are differences in photoprotective mechanisms among
different light-demanding plants in response to dynamic light, and thus the role of
non-photochemical quenching (NPQ), electron transport, and light energy allocation
of photosystems in photoprotection needs to be further understood in different
light-demanding plants. The activities of photosystem II (PSII) and photosystem I
(PSI) in shade-tolerant species Panax notoginseng, intermediate species Polygonatum
kingianum, and sun-demanding species Erigeron breviscapus were comparatively
measured to elucidate photoprotection mechanisms in different light-demanding plants
under dynamic light. The results showed that the NPQ and PSII maximum efficiency
(Fv
′

/Fm
′

) of E. breviscapus were higher than the other two species under dynamic
high light. Meanwhile, cyclic electron flow (CEF) of sun plants is larger under transient
high light conditions since the slope of post-illumination, P700 dark reduction rate, and
plastoquinone (PQ) pool were greater. NPQ was more active and CEF was initiated more
readily in shade plants than the two other species under transient light. Moreover, sun
plants processed higher quantum yield of PSII photochemistry (8PSII), quantum yield
of photochemical energy conversion [Y(I)], and quantum yield of non-photochemical
energy dissipation due to acceptor side limitation (Y(NA), while the constitutive thermal
dissipation and fluorescence (8f,d) and quantum yield of non-photochemical energy
dissipation due to donor side limitation [Y(ND)] of PSI were higher in shade plants.
These results suggest that sun plants had higher NPQ and CEF for photoprotection
under transient high light and mainly allocated light energy through 8PSII and 8NPQ,
while shade plants had a higher 8f,d and a larger heat dissipation efficiency of PSI donor.
Overall, it has been demonstrated that the photochemical efficiency and photoprotective
capacity are greater in sun plants under transient dynamic light, while shade plants are
more sensitive to transient dynamic light.

Keywords: cyclic electron flow, dynamic light, light energy distribution, non-photochemical quenching,
photoprotection
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INTRODUCTION

Light is the source of energy for photosynthesis and influences
the growth and development of plants (Chen et al., 2016).
However, light intensity is highly dynamic on both temporal
and spatial scales (Rascher and Nedbal, 2006; Hallik et al.,
2011; Liu and Last, 2017). Therefore, plants have to acclimate
to high light heterogeneity due to their immobile lifestyles
(Chen et al., 2016), and thus plants have long evolved
into shade species, intermediate species, and sun species
(Augspurger, 1984; Kitajima, 1994; Poorter et al., 2019). Sun
plants Tectona grandis and Phyllostachys heterocycla have
higher maximum net photosynthetic rates (Pn−max) and light
saturation points (LSP) than the shade plant Commelina
purpurea (Valladares et al., 2000; Valladares and Niinemets, 2008;
Mishanin et al., 2017). Shade plants readily suffer photoinhibition
and even photodamage because of their low photosynthetic
capacity and LSP under natural conditions (Boardman, 1977;
Lichtenthaler and Babani, 2004; Way and Pearcy, 2012; Huang
et al., 2015); correspondingly, sun plants confront a lesser
photooxidative pressure.

The excess light energy might cause the photosystem to be
restrained, reduce carbon assimilation, and even cause plant
death in severe cases (Niyogi and Truong, 2013; Vialet-Chabrand
et al., 2017; Wei et al., 2020). Non-photochemical quenching
(NPQ) of photosystem II (PSII) is considered to be the most
effective first line of defense in dissipating excess light energy
(Demmig-Adams et al., 2012; Wei et al., 2020). PSII of shade
plant Amomum villosum and sun plants Anthocephalus chinensis
and Barringtonia racemosa is protected by a high NPQ to escape
from photoinhibition in high light (Feng et al., 2001, 2002). PsbS
and the xanthophyll cycle play an important role in regulating
the NPQ process as energy quenching catalysts (Hubbart et al.,
2012; Suorsa et al., 2012; Ikeuchi et al., 2014), and the PsbS
largely determines the rate of NPQ induction/relaxation (Li et al.,
2000, 2004; Horton et al., 2008; Johnson and Ruban, 2010,
2011). Violaxanthin (V) is de-epoxied to form antheraxanthin
(A) when Arabidopsis thaliana is exposed to high light, which is
further de-epoxied to form zeaxanthin (Z) (Garcia-Molina and
Leister, 2020). Z is used as the quenching site of excess excitation
energy to dissipate excess light energy (Jahns and Holzwarth,
2012). NPQ is positively correlated with the xanthophylls de-
epoxidation state (DES) under steady-state light; however, it
is still unknown whether the V cycle is activated in different
light-demanding plants and it relates to NPQ. Photosystem I
(PSI) of sun plant A. thaliana is suppressed under dynamic
light conditions, resulting in decreased growth rate and biomass
accumulation (Suorsa et al., 2012; Vialet-Chabrand et al., 2017;
Schneider et al., 2019). Dynamic light-induced photoinhibition
of PSI has also been recorded in sun plants Helianthus annuus,
Triticum aestivum, and Oryza sativa (Takehiro et al., 2014;
Zivcak et al., 2015; Yamori et al., 2016). Light energy absorbed
by plants is allocated into the quantum yield of 1pH and
xanthophyll-regulated thermal energy dissipation (8NPQ), the
quantum yield of PSII photochemistry (8PSII), and constitutive
thermal dissipation and fluorescence (8f,d). Three pathways for
the allocation of light energy are competitive, but there is a
trade-off among them (Hendrickson et al., 2004; Kornyeyev and

Hendrickson, 2007; Farooq et al., 2018). A larger proportion
of 8PSII and 8NPQ has been observed in sun plants Vitis
vinifera and O. sativa under stable and continuous high light
conditions (Hendrickson et al., 2004; Ishida et al., 2014).
Sun plant Magnolia grandiflora has a high photochemical and
thermal dissipation capacity by reducing the chlorophyll content
and the number of photopigment molecules under short-term
intense light irradiation (Valladares et al., 2002). Shade plant
Psychotria asiatica exposed to full light exhibits a high P700
oxidation rate to regulate energy distribution (Huang et al., 2015).
Therefore, the light energy distribution is important for different
light-demanding plants to mitigate photodamage caused by
unfavorable light. At present, relatively less is known about the
allocation and balance of light energy absorbed by PSII and
PSI in different light-demanding plants in response to different
intensities of transient light.

Plants would inevitably suffer oversaturation of photosystem
electron transport if the excess light energy is dissipated only
through the NPQ pathway. Cyclic electron flow (CEF) is
an efficient alternative pathway for expending photosynthetic
electrons (Tikhonov, 2013; Ishida et al., 2014). In angiosperms,
PSI cycle electron transport can be mediated through two
known pathways (Yamori et al., 2016). One is to depend on
proton gradient regulation 5 (PGR5) and PGR like 1 (PGRL1)
(Munekage et al., 2002; DalCorso et al., 2008). The other
is mediated by chloroplast NAD(P)H dehydrogenase (NDH)
(Burrows et al., 1998). The CEF-dependent generation of the
proton gradient (1pH) across the thylakoid membrane not only
stimulates ATP synthesis but also protects photosystem II from
photoinhibition through activating NPQ and stabilizing oxygen-
evolving complexes (Huang et al., 2012a, 2015). Furthermore,
CEF can also alleviate the over-reduction of PSI electron
acceptors, reduce the synthesis of superoxide anions in PSI, and
prevent PSI from photoinhibition and photooxidative damage
(Huang et al., 2012a). Once sun plants Nicotiana tabacum and
O. sativa are exposed to constant high light conditions, CEF
regulates electron transport via Cytb6/f complex and protects
PSII and PSI from photooxidative damage (Miyake, 2010; Kubo
et al., 2011; Satoshi et al., 2014). The NDH-mediated CEF
plays a protective role in the exposure to the shade plant
Marchantia polymorpha to high light (Ueda et al., 2012). The
photoinhibition mitigation of PSI donor and acceptor side could
be achieved by CEF initiation in sun plant Cerasus cerasoides and
intermediate plant Bletilla striata grown under fluctuating light
(Yang et al., 2019a,b). However, a comparative investigation on
the photoprotection of PSI is relatively fewer across the different
light-demanding plants under dynamic light conditions.

Panax notoginseng is a typical shade plant of the Panax
genus in the Araliaceae family, which is commonly planted in a
shaded environment constructed by shade nets in production (Xu
et al., 2018; Zhang et al., 2020). It has a vigorous photosynthetic
capacity and a high accumulation of secondary metabolites
under light transmittance of 9.6–11.5% (Chen et al., 2014, 2016;
Xu et al., 2018; Zhang et al., 2020). Polygonatum kingianum
is a perennial plant belonging to the Polygonatum genus of
the Liliaceae family. Light requirements are intermediate for
P. kingianum that might grow at open or closed sites (Yao
et al., 2018; Zuo et al., 2018). The light compensation point of
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P. kingianum is lower than 20 µmol m−2 s−1, and its light
saturation point is higher than 1,000 µmol m−2 s−1, indicating
that P. kingianum not only tolerates low light but also adapts to
high light (Yao et al., 2018). Erigeron breviscapus is a perennial
herb of the Erigeron genus in the Asteraceae family and is a native
medicinal herb of Yunnan, China (Li et al., 2019). The biomass
accumulation of E. breviscapus is highest under full sunlight
conditions, while shade considerably decreases its biomass (Su
et al., 2006). In this study, P. notoginseng, P. kingianum, and
E. breviscapus were selected to explore the photoprotection of
three different light-demanding plants under dynamic light of
different intensities. We anticipated the following: (1) The NPQ
of shade plants is more active under transient low light, and the
NPQ of sun plants is more efficient under transient high light; (2)
Under dynamic light, the sun plant allocates a higher proportion
of light energy to the photosynthetic pathway, and the shade plant
has a higher proportion of 8f,d; and (3) the CEF of shade plants is
initiated more readily than the CEF of sun plants under dynamic
light of different intensities.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
The experimental site was located in the teaching and
experimental farm of Yunnan Agricultural University in
Kunming, Yunnan Province, China (altitude: 1,976 m;
102◦45′32′′ E; 25◦8′2′′ N; annual rainfall: 1,000 mm; and
annual average temperature: 15.1◦C). The rainy season is from
May to October, and the dry season is from November to April
in the following year. In this study, P. notoginseng (Burk.)
F. H. Chen, P. kingianum Coll. Et Hemsl, and E. breviscapus
(Vant.) Hand. -Mazz. were selected as experimental materials.
P. notoginseng is a typical shade-tolerant species, and it
commonly grows under about 10% of full sunlight. P. kingianum
is an intermediate species, and E. breviscapus is a sun-demanding
species that grows at an open site. Plants of P. notoginseng were
planted in a shade condition (10% of full sunlight). Plants of
P. kingianum were planted in a moderate shading condition
(70% of full sunlight). Plants of E. breviscapus were planted in full
sun condition. A total of five independent plots were designed
for each species, and at least one plant from each plot was
used to measure photosynthetic-related parameters. In August
2020, the healthy mature leaves of P. notoginseng were selected
for experiments. For P. kingianum, the healthy mature leaves
were used for measurements. In addition, E. breviscapus was
used for experiments with the fully expanded rosette leaves. All
measurements were made using the in situ method.

P700 and Chlorophyll Fluorescence
Measurement
According to the method described by Kramer et al. (2004),
PSI and PSII parameters were simultaneously recorded using
Dual-PAM-100 (Heinz Walz, Effeltrich, Germany). After dark
adaptation for 1 h, the minimal fluorescence from dark-adapted
leaf (F0) and maximal fluorescence from dark-adapted leaf
(Fm) were measured at 0 µmol m−2 s−1 light intensity. Then

three different light-demanding plants were suddenly exposed to
simulated sunflecks for 30 min with a light intensity of 50, 100,
400, 800, and 1,600 µmol m−2 s−1, respectively, followed by dark
treatment for 15 min, and the whole process lasted for 45 min.

The minimal fluorescence from light-adapted leaf (F0
′

),
maximal fluorescence from light-adapted leaf (Fm

′

), and
chlorophyll stable fluorescence (Fs) after light adaptation was
recorded at intervals of 30 s in the first 1 min, then at
intervals of 1 min. Fm and Fm

′

were determined by applying
a saturation pulse (300 ms and 20,000 µmol m−2 s−1).
Under each light intensity treatment, 5 healthy plants were
selected to measure. The fluorescence parameters of PSII are
calculated as follows (Genty et al., 1989; van Kooten and
Snel, 1990; Demmig-Adams et al., 1996; Hendrickson et al.,
2004): PSII maximum efficiency: Fv

′

/Fm
′

= (Fm
′

-F0
′

)/Fm
′

; non-
photochemical quenching: NPQ = (Fm-Fm

′

)/Fm
′

; photochemical
quenching: qP = (Fm

′

-Fs)/(Fm
′

-F0
′

); quantum yield of PSII
photochemistry: 8PSII = Y(II) = (Fm

′

-Fs)/Fm
′

; constitutive
thermal dissipation and fluorescence: 8f,d = Y(NO) = Fs/Fm;
quantum yield of 1pH and xanthophyll-regulated thermal
energy dissipation: 8NPQ = Y(NPQ) = Fs/Fm

′

-Fs/Fm; the electron
transport rate in PSII: ETR(II) = Y(II) × PPFD × 0.84 × 0.5,
where 0.84 is the light absorption coefficient of the leaf
(Ehleringer and Pearcy, 1983) and 0.5 is the ratio of light
energy distributed in PSI and PSII (Major and Dunton, 2002).
Calculation of Fv

′

/Fm
′

induction-related traits (T30, T50, T90,
IS300S, IS600S, and IS1200S) in different light-demanding plants are
shown in Supplementary Figure 1.

The PSI photosynthetic parameters were measured according
to the method described by Huang et al. (2012b). The
P700+ signals (P) could vary between a minimum (P700 fully
reduced) and a maximum level (P700 fully oxidized). The
PSI reaction center P700 maximum fluorescence signal (Pm)
was determined by applying a saturation pulse (300 ms and
20,000 µmol m−2 s−1) after pre-illumination with far-red
(FR) light for 10 s. The PSI reaction center P700 maximum
fluorescence (Pm

′

) was obtained similarly, except that actinic
light was used instead of FR light. Calculation of PSI parameters
included the following (Miyake et al., 2005): quantum yield of
photochemical energy conversion: Y(I) = (Pm

′

-P)/Pm; quantum
yield of non-photochemical energy dissipation due to donor
side limitation: Y(ND) = 1-P700red = P/Pm; quantum yield
of non-photochemical energy dissipation due to acceptor side
limitation: Y(NA) = (Pm-Pm

′

)/Pm; the electron transport rate
in PSI: ETR(I) = Y(I) × PPFD × 0.84 × 0.5. The value of
cyclic electron transport (CEF) was estimated as ETR(I)-ETR(II)
(Huang et al., 2012b, 2015; Zivcak et al., 2013). Notably, the
distribution of absorbed light energy between PSI and PSII may
differ under various environmental conditions, which can lead to
the possible impreciseness of ETR(I), ETR(II), and CEF.

Measurement of Post-illumination
Fluorescence
According to the method described by Wang et al. (2017),
post-illumination chlorophyll fluorescence (CEF around PSI)
was measured using the automatic program of the Dual-PAM
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software. After dark adaptation for 1 h, post-illumination
fluorescence was monitored by the transient increase of dark-
level chlorophyll fluorescence after actinic light (AL) illumination
(50, 100, 400, 800, and 1,600 µmol m−2 s−1, respectively)
had been turned off using a Dual-PAM-100 (Heinz Walz,
Effeltrich, Germany).

Kinetic Measurement of the Dark
Re-reduction of P700+ and
Photochemical Sequencing Pools
The redox state of P700 was measured using the automatic
program of the Dual-PAM software according to the method
described by Klughammer and Schreiber (2008). In the presence
of FR light, the PQ pool was measured during a single turnover
(ST) flash (PQ pools being oxidized) followed by multiple
turnover (MT) flashes (PQ pools being fully reduced). The
complementary area between the oxidation curve of P700 excited
by ST and MT and the stable level of P700+ under FR represents
the ST and MT areas, respectively (Savitch et al., 2001). The ratio
of MT area/ST area was used to estimate the size of the PQ pool
(Savitch et al., 2001).

The kinetic curve of the dark re-reduction of P700+ is the
P700 signal changes after the FR light is turned on and off, which
reflects the dynamic of the P700 oxidation and reduction state.
The rate of decline in the kinetic curve of the dark re-reduction
of P700+ after turning off the FR light (i.e., the rate of reduction
of P700) indicates the rate of cyclic electron transport, and the
half-time (t1/2) of the dark decay of the P700+ signal is usually
used to estimate the rate of reduction of P700 (Popova et al., 2018;
Gerganova et al., 2019).

Measurement of Fluorescence at Dawn
At 3:00 a.m., fluorescence parameters were collected using SP
analysis and the P700+ Fluo mode of the Dual-PAM-100 at
0 µmol m−2 s−1 light intensity. In other words, the minimal
fluorescence from dark-adapted leaf (F0), maximal fluorescence
from dark-adapted leaf (Fm), the maximum quantum efficiency
of PSII photochemistry (Fv/Fm), and the P700 maximum
fluorescence signal under dark adaptation (Pm) were measured
after dark adaptation.

Measurement of Photosynthetic Pigment
Content
Three different light-demanding plants, after adequate dark
adaptation, were suddenly exposed to simulated sunflecks for
30 min with a light intensity of 50, 100, 400, 800, and 1,600 µmol
m−2 s−1, respectively, followed by dark treatment for 30 min, and
the whole process lasted for 60 min. The leaves were collected at
0, 10, 20, 30, 45, and 60 min, respectively. Leaves were wrapped
in tin foil and quickly stored in liquid nitrogen. Later, the
leaves were stored in a refrigerator at −80◦C. According to the
method described by Susan and Björkman (1990) with minor
modifications, the content of violaxanthin (V), anteraxantin
(A), and zeaxanthin (Z) were determined by high-performance
liquid chromatography (HPLC, Agilent 1260, United States). The
xanthophylls de-epoxidation state is DES = (V+A)/(V+A+Z).

Statistical Analysis
Statistics were performed using Microsoft Excel 2010 software,
and analyses were performed using SPSS19.0 software. The
results represent mean values derived from five independent
experiments. One-way ANOVA with an α = 0.05 significance
level was used to determine whether there are significant
differences between different treatments. The graph data
were mean ± SE and were plotted using the GraphPad
Prism 8.3.0 software.

RESULTS

Effects of Transient Light on PSII Activity
in Different Light-Demanding Plants
Different light-demanding plants showed a significant difference
in PSII activity under simulated dynamic light (Figure 1). The
Fv
′

/Fm
′

of P. notoginseng, P. kingianum, and E. breviscapus
exposed to simulated dynamic light decreased rapidly. The
decreased degree of Fv

′

/Fm
′

in three different light-demanding
plants increased as light intensity increased. Fv

′

/Fm
′

recovered to
a certain level after a drop in dynamic low light (50 and 100 µmol
m−2 s−1), while there was no significant recovery after a drop in
dynamic high light (400, 800, and 1,600 µmol m−2 s−1). During
the dark recovery period, the recovery level of Fv

′

/Fm
′

decreased
with the increase in light intensity. These results suggest that
the PSII activity reduced when three different light-demanding
plants were exposed to simulated dynamic light, especially under
dynamic high light.

When exposed to simulated dynamic light, Fv
′

/Fm
′

declined in descending order for the sun plant E. breviscapus,
the intermediate plant P. kingianum, to the shade plant
P. notoginseng (Figure 1). Differences in Fv

′

/Fm
′

induction-
related traits (T30, T50, T90, IS300S, IS600S, and IS1200S) in
different light-demanding plants were found in this study
(Table 1). Compared with the shade plant P. notoginseng, the
T30, T50, T90, IS300S, IS600S, and IS1200S of sun plant E. breviscapus
were significantly elevated. In addition, E. breviscapus recovered
to a greater extent under dynamic low light (Figure 1). During
the dark recovery period, the recovery degree of E. breviscapus
was the highest, followed by P. kingianum and finally by
P. notoginseng. This suggests that the PSII activity of sun plants
was higher than that of shade plants when dark-adapted plants
are exposed to transient light.

Changes of Energy Quenching in
Different Light-Demanding Plants Under
Transient Light
Non-photochemical quenching of different light-demanding
plants all rose rapidly when plants were exposed to different
transient dynamic lights (Figures 2A–E). The results showed
that P. notoginseng, P. kingianum, and E. breviscapus exposed
to transient, dynamic high light will dissipate energy mainly
through the NPQ pathway. When three different light-
demanding plants were exposed to transient low light conditions,
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FIGURE 1 | Effects of transient light on PSII maximum efficiency (Fv
′

/Fm
′

) in different light-demanding plants. The Panax notoginseng (indicated in blue) and
Polygonatum kingianum (indicated in green) and Erigeron breviscapus (indicated in red) were induced for 30 min in simulated dynamic light of 50 µmol m−2 s−1 (A),
100 µmol m−2 s−1 (B), 400 µmol m−2 s−1 (C), 800 µmol m−2 s−1 (D) and 1600 µmol m−2 s−1 (E) respectively (the left of the dotted line), and then dark recovery
was conducted for 15 min (the right of the dotted line), the value is the means ± SE. (n = 5; the same below).

NPQ increased rapidly to dissipate more energy at first but
decreased gradually with the increase in qP at the later stage.
During the dark recovery period, qP recovered rapidly under
transient light, while NPQ remained at high levels under transient
high light. The slight increase in NPQ under dark conditions

may be related to the shorter measurement period. These results
indicate that when the three different light-demanding plants
were suddenly exposed to transient light, energy dissipation was
via qP and NPQ in low light. In contrast, energy dissipation was
mainly via NPQ in high light.
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TABLE 1 | Parameters of the PSII maximum efficiency (Fv
′

/Fm
′

) induction properties in P. notoginseng and P. kingianum and E. breviscapus studied.

Light intensity Species T30(S) T50(S) T90(S) IS300S IS600S IS1200S

50 P. notoginseng 54.591 ± 2.156 c 34.450 ± 1.533 c 7.600 ± 0.651 c 0.562 ± 0.021 b 0.595 ± 0.021 b 0.634 ± 0.028 b

P. kingianum 81.325 ± 2.607 b 52.485 ± 2.184 b 13.658 ± 0.661 b 0.669 ± 0.019 a 0.697 ± 0.007 a 0.732 ± 0.007 a

E. breviscapus 118.638 ± 2.336 a 90.564 ± 3.739 a 28.161 ± 1.520 a 0.711 ± 0.032 a 0.739 ± 0.032 a 0.773 ± 0.017 a

100 P. notoginseng 50.824 ± 1.333 c 30.370 ± 0.902 c 6.290 ± 0.414 b 0.594 ± 0.010 c 0.624 ± 0.011 c 0.674 ± 0.015 c

P. kingianum 72.886 ± 2.127 b 42.755 ± 1.087 b 7.215 ± 0.590 b 0.666 ± 0.010 b 0.712 ± 0.016 b 0.743 ± 0.010 b

E. breviscapus 110.704 ± 3.216 a 82.259 ± 2.586 a 28.298 ± 1.243 a 0.804 ± 0.007 a 0.832 ± 0.003 a 0.821 ± 0.002 a

400 P. notoginseng 69.108 ± 4.069 c 39.977 ± 2.686 b 7.278 ± 1.251 b 0.564 ± 0.007 a 0.560 ± 0.007 a 0.556 ± 0.008 b

P. kingianum 90.283 ± 3.078 b 50.504 ± 1.648 b 7.210 ± 0.481 b 0.595 ± 0.015 a 0.587 ± 0.015 a 0.583 ± 0.015 ab

E. breviscapus 146.472 ± 3.464 a 259.012 ± 164.894 a 30.643 ± 0.981 a 0.606 ± 0.021 a 0.587 ± 0.015 a 0.605 ± 0.018 a

800 P. notoginseng 52.635 ± 1.346 c 30.583 ± 0.751 c 5.006 ± 0.232 b 0.523 ± 0.016 b 0.517 ± 0.016 b 0.512 ± 0.016 b

P. kingianum 85.592 ± 3.090 b 47.819 ± 1.854 b 6.372 ± 0.343 b 0.614 ± 0.009 ab 0.608 ± 0.009 ab 0.603 ± 0.009 ab

E. breviscapus 134.591 ± 4.179 a 80.716 ± 3.065 a 19.614 ± 1.865 a 0.575 ± 0.024 a 0.563 ± 0.024 a 0.556 ± 0.023 a

1600 P. notoginseng 62.923 ± 5.102 c 35.838 ± 2.981 c 5.977 ± 0.754 b 0.524 ± 0.011 b 0.516 ± 0.010 b 0.507 ± 0.010 b

P. kingianum 85.300 ± 4.281 b 47.626 ± 1.973 b 6.024 ± 0.641 b 0.481 ± 0.045 b 0.469 ± 0.045 b 0.460 ± 0.044 b

E. breviscapus 177.801 ± 5.399 a 105.835 ± 3.780 a 24.588 ± 1.457 a 0.621 ± 0.003 a 0.600 ± 0.003 a 0.592 ± 0.003 a

The data in the table are mean ± SE (n = 5). Different letters indicate significant differences between materials (P < 0.05). T30(S), the time required to reach 30% of
maximum Fv

′

/Fm
′

; T50(S), the time required to reach 50% of maximum Fv
′

/Fm
′

; T90(S), the time required to reach 90% of maximum Fv
′

/Fm
′

; IS300S, the induction state
of different light-demanding plants after 300 s light; IS600S, the induction state of different light-demanding plants after 600 s light; IS1200S, the induction state of different
light-demanding plants after 1,200 s light.

The NPQ of the sun plant E. breviscapus rose slower under
transient dynamic light, and the increased amplitude was smaller
under low light, while the increased amplitude was larger under
high light (Figures 2A–E). Conversely, the NPQ of shade plant
P. notoginseng increased faster under transient dynamic light and
had a larger value under low light but a smaller value under
high light (Figure 2). The intermediate plant P. kingianum was
located in between P. notoginseng and E. breviscapus (Figure 2).
In contrast, sun plant E. breviscapus exhibited significantly higher
values of T30, T50, T90, IS300S, IS600S, and IS1200S compared
with shade plant P. notoginseng (Table 2). During the dark
recovery period, the recovery degree of E. breviscapus was the
highest, followed by P. kingianum and finally by P. notoginseng.
The recovery degree of E. breviscapus was close to the initial
value at all light intensities, while that of P. notoginseng and
P. kingianum was lower. In short, the NPQ initiated by the shade
plant was larger in low light, while that of the sun plant was
weaker at this time. However, it was the opposite under high
light. This showed that the sun plant had a better photoprotective
ability, while the shade plant was more sensitive to transient
dynamic light changes.

Energy Distribution of PSII in Different
Light-Demanding Plants Under Transient
Light
The light energy absorbed by PSII of P. notoginseng,
P. kingianum, and E. breviscapus was mainly consumed through
the photochemical reaction pathway (Figures 3A,B) when
exposed to transient low light (50 and 100), while the remaining
energy was consumed through the NPQ pathway (Figures 3F,G)
and the fluorescence dissipation pathway (Figures 3K,L).
8PSII decreased with the increase in transient light intensity
when plants changed from a dark environment to transient

light (Figures 3A–E). The proportion of 8PSII was smaller
(Figures 3C–E) under high light (400, 800, and 1,600 µmol
m−2 s−1), while the proportion of 8NPQ increased gradually
with the increase in simulated light intensity (Figures 3H–J).
8f,d remained relatively stable under transient light conditions.
In addition, 8PSII and 8NPQ could not be restored to their initial
values when P. notoginseng, P. kingianum, and E. breviscapus
changed from simulated light to darkness, especially under
transient high light conditions (Figure 3). These results suggest
that plants dissipate energy mainly through 8PSII under low
light, and the proportion of 8NPQ and 8f,d was also greater. The
8NPQ was significantly higher under high light.

The 8PSII of the sun plant E. breviscapus was higher than shade
plant P. notoginseng at transient light conditions, while 8f,d was
slightly greater for the shade plant. However, the 8NPQ of the
shade plant was higher under low light, while it was greater for
the sun plant in high light. In addition, 8PSII, 8NPQ, and 8f,d of
the sun plant increased slower. The 8NPQ was lower than 8f,d
in the sun plant E. breviscapus under low light, while the 8NPQ
of the shade plant P. notoginseng was close to 8f,d. These results
indicate that although the light energy distribution of different
light-demanding plants was similar in general, the photochemical
efficiency of sun plants was relatively greater, and they were more
insensitive to changes in a transient dynamic light. While shade
plants were more sensitive to transient dynamic light changes, the
fluorescence dissipation was larger.

Changes of PSI Parameters in Different
Light-Demanding Plants Under Transient
Light
The light energy absorbed by the PSI was mainly distributed
to the quantum yield of photochemical energy conversion
[Y(I)] (Figures 4A,B) when exposed to transient low light
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FIGURE 2 | Effects of transient light on non-photochemical quenching (NPQ) (A–E) and photochemical quenching (qP) (F–J) in different light-demanding plants.
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TABLE 2 | Parameters of the non-photochemical quenching (NPQ) induction properties in P. notoginseng and P. kingianum and E. breviscapus studied.

Light intensity Species T30(S) T50(S) T90(S) IS300S IS600S IS1200S

50 P. notoginseng 25.244 ± 1.434 b 48.923 ± 2.478 b 132.264 ± 7.702 b 1.421 ± 0.184 b 1.105 ± 0.141 b 0.772 ± 0.112 a

P. kingianum 20.232 ± 0.458 c 41.969 ± 1.534 b 134.843 ± 12.926 b 1.180 ± 0.183 b 1.047 ± 0.102 b 0.887 ± 0.192 a

E. breviscapus 54.804 ± 2.321 a 92.195 ± 2.840 a 177.870 ± 8.322 a 2.213 ± 0.113 a 1.869 ± 0.207 a 1.137 ± 0.125 a

100 P. notoginseng 25.750 ± 2.550 b 51.177 ± 4.724 b 150.935 ± 11.494 a 1.676 ± 0.070 a 1.364 ± 0.114 a 0.900 ± 0.109 a

P. kingianum 22.663 ± 4.051 b 45.993 ± 7.906 b 162.940 ± 19.063 a 1.448 ± 0.107 ab 0.725 ± 0.096 b 0.448 ± 0.013 b

E. breviscapus 51.221 ± 2.602 a 85.553 ± 4.359 a 154.668 ± 7.941 a 1.180 ± 0.090 b 0.503 ± 0.037 b 0.361 ± 0.016 b

400 P. notoginseng 16.251 ± 1.431 c 37.491 ± 3.317 c 292.544 ± 28.944 a 2.064 ± 0.115 c 2.114 ± 0.124 c 2.173 ± 0.135 c

P. kingianum 21.754 ± 0.891 b 49.721 ± 2.017 b 349.009 ± 15.753 a 2.342 ± 0.057 b 2.473 ± 0.065 b 2.560 ± 0.081 b

E. breviscapus 31.617 ± 1.632 a 72.608 ± 3.139 a 299.924 ± 5.779 a 2.726 ± 0.043 a 2.955 ± 0.080 a 3.074 ± 0.078 a

800 P. notoginseng 13.750 ± 0.837 c 31.969 ± 1.941 c 275.164 ± 18.055 c 2.007 ± 0.055 b 2.072 ± 0.058 b 2.140 ± 0.055 b

P. kingianum 19.951 ± 0.889 b 46.144 ± 2.062 b 371.379 ± 21.118 b 2.228 ± 0.177 b 2.306 ± 0.178 b 2.379 ± 0.177 b

E. breviscapus 34.806 ± 1.034 a 79.003 ± 2.722 a 479.641 ± 12.339 a 3.237 ± 0.121 a 3.468 ± 0.123 a 3.564 ± 0.145 a

1600 P. notoginseng 17.796 ± 2.184 c 41.502 ± 5.085 c 372.313 ± 45.298 b 2.190 ± 0.090 b 2.261 ± 0.102 c 2.362 ± 0.113 c

P. kingianum 25.428 ± 1.251 b 60.650 ± 4.777 b 501.392 ± 27.202 a 2.486 ± 0.084 ab 2.683 ± 0.090 b 2.851 ± 0.073 b

E. breviscapus 49.484 ± 1.267 a 109.465 ± 2.890 a 590.046 ± 10.902 a 2.794 ± 0.125 a 3.228 ± 0.177 a 3.350 ± 0.168 a

The data in the table are mean ± SE (n = 5). Different letters indicate significant differences between materials (P < 0.05). T30(S), the time required to reach 30% of
maximum NPQ; T50(S), the time required to reach 50% of maximum NPQ; T90(S), the time required to reach 90% of maximum NPQ; IS300S, the induction state of
different light-demanding plants after 300 s light; IS600S, the induction state of different light-demanding plants after 600 s light; IS1200S, the induction state of different
light-demanding plants after 1,200 s light.

(50 and 100 µmol m−2 s−1). However, the light energy was
mainly distributed to Y(ND) (Figures 4H–J) under transient
high light. At the same time, the 1pH generated by CEF will
strengthen Y(ND), so Y(ND) has a positive correlation with CEF
(Figure 5). In addition, the proportion of quantum yield of non-
photochemical energy dissipation due to acceptor side limitation
[Y(NA)] (Figures 4K–O) was low at transient light conditions.
For the different light-demanding plants, Y(I) of the shade plant
P. notoginseng was lower than that of the sun plant E. breviscapus
at all light intensities, while Y(ND) held the opposite. In addition,
the response to transient light was faster in shade plants, and
Y(NA) was slightly higher in sun plants. These results suggest
that sun plants have relatively more photochemical efficiency of
PSI and are more retarded to changes in a transient dynamic
light. Shade plants were more sensitive to changes in transient
dynamic light and were more efficient at dissipating heat at
the donor terminal.

Effects of Transient Light on Electron
Transport Rate in Different
Light-Demanding Plants
The ETR(II), ETR(I), and CEF increased rapidly when plants
were exposed to transient light (Figure 6). The ETR(I) and
ETR(II) of sun plants were higher than shade plants at all
transient light levels (especially at high light) but rose more
slowly (Figures 6A–J). CEF was higher in shade plants in
low light, while it was significantly higher and rose more
slowly in sun plants in high light. Sun plant E. breviscapus
exhibited significantly higher values of T30, T50, T90, IS300S,
IS600S, and IS1200S than shade plant P. notoginseng (Table 3).
This indicates that high CEF was stimulated by transient light
to protect the photosystem from damage, and shade plants were
more sensitive to transient dynamic light changes. Meanwhile,
CEF and ETR(II) were positively correlated with NPQ, and

the correlation was highest for shade plants, followed by
intermediate plants, and lowest for sun plants (Figure 5). The
correlation between ETR(II) and NPQ was higher than that
between CEF and NPQ.

The chlorophyll fluorescence reached a maximum when
the dark-adapted plants were suddenly exposed to transient
light and then gradually decreased and stabilized. In contrast,
chlorophyll fluorescence increased transiently after turning off
photochemical light (AL), which was thought to be an NDH-
mediated CEF around PSI in higher plants (Sun et al., 2017;
Figures 7A–E). NDH-mediated CEF increased gradually with the
increase in light intensity. The CEF of shade plant P. notoginseng
was significantly higher under low light, while the CEF of sun
plant E. breviscapus was higher under high light conditions
(Figure 7F). These results suggest that NDH-mediated CEF
and CEF differed significantly among different light-demanding
plants, and the CEF was higher in the sun plant under high
light conditions.

Differences in the Redox Kinetics of P700
in Different Light-Demanding Plants
The transition of the P700 signal from the maximum oxidation
state to the reduced state was analyzed after the FR was turned
off (Figure 8). The slope of the curve (which can be expressed
by the size of the half-life) indicates the rate of CEF and reflects
the ability of cyclic electron transport. As shown in figure, the
half-life of P. notoginseng was significantly larger than that of
P. kingianum and E. breviscapus, indicating that shade plant
P. notoginseng had a lower capacity for cyclic electron transport.
The PQ pool of shade plant P. notoginseng was smaller, while
the PQ pool of sun plant E. breviscapus was significantly higher
(Figure 9). These results suggest that shade plants had a smaller
PQ pool, and electron transport is easy to saturate, which hinders
electron transport and results in a lower CEF in high light.
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FIGURE 3 | Effects of transient light on the quantum yield of PSII photochemistry (8PSII) (A–E) and quantum yield of 1pH, xanthophyll-regulated thermal energy
dissipation (8NPQ) (F–J), and constitutive thermal dissipation and fluorescence (8f,d) (K–O) in different light-demanding plants.
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FIGURE 4 | Effects of transient light on the quantum yield of photochemical energy conversion [Y(I)] (A–E) and quantum yield of non-photochemical energy
dissipation due to donor side limitation [Y(ND)] (F–J) and quantum yield of non-photochemical energy dissipation due to acceptor side limitation [Y(NA)] (K–O) in
different light-demanding plants.

Differences in Chlorophyll Fluorescence
Parameters at the Dawn of
Light-Demanding Plants
The minimal fluorescence from dark-adapted leaf (F0) and
maximal fluorescence from dark-adapted leaf (Fm) in the shade
plant P. notoginseng were significantly higher. However, the

maximum quantum efficiency of PSII photochemistry (Fv/Fm)
and P700 maximum fluorescence signal under dark adaptation
(Pm) were significantly lower than the sun plant E. breviscapus
(Figure 10). A higher Pm indicates that the amplitude of the
P700+ of the sun plant is higher than the shade plant. These
results suggest that the activities of PSI and PSII were lower in
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FIGURE 5 | Correlation between CEF and NPQ (A), CEF and Y(ND) (B), ETR(II) and NPQ (C) under different transient light intensity (Correlation was performed on
the points taken after 30 min of illumination).

shade plants, and this may be a reason why the photosystem was
easily inhibited under high light.

Changes of De-Epoxidation State in
Different Light-Demanding Plants Under
Transient Light
The de-epoxidation state of different light-demanding plants
increased rapidly when suddenly exposed to light, gradually
increased with the increase of light intensity, and then showed
a downward trend after turning to darkness (Figure 11). In
addition, the DES of shade plants was significantly higher than
the other two plants under low light (50 and 100 µmol m−2 s−1).
Under high light (400, 800, and 1,600 µmol m−2 s−1), the
DES of the sun plants was higher. This is consistent with the
change in NPQ. Meanwhile, DES was positively correlated with
NPQ, and the correlation was highest for sun plants, followed
by intermediate plants, and lowest for shade plants (Figure 12).
These results indicated that the sun plants initiated a greater
lutein cycle under high light and had greater photoprotection.

DISCUSSION

Sun Plants Show Greater Photochemical
Efficiency While Shade Plants Are More
Sensitive to Dynamic Light
Non-photochemical quenching is the most effective first line of
defense for plants to dissipate excess light energy and to exert

photoprotection (Maxwell and Johnson, 2000; Demmig-Adams
et al., 2012; Wei et al., 2020). Sun plant Magnolia grandiflora
possesses greater NPQ in high light, which effectively protects
photosynthetic apparatus from photodamage (Valladares et al.,
2002). Although shade plant Psychotria asiatica also exhibits
relatively higher NPQ under high light, PSI and PSII are still
severely photoinhibited (Huang et al., 2015). NPQ and 8NPQ
increased rapidly when different light-demanding plants were
exposed to simulated dynamic light (Figures 2A–E, 3F–J), which
is consistent with the results suggested by Tausz et al. (2005) and
Zhang et al. (2021) that NPQ plays an important protective role
in plants exposed to transient light conditions. A larger NPQ
in low light (50 and 100 µmol m−2 s−1), accompanied by a
lower qP (Figures 2A,B,F,G), indicated that declined Fv

′

/Fm
′

of the shade plant P. notoginseng results in low photochemical
efficiency under transient low light conditions (Figures 1A,B).
Both NPQ and qP were larger in the sun plants under high light
(400, 800, and 1,600 µmol m−2 s−1) (Figures 2C–E,H–J). In
addition, the change in NPQ is consistent with the change in
DES, and NPQ is positively correlated with DES under simulated
dynamic light (Figure 12). These results suggest that the V
cycle is activated in different light-demanding plants and that
it is positively correlated with NPQ. Meanwhile, Fv

′

/Fm
′

was
strongly inhibited in different light-demanding plants, but sun
plants still maintained a relatively higher Fv

′

/Fm
′

(Figures 1C–E),
suggesting that the photochemical efficiency and photoprotective
capacity of the sun plants were greater under transient high
light. The NPQ of shade plants increased faster than the others
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FIGURE 6 | Effects of transient light on electron transport rate in PSI [ETR(I)] (A–E) and electron transport rate in PSII [ETR(II)] (F–J) and cyclic electron transport
(CEF) (K–O) in different light-demanding plants.
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TABLE 3 | Parameters of the cyclic electron flow (CEF) induction properties in P. notoginseng and P. kingianum and E. breviscapus studied.

Light intensity Species T30(S) T50(S) T90(S) IS300S IS600S IS1200S

50 P. notoginseng 7.676 ± 0.546 b 17.150 ± 0.812 b 67.674 ± 0.416 b 4.020 ± 0.196 a 3.380 ± 0.128 a 2.520 ± 0.102 a

P. kingianum 5.135 ± 0.367 b 10.968 ± 0.478 c 71.925 ± 1.071 b 3.480 ± 0.146 b 2.820 ± 0.073 b 2.120 ± 0.153 b

E. breviscapus 46.453 ± 1.288 a 77.422 ± 2.146 a 135.559 ± 3.947 a 2.320 ± 0.124 c 1.580 ± 0.128 c 1.040 ± 0.093 c

100 P. notoginseng 6.733 ± 0.548 c 13.728 ± 0.939 c 53.766 ± 1.722 c 7.040 ± 0.140 a 6.920 ± 0.150 a 6.360 ± 0.172 a

P. kingianum 11.561 ± 0.730 b 22.571 ± 1.222 b 63.560 ± 1.697 b 7.780 ± 0.262 a 6.740 ± 0.262 a 4.880 ± 0.242 b

E. breviscapus 59.390 ± 1.718 a 98.783 ± 1.901 a 176.769 ± 4.232 a 7.060 ± 0.343 a 5.600 ± 0.167 b 4.480 ± 0.136 b

400 P. notoginseng 5.192 ± 0.172 b 10.486 ± 0.413 c 29.296 ± 1.211 c 5.920 ± 0.107 c 6.840 ± 0.204 c 10.420 ± 0.599 b

P. kingianum 6.357 ± 0.443 b 13.126 ± 0.824 b 52.286 ± 2.008 b 11.700 ± 1.233 b 9.800 ± 0.445 b 11.400 ± 0.661 b

E. breviscapus 19.705 ± 0.641 a 36.905 ± 0.500 a 105.052 ± 3.298 a 17.940 ± 0.783 a 27.340 ± 0.787 a 31.020 ± 1.360 a

800 P. notoginseng 5.129 ± 0.255 c 7.377 ± 0.422 c 33.122 ± 2.784 c 6.060 ± 0.586 c 8.960 ± 0.571 b 11.580 ± 0.731 c

P. kingianum 9.196 ± 0.331 a 19.344 ± 0.718 a 78.431 ± 1.831 a 17.420 ± 1.391 b 18.560 ± 0.539 a 22.620 ± 1.273 b

E. breviscapus 7.826 ± 0.307 b 14.955 ± 0.398 b 58.349 ± 2.764 b 23.740 ± 1.429 a 20.180 ± 0.862 a 30.300 ± 1.455 a

1600 P. notoginseng 1.922 ± 0.116 b 5.192 ± 0.126 c 20.327 ± 1.352 b 17.980 ± 1.565 b 14.120 ± 1.012 c 16.140 ± 1.148 b

P. kingianum 2.676 ± 0.184 b 6.146 ± 0.269 b 35.087 ± 1.797 a 20.220 ± 1.399 b 20.320 ± 1.693 b 20.540 ± 1.869 b

E. breviscapus 5.741 ± 0.487 a 8.331 ± 0.290 a 24.894 ± 1.795 b 31.000 ± 1.404 a 35.820 ± 2.038 a 51.580 ± 1.306 a

The data in the table are mean ± SE (n = 5). Different letters indicate significant differences between materials (P < 0.05). T30(S), the time required to reach 30%
of maximum CEF; T50(S), the time required to reach 50% of maximum CEF; T90(S), the time required to reach 90% of maximum CEF; IS300S, the induction state of
different light-demanding plants after 300 s light; IS600S, the induction state of different light-demanding plants after 600 s light; IS1200S, the induction state of different
light-demanding plants after 1,200 s light.

under transient light conditions, and it takes less time to reach
the maximum value (Figures 2A–E and Table 2), which may be
related to the PsbS as suggested by Johnson and Ruban (2010,
2011). This indicates that the NPQ of shade plants is more
sensitive to changes in light intensity. Thus, sun plants show
greater photochemical efficiency and photoprotective capacity
in high light conditions, contributed by higher photochemical
quantum efficiency of PSII and NPQ, while the NPQ of shade
plants is more sensitive to changes in a dynamic light.

The NPQ of different light-demanding plants decreased
obviously after the transition from light to darkness, whereas
Fv
′

/Fm
′

and qP increased significantly (Figures 1, 2). Fv
′

/Fm
′

and
NPQ hardly returned to the initial state, especially in transient
high light conditions. A possible explanation is that the relaxation
rate of NPQ lags behind the induction rate and is exacerbated
by long-term exposure to high light conditions (Pérez-Bueno
et al., 2008) so that NPQ inhibits photosynthetic quantum yield
after the light-dark transition (Murchie and Niyogi, 2011). The
recovery of Fv

′

/Fm
′

and NPQ was closer to the initial value in
the sun plant E. breviscapus than the shade plant P. notoginseng.
This may be due to the fact that sun plants exhibit a higher
PSII activity and a greater photoprotection under dynamic light
conditions (Sato et al., 2014), resulting in a fast recovery of
Fv
′

/Fm
′

and NPQ.

More Light Energy Is Allocated to 8PSII in
Sun Plants, While Relatively More Light
Energy Is Allocated to 8f,d in Shade
Plants
It has been commonly accepted that light energy absorbed
by plants is allocated into a quantum yield of 1pH and
xanthophyll-regulated thermal energy dissipation (8NPQ), the
quantum yield of PSII photochemistry (8PSII), and constitutive

thermal dissipation and fluorescence (8f,d). In sun plant grape
(V. vinifera) and rice (O. sativa), 8PSII and 8f,d are smaller
and 8NPQ is larger under high light conditions, suggesting that
most of the light energy absorbed by plants under high light
conditions is safely dissipated in the form of NPQ (Hendrickson
et al., 2004; Ishida et al., 2014). This is consistent with the
result obtained in this study that a larger 8NPQ was observed
in P. notoginseng, P. kingianum, and E. breviscapus (Figure 3).
Notably, 8PSII was larger in sun plants than shade plants when
they were exposed to transient light (Figures 3A–E), and this may
be related to the photochemical efficiency. Fv

′

/Fm
′

was higher in
sun plants when exposed to dynamic light (Figure 1), indicating
that the captured light energy is more used for the formation
of photochemical reduction force to contribute higher 8PSII.
Furthermore, 8f,d was higher in shade plants (Figures 3K–O).
Shade plant requires a larger 8f,d for energy dissipation due to
lower PSII activity and the limited NPQ. 8f,d reflects the excess
excitation energy released by singlet chlorophyll molecule (1Chl)
through the triplet pathway (Verhoeven et al., 1997). When light
energy is in excess, 1Chl is transited to the triplet chlorophyll
molecule (3Chl), and 3Chl interacts with O2 to form toxic
reactive oxygen species (ROS) (O2−, H2O2, etc.). These ROS
might cause damage to the photosynthetic apparatus (Xu et al.,
1999). The photochemical efficiency and non-photochemical
heat dissipation capacity of shade plants are relatively lower due
to the decelerated Fv

′

/Fm
′

and NPQ, and shade plant is more
likely to cause photooxidative damage when suddenly exposed
to high light. In addition, the rate of PSII recovery depends on
the intensity of incident light and the dissipation of light energy
(Takahashi and Murata, 2008). When exposed to transient high
light, sun plants showed higher 8PSII than shade plants after the
dark recovery due to greater photochemical efficiency and non-
photochemical dissipation (Figure 3). Similar results have been
observed in Haberlea rhodopensis when exposed to transient light
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FIGURE 7 | Effects of different plants in different light intensities on post-illumination. The P. notoginseng (indicated in blue) and P. kingianum (indicated in green) and
E. breviscapus (indicated in red) was measured in simulated dynamic light of 50 µmol m−2 s−1 (A), 100 µmol m−2 s−1 (B), 400 µmol m−2 s−1 (C), 800 µmol m−2

s−1 (D) and 1600 µmol m−2 s−1 (E) respectively. Arrows indicate the timing of on and off points of measuring light (ML), actinic light (AL). Insets are magnified traces
from the boxed area of transient increase. Panel (F) is the slope of Post-illumination.

(Durgud et al., 2018). Therefore, the light energy captured by sun
plants is dissipated mainly through 8PSII and 8NPQ, while that
by shade plants is from 8f,d.

Greater Cyclic Electron Flow Is Initiated
to Confer Photoprotection in Sun Plants
Under Transient High Light, While Larger
Y(ND) Protect PSI in Shade Plants
Photochemistry of PSII and Y(I) reflect the actual capture
efficiency of primary light energy of PSII and PSI and are relative

indexes of the speed of photosynthetic electron transport rate
(Zhang et al., 2015). They were lower in shade plants than in
sun plants when they were suddenly exposed to transient light
(Figures 3A–E, 4A–E), suggesting that electron transport rates in
PSI and PSII [ETR(I) and ETR(II)] were lower in shade plants
(Figures 6A–J). Elevated Y(ND) in shade plants led to reduced
electron transport to PSI, resulting in reductions in ETR(I)
and ETR(II) (Figures 6A–J). Meanwhile, larger Y(ND) indicates
a higher proportion of oxidation state P700, which dissipates
excess light energy at the PSI to protect itself (Klughammer and
Schreiber, 2008; Stirbet and Govindjee, 2011). Y(NA) is lower
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FIGURE 8 | P700+ re-reduction curves of the P. notoginseng (indicated in blue), P. kingianum (indicated in green), and E. breviscapus (indicated in red). Arrows
indicate the timing of on and off points of far-red light (FR). (A) P700+ Re-reduction curves. (B) Enlarged display of normalized P700 signal after FR light was
removed.

FIGURE 9 | Photochemical quenching (PQ) pool curves of the P. notoginseng (indicated in blue), P. kingianum (indicated in green), and E. breviscapus (indicated in
red). The P700 signal was determined during single turnover flashes (ST, 50 ms, PQ pool being oxidized) followed by multiple turnover flashes (MT, 50 ms, PQ pool is
fully reduced). (A) PQ pool curves. (B) The ratio of MT area/ST area is used to estimate the size of functional PQ pools.

on the receptor side of the shade plants, indicating that PSI
is inhibited due to the over-reduction on the receptor side of
PSI (Nuijs et al., 1986). The higher Y(NA) can lead to a lower

FIGURE 10 | Chlorophyll fluorescence parameters at the dawn of
P. notoginseng (indicated in blue), P. kingianum (indicated in green), and
E. breviscapus (indicated in red). Different letters indicate significant
differences (P < 0.05).

rate of linear electron transport (Stirbet and Govindjee, 2011).
However, the ETR(I) and ETR(II) of sun plant E. breviscapus
remained higher when Y(NA) was larger, which was associated
with a higher Y(I) and a lower Y(ND), resulting in an increased
electron transfer rate and an increase in the number of electrons
transferred to PSI. PSI is more stable than PSII, and the rapid
electron transport of PSI in sun plants shows that the increase in
Y(NA) is not caused by photodamage (Ballottari et al., 2007). The
larger PSI activity (Figure 10) and 8PSII of sun plants led to larger
Y(I), and thus this might confront high excitation pressure at the
PSI receptor, increasing Y(NA). Therefore, sun plants enhance
Y(NA) to avoid photodamage to PSI and to maintain the original
photochemical efficiency. Meanwhile, low Y(ND) in sun plants
promoted electron transport to PSI, inducing the increases in
ETR(I) and ETR(II) (Figures 6A–J). The results obtained in this
study showed that sun plants have a higher quantum yield and
electron transport rate to dissipate light energy when they are
suddenly exposed to transient light, while shade plants protect
PSI by enhancing Y(ND).

As NPQ is triggered by a proton gradient across the
thylakoid membrane (1pH), the capacity of NPQ to protect
PSII is limited as 1pH has a threshold (Horton and Ruban, 1992;
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FIGURE 11 | Effects of transient light on xanthophylls de-epoxidation state (DES) (V+A/V+A+Z) in different light-demanding plants. The P. notoginseng (blue) and P.
kingianum (green) and E. breviscapus (red) were induced for 30 min in dynamic light of 50 µmol m−2 s−1 (A), 100 µmol m−2 s−1 (B), 400 µmol m−2 s−1 (C),
800 µmol m−2 s−1 (D) and 1600 µmol m−2 s−1 (E) respectively, and then dark recovery was conducted for 30 min.

Ruban and Belgio, 2014; Giovagnetti et al., 2015). Thus, in
addition to NPQ, CEF around PSI is the other major protective
mechanism of the photosystem under excess light energy (Ivanov
et al., 2017; Pinnola and Bassi, 2018). CEF can compensate for
ATP deficiency by transferring electrons from PSI to PQ, thus
allowing proton transfer to the cystoid lumen without reducing
NADP+ and establishing a high trans-cystoid proton gradient
(1pH) (Munekage et al., 2002; Yamori and Shikanai, 2016). In
this study, CEF was rapidly elevated in shade plant P. notoginseng,
intermediate plant P. kingianum, and sun plant E. breviscapus
when they were suddenly exposed to transient light. However, the
CEF of sun plants was larger than shade plants under transient
high light conditions (Figures 6K–O). This may be related to
the greater slope of post-illumination (Figure 7), P700 dark

reduction rate (Figure 8), and PQ pool (Figure 9). The larger
slope of post-illumination and higher P700 dark reduction rate
promote the rate of cyclic electron transport, and the higher
PQ pool accumulates more electron carriers (Lu et al., 2019),
resulting in a higher CEF of sun plants to protect the photosystem
from damage. A higher Pm indicates a higher amplitude of P700+
in sun plants (Figure 10), which also causes a larger CEF. The
larger qP (Figures 2F–J) in sun plants led to a larger number of
primary electron receptors in the reduced state when suddenly
exposed to transient light. This can be used as a signal to activate
CEF, thus promoting the formation of 1pH and alleviating the
over-reduction of PSI electron carriers (Kramer et al., 2004;
Goltsev et al., 2016; Yang et al., 2019b). Furthermore, higher
values of T30, T50, and T90 in sun plant E. breviscapus (Table 3)
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FIGURE 12 | Correlation between NPQ and xanthophylls de-epoxidation state (DES) in P. notoginseng (A) and P. kingianum (B) and E. breviscapus (C).

FIGURE 13 | A model was proposed for the photoprotection strategy of shade plant and sun plant under dynamic light conditions. Sun plants had higher NPQ and
CEF for photoprotection under transient high light, and mainly dissipate energy through 8PSII and 8NPQ. While shade plants have a higher 8f,d and a larger the heat
dissipation efficiency of PSI donor. Blue arrows represent linear electron transport, red arrows represent cyclic electron transport, orange arrows represent
distribution of light energy, green arrows represent NPQ.
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indicated that E. breviscapus is relatively insensitive to changes in
light intensity. In summary, the CEF of sun plants is larger under
transient high light conditions, while shade plants more quickly
respond to changes in light intensity.

The increase in CEF (Figures 6K–O) was accompanied by
a significant increase in NPQ (Figures 2A–E), and there was
a significant positive correlation between the two parameters
(Figure 5A). In addition, ETR(II) had a significant positive
correlation with NPQ (Figure 5C), suggesting that the 1pH
produced by ETR(II) and CEF activates the NPQ pathway,
dissipating excessive excitation energy and reducing damage to
photosynthetic apparatus (Huang et al., 2011; Li and Zhang,
2015; Fan et al., 2016). The correlation between ETR(II) and
NPQ is higher than that between CEF and NPQ, indicating that
ETR(II) has a higher contribution to the buildup of NPQ. It
has been shown that 1pH produced by CEF not only increases
ATP synthesis but also balances the rate of ATP and NADPH
generated by linear electron transport (Shikanai, 2007; Huang
et al., 2011). These would promote the oxidation of P700
to prevent over-reduction of the PSI receptor side (Shikanai,
2007; Huang et al., 2011; Li and Zhang, 2015) and inhibit
photodamage to PSII by protecting the activity of the oxygen-
evolving complex (OEC) (Takahashi et al., 2009). Shade plants
have a greater ratio of oxidation state P700 (P700+) [Y(ND)]
under transient light (Figures 4F–J), and CEF has a correlation
with Y(ND) in the shade plants (Figure 5B). This indicates
that the close cooperation between CEF and NPQ increases the
P700+ ratio in shade plants, thus preventing the over-reduction
of the photosynthetic electron transport chain (Li and Zhang,
2015). Meanwhile, such a higher 1pH in shade plants owing to
lower activity of chloroplast ATP synthase not only helps the
photoprotection for OEC in PSII but also fine-tunes the redox
state of PSI. It has been reported that Eupatorium adenophorum
and Cersus cerasoides adapt to a dynamic high-light environment
by enhancing CEF (Wang et al., 2004; Yang et al., 2019b).
This is consistent with the greater CEF recorded in sun plant
E. breviscapus due to its growth under full sunlight, while CEF
in shade plants is lower due to their growth under shade. In
short, the greater CEF in sun plants makes them have vigorous
photoprotection under transient high light.

CONCLUSION

Plants rapidly activate NPQ and CEF to dissipate excess light
energy and operate photoprotection when suddenly exposed to
dynamic light. NPQ is more active and CEF is initiated more

readily in shade plants under transient light. Sun plants show
higher NPQ and CEF for photoprotection under transient high
light, which shows that they can optimize their performance
in high light. In addition, sun plants mainly dissipate energy
through 8PSII and 8NPQ under transient dynamic light and
have a larger PSI quantum yield. While shade plants have
a higher 8f,d and a larger heat dissipation efficiency of PSI
donor. A model has been proposed for the photoprotection
strategy of shade plants and sun plants under dynamic light
conditions (Figure 13). In short, the photochemical efficiency
and photoprotective capacity are greater in sun plants under
transient dynamic light, while shade plants respond more quickly
to transient dynamic light. However, the findings of this study
need to be further verified because the investigation was only
conducted on the three species, namely, shade-tolerant species
P. notoginseng, intermediate species P. kingianum, and sun-
demanding species E. breviscapus.
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