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Abstract

Plants in their natural environment are often exposed to fluctuating light because of self-shading and cloud movements. As
changing frequency is a key characteristic of fluctuating light, we speculated that rapid light fluctuation may induce rapid
photosynthetic responses, which may protect leaves against photoinhibition. To test this hypothesis, maize seedlings were
grown under fluctuating light with various frequencies (1, 10, and 100 cycles of fluctuations/10 h), and changes in growth,
chlorophyll content, gas exchange, chlorophyll a fluorescence, and P700 were analyzed carefully. Our data show that though
the growth and light-saturated photosynthetic rate were depressed by rapidly fluctuating light, photosynthesis induction was
clearly speeded up. Furthermore, more rapid fluctuation of light strikingly reduced the chlorophyll content, while thermal
dissipation was triggered and enhanced. The chlorophyll a fluorescence induction kinetics and P700 absorption results showed
that the activities of both photosystem II and photosystem I decreased as the frequency of the fluctuating light increased. In
all treatments, the light intensities of the fluctuating light were kept constant. Therefore, rapid light fluctuation frequency
itself induced the acceleration of photosynthetic induction and the enhancement of photoprotection in maize seedlings, which
play important roles in protecting photosynthetic apparatus against fluctuating high light to a certain extent.
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Introduction

Light is not only a driving force for photosynthesis, but
also an important environmental factor affecting plant
growth. In the field, plants are often exposed to a fluctuat-
ing light environment for periods extending from seconds
to hours because of self-shading and cloud movements
(Evans 2013; Smith and Berry 2013; Slattery et al. 2018).
Though the light intensity and frequency are key charac-
teristics of fluctuating light, more attention has been paid
to influences of the transient changes in light intensity on
photosynthesis (Kiilheim et al. 2002; Soleh et al. 2016;
Kaiser et al. 2018; Slattery et al. 2018; Yamamoto and
Shikanai 2019). Upon the transition of plants from high
to weak light, the decay of photosynthesis occurs within
seconds (Soleh et al. 2016; Kaiser et al. 2018; Slattery
et al. 2018). When high light is regained after a period of
weak light, leaf photosynthetic electron transport responds
almost instantaneously, while stomatal conductance and
activities of enzymes show lagging responses (Lawson
et al. 2012; Kaiser et al. 2018). The delay in stomata
opening and enzyme activation reduces photosynthetic
rate below the steady-state potential (Lawson et al. 2012;
Kaiser et al. 2018).

As the rate of photosynthesis is lower under fluctuat-
ing light than steady-state conditions, it can result in an
increase of absorbed excitation energy that cannot be uti-
lized by photochemistry (Lawson et al. 2012; Shimakawa
and Miyake 2018). When plants capture more light than
they can utilize in photosynthesis, the excessive excita-
tion energy may induce photoinhibition of photosynthesis
(Takahashi et al. 2009; Zhang et al. 2012; Dietz 2015;
Kaiser et al. 2015). To avoid photoinhibition, higher
plants dissipate excessive excitation energy through non-
photochemical quenching (NPQ) that responds quickly to
changes in light (Logan et al. 1998; Dietz 2015; Kaiser
et al. 2015; Vialet-Chabrand et al.2017). Mutants lacking
the photosystem II subunit S protein (PsbS) are specifi-
cally defective in NPQ, are more sensitive to high light
upon transition of plants from weak to high light, and
show decreased fitness under fluctuating light conditions
(Kiilheim et al. 2002). In addition, the reduction in NPQ
due to decreasing cyclic electron transfer in pgr5 mutants
exacerbates their sensitivity to the transition of plants from
weak to high light, and stunts their growth (Suorsa et al.
2012; Yamamoto and Shikanai 2019).

Beside transient changes in light intensity, the other
key characteristic of a fluctuating light environment is
the frequency at which the fluctuation occurs. More fre-
quent fluctuating light breaks the continuity of high light
exposure and shortens the duration of steady-state photo-
synthesis, which may further restrict the photosynthetic
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carbon fixation. More importantly, leaf photosynthetic rate
does not rapidly recover to its maximum steady-state level
when high light returns after a period of weak light, but
increases gradually over several minutes to approach a new
steady state (Soleh et al. 2016; Kaiser et al. 2018; Slat-
tery et al. 2018). During this process, a large amount of
excessive excitation energy has to be safely dissipated by
photoprotective mechanisms as quickly as possible. Oth-
erwise, photoinhibition would occur unavoidably. It seems
that rapid photosynthetic responses to transient changes
in light intensity may benefit plants in acclimating to a
fluctuating light environment. Accordingly, we wondered
whether more frequent fluctuating light could induce
a more rapid response of photosynthesis in plants, and
whether the rapid photosynthetic responses play impor-
tant role in protecting photosynthetic apparatus against
fluctuating high light. To test this hypothesis, the effects of
various frequencies of light fluctuation on photosynthetic
induction and photoprotective mechanisms were investi-
gated in maize seedlings.

Materials and methods
Plant materials and light treatments

Experiments were carried out between May and June in
2018 and 2019 at the Institute of Botany, Chinese Academy
of Sciences. The germinated maize (zhendan 958) seeds
were sown in pots (21 cm in diameter, 21 cm in height), and
about three quarters of each pot was filled with a mixture
of loess and peat (1:1). The seedlings (1 plant per pot) were
first cultured for 1-week outdoors, where the light intensity
at midday was about 1600 =200 pmol photons m~2s~!, and
a mean day/night temperature was about 33/23 °C. Then,
the 1-week seedlings (45 leaf stage) were transferred to a
greenhouse with heavy shading (<2% light transmittance).

In the greenhouse, the light intensity, which was con-
trolled by LED (Philips) using a programmable control-
ler (DELIXI, China), fluctuated between two irradiances,
following a square wave function (Fig. 1). The high light
was, in each case, 1600 pmol photons m~2 s~!; the weak
light was 50 pmol photons m~2 s~!. Maize seedlings (4—5
leaf stage) were divided into 3 treatments. In the first
treatment (7T cp/101)» Seedlings were exposed alternately
to high light (1600 pmol photons m~2 s~!) for 300 min
and then to weak light (50 pmol photons m~2 s~!) for
300 min (1 cycle of fluctuation/10 h); in the second treat-
ment (T;ycp/101n)> Seedlings were subjected alternately to
high light and weak light every 30 min (10 cycles of fluc-
tuations/10 h); in the third treatment (7'gocp/10 1), Seed-
lings were exposed alternately to high light and weak light
every 3 min (100 cycles of fluctuations/10 h). The day
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Fig. 1 Fluctuating light regimes. During the 10 h photoperiod, pho-
tosynthetic photon flux density was switched between 1600 and
50 pmol photons m™ s~! by a programmable controller. The duration
of the high and low light periods was 300 (a), 30 (b), and 3 (c¢) min
with equal duration of the high light and the low light

length in all experiments was 10 h and the temperature was
controlled at 32 +2 °C during the daytime and 22 +2 °C
during the night time. The ambient relative humidity was
70%. In the experiments, water and slow-release fertilizer
were supplied sufficiently throughout to avoid any poten-
tial nutrient and drought stresses. Every treatment had at
least ten replicates. Two weeks later, newly fully expanded
leaves of maize seedlings (8-9 leaf stage) were used for
all measurements.

Measurement of plant growth and chlorophyll
content

Whole seedlings were carefully washed out of pots and fresh
weigh (FW) was determined first, and then dry weights
(DW) was measured after drying in an oven at 80 °C for
48 h. Leaf area was determined using an AM 100 leaf area
meter (ADC, Bioscientific Ltd., Hoddesdon, UK).

Twenty leaf disks of 6 mm in diameter were collected
from the newly fully expanded leaves. Chlorophylls a and
b were extracted with 80% acetone and quantified using the
method of Arnon (1949) and a UV-120 system spectropho-
tometer (Shimadzu Scientific Instruments, Kyoto, Japan).

Measurement of gas exchange

With maize seedlings, gas exchange was measured at ambi-
ent CO, concentration (380-400 pmol mol™"), 70-80% rela-
tive humidity and ambient temperature using a CIRAS-2
portable photosynthesis system (PP Systems, USA). Photo-
synthetic photon flux density (PFD) was fixed every 10 min
in a sequence of 2000, 1600, 1200, 800, 600, 400, 300, 200,
150, 100, 50, and 0 pmol photons m~2 s~!. Light inten-
sity was controlled by the automatic control device of the
CIRAS-2 photosystem. The net photosynthetic rate (P,) and
other parameters were recorded.

Gas exchange was recorded every 5 s during photosyn-
thetic induction under high light (1600 pmol-m~2s~"). The
recording was continued until the photosynthetic rates lev-
eled off as a maximum steady-state photosynthetic rate was
reached. Then, the high light was interrupted by weak light
(50 pmol photons m~2s7!) for 3 or 30 min. Thereafter, high
light (1600 pmol photons m~2 s™!) was turned on to induce
photosynthesis. In these studies, at least six replicates were
measured for each treatment.

Measurement of chlorophyll a fluorescence
induction kinetics

After finishing light treatments (T';cg/ 101 LiocEion and
T00cron) as described above, chlorophyll a fluorescence
induction kinetics was measured by a plant efficiency ana-
lyzer (HandyPEA, UK) in dark-adapted (30 min) samples
with high red light (3000 pmol photons m~2 s~!). Fluores-
cence transients were recorded during a 1 s light pulse. Each
polyphasic rise of fluorescence transient (OJIP curve) was
analyzed according to the JIP-test (Strasser et al. 1995). The
following original data were retained: maximum fluores-
cence intensity (F,,), the fluorescence intensity at 20 ps con-
sidered as minimum intensity (), the fluorescence intensity
at 2 ms (J step) and 30 ms (I step). The variable chlorophyll
fluorescence yield (F,, defined as F,, — F,), the maximum
quantum Yyield of photosystem Il (F\/F,=1—FF,,), the
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efficiency at which a trapped exciton can move an electron
further than Q,~ in the electron transport chain (y,) and
the probability that an absorbed photon will move an elec-
tron into the electron transport chain (¢g,) were calculated
according to Strasser et al. (1995).

Measurement of chlorophyll a fluorescence
quenching

Chlorophyll a florescence quenching was measured at room
temperature (25 °C) using a Pulse-modulated Fluorimeter
(FMS, Hansatech, UK) with attached maize leaves. The
maximum quantum yield (F,/F,,) was determined in fully
dark-adapted (2 h) leaves. After determining the initial
chlorophyll fluorescence yield (F,) under low modulated
measuring light, a 0.7 s pulse of saturating “white light”
(> 8000 pmol photons m~2 s~!) was applied to obtain the
maximum chlorophyll yield (F,,) and F,/F . The fluores-
cence measurement protocol was as follows: dark-adapted
leaves were continuously illuminated by actinic light from
the FMS-2 light source. The actinic light intensity was
1600 pmol photons m~2 s~!. The steady-state fluorescence
levels (F) and the maximum chlorophyll yield in the light-
adapted state (F,") during exposure to actinic light were
recorded; after the actinic light had been switched off,
far-red light was applied for the determination of the F'.
The efficiency of excitation captured by open PSII centers
(F,'IF,, defined as (F,,,'— F,")/F,,"), photochemical quench-
ing coefficient (¢, defined as (F,,' = F)/(F,,'— F,"), actual
PSII efficiency (@pgy, defined as (F,,,'— F)/F,,") and non-
photochemical quenching (NPQ, defined as F, /F,'— 1) were
calculated according to Genty et al. (1989) and Maxwell
et al. (2000).

Measurement of the redox state of P,,,

After finishing light treatments (T cg/10 1 1iocE/i0 1 and
T\00crion) as described above, the redox state of P700 was
determined in vivo in dark-adapted (30 min) maize leaves
under growth temperature and ambient O, and CO, condi-
tions using a PAM-101 modulated fluorometer with a dual-
wavelength emitter-detector ED-P700DW unit and PAM-
102 units (Klughammer and Schreiber 1994) as described
in detail by Schreiber and Klughammer (2008). Far-red light
was provided by an FL-101 light source. The redox state
of P700 was evaluated as the absorbance change around
820 nm in a custom-designed cuvette.

Statistical analysis
Data were analyzed by one-way ANOVA using SPSS (ver-

sion 22). The significant differences between the means were
determined through least significant difference (Tukey and

@ Springer

Nonparametric) test. Unless otherwise indicated, signifi-
cant differences among different treatments were given at
P <0.05. Plots and curves were performed using SigmaPlot
12.5.

Results

Effects of frequent fluctuation of light intensity
on growth and chlorophyll content

With increasing frequency of light fluctuation (from 1 to 100
cycles of fluctuations/10 h), the growth of maize seedlings
decreased gradually, reflected by plant height and biomass.
Compared with Tcp/0p, the decrease in growth was not
statistically significant under 7';ycg/ 1, treatment (Fig. 2a—c),
while T'gocp/10 1 Induced significant declines in plant height
and biomass. Under Tyycp/1o  treatment, the dry weight
was decreased by 50% (Fig. 2c). These data indicate that
increasing frequency of fluctuating light resulted in a dis-
tinct decrease in plant growth. Yet, there was no statistically
significant in leaf area of maize seedlings as the frequency
of the fluctuating light increased (Fig. 2d).

With more frequent light fluctuation, the chlorophyll 4,
chlorophyll b and total chlorophyll contents decreased signif-
icantly, while the ratio of chlorophyll a/b increased slightly
(Fig. 3). Therefore, increasing the frequency of fluctuating
light noticeably reduced the chlorophyll content, especially
that of chlorophyll b.

Effects of frequent fluctuation of light intensity
on photosynthetic capacity

As shown in photosynthetic light-response curves (Fig. 4),
maize seedlings grown under fluctuating light had a gradual
decrease in the light-saturated photosynthesis rate as the fre-
quency of fluctuation increased. Compared with T}/ ps
the light-saturated photosynthetic rate (P,) decreased by
11% and 18% in T'ocp/10n a0d Tigocp/10 p treatments, respec-
tively (Fig. 4). These data demonstrate that more frequent
light fluctuation limits the photosynthetic capacity of maize
seedlings.

Effects of frequent fluctuation of light intensity
on photosyntheticinduction

In addition to photosynthetic capacity, we also determined
photosynthetic induction of maize seedlings grown under
various light treatments. After reaching their steady-state
photosynthetic rate under high light, maize leaves in all
treatments were exposed to weak light for 3-min, and then
photosynthesis was re-induced by high light. Photosynthesis
induction curves are shown in Fig. 5a. To exactly exhibit
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the state of photosynthesis, the induction state of photo-
synthesis was calculated by expressing photosynthetic rate
at any given time as a percentage of the steady-state and
light-saturated photosynthetic rate (Fig. 5b). As shown in
Fig. 5, photosynthetic induction in maize leaves of T;cp/10n
treatment was the slowest among all treatments after 3-min
weak light break; as the frequency of fluctuation increased,
the induction of photosynthesis was speeded up visibly. In
T1ocrnon and Tgocprion treatments, it took about 2 and 1 min
to reach the maximum photosynthetic rate, respectively

(Fig. 5b). Moreover, the difference in photosynthetic induc-
tion times was statistically significant. In addition, our data
also show that the induction of photosynthetic rate was more
rapid than stomatal conductance after a 3-min weak light
break (Fig. 5c): for a given G, P, was greater at a greater
frequency of fluctuating light.

To further test the above results, steady-state photo-
synthesis in all treatments was induced by high light after
transferring maize seedlings from 30-min weak light. For
all treatments, photosynthesis was re-induced gradually to
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inset shows the light-saturated photosynthetic rate (Pg,) in various
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denotes statistically significant (P <0.05) differences between treat-
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their maximum values (Fig. 6). In T cg/10n @nd T'jocr/10 1
treatments, it took about 10 and 6 min to reach the maximum
values, respectively; while the maximum photosynthetic
rate was induced in about 4 min in the 7'y o1, treatment
(Fig. 6b). Thus, photosynthetic induction time in T’ ycp/1o 1,
and T’ gocp0n Was shortened by 40% and 60%, respectively,
compared with T g/ 0, We noted that the difference in
photosynthetic induction times was statistically significant.
As shown in Fig. 6c, after a 30-min weak light break, the
photosynthetic rate was induced more rapidly than stomatal
conductance.

Clearly, all these results demonstrate that more frequent
light fluctuation appreciably accelerated photosynthesis
induction.

Effects of frequent fluctuation of light intensity
on excitation energy distribution

To analyze the excitation energy distribution of PSII, chlo-
rophyll a fluorescence quenching was measured in maize
seedlings grown under fluctuating light conditions. As
shown in Fig. 7, the efficiency of excitation energy capture
by open PSII reaction centers (F,'/F ") decreased gradu-
ally when dark-adapted maize leaves were subjected to
high light, while the photochemical quenching coefficient
(¢p), actual PSII efficiency (@pgyp), and non-photochemical
quenching (NPQ) increased steadily. After turning off the
light, all these parameters recovered rapidly. Cleary, more
rapid light fluctuation resulted in a distinct decrease in
FJ'IF,, q,, and ®pg;. However, NPQ increased gradu-
ally with increasing frequency of light fluctuation. The
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Fig.5 Effects of the rate of light intensity fluctuation on induction of
photosynthesis: a photosynthetic rate (P,); b normalized photosyn-
thetic rate (P /P, ); ¢ ratio of P to G,. First, the maximum steady-
state photosynthesis was induced by high light. And then, the high
light was interrupted by 3-min weak light. Thereafter, the high light
was turned on to induce photosynthesis. The inset in b shows the
time of photosynthetic induction (7},,,,) required to reach the maxi-
mum photosynthetic rate in various treatments. Mean + SE of six rep-
licates are presented. Different letters denotes statistically significant
(P <0.05) differences between treatments

maximum value of NPQ was induced by the Tycr/10 1
treatment, which was statistically significant compared
with T cgj1op and Tygcp1on treatments. (Fig. 7). Therefore,
more frequent fluctuation of light resulted in a distinct
increase in dissipation of excess excitation energy.
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Fig. 6 Effects of the rate of light intensity fluctuation on induction of
photosynthesis: a photosynthetic rate (P,); b normalized photosyn-
thetic rate (P,/P,,,); ¢ ratio of P, to G,. First, the maximum steady-
state photosynthesis was induced by high light. And then, the high
light was interrupted by 30-min weak light. Thereafter, the high light
was turned on to induce photosynthesis. The inset in b shows the
time of photosynthetic induction (7,,,,) required to reach the maxi-
mum photosynthetic rate in various treatments. Mean + SE of six rep-
licates are presented. Different letters denote statistically significant
(P <0.05) differences between treatments

Effects of frequent fluctuation of light intensity
on photosystem Il activity

With faster rates of light fluctuation, the shape of chloro-
phyll a fluorescence kinetics curve was noticeably altered
(Fig. 8a). To further analyze the differences in fluorescence

induction kinetics curves, the maximum photochemical effi-
ciency of the photosystem II (F,/F,,), the efficiency with
which a trapped exciton can move an electron further than
Q,~ in the electron transport chain (y,) and the probabil-
ity that an absorbed photon will move an electron into the
electron transport chain (¢g,) were calculated. As shown
in Fig. 8b, the value of F/F,, in T ocri0n a0d Ti00ck/10 1
was 2% and 12% lower than that in T'cgyq , respectively.
Compared to T' gy p, under Tyocg/ion and Toocryion treat-
ments, y, decreased by 14% and 38%, and ¢, decreased
by 16% and 45%, respectively. Although there was only a
slight difference in F/F,,, the values of y, and ¢y, decreased
obviously as the light fluctuation rate increased. Therefore,
the electron transport activity of PSII was reduced in maize
seedlings grown at a high rate of light intensity fluctuation.

Effects of frequent fluctuation of light intensity
on photosystem | activity

Changes in P700 absorption were also measured in maize
seedlings grown under various light regimes (Fig. 9). As
shown in Fig. 9a, the typical absorption curve of P700 first
rose slowly until it reached a peak and then fell rapidly.
Compared with the Tcp o, treatment, the peak values of
absorption curves of P700 decreased in maize seedlings
grown under fluctuating light (Fig. 9a). P, is the maximum
oxidation state of P700, which reflects the number of active
PSI reaction centers. Figure 9b shows that the value of P, in
Tiocernon and Tioocrion Was 17% and 27% lower than that in
T\ crio s respectively. Accordingly, increasing the frequency
of fluctuating light depressed PSI activity to a certain extent
in maize seedlings.

Discussion

Multiple influences of frequency of fluctuating light
on carbon assimilation

In this study, more frequent light fluctuation induced a larger
decrease in the activity of PSII and PSI (Figs. 8, 9). There-
fore, the lowered activities of photosystems may result in
the decrease in photosynthetic capacity to a certain extent
under fluctuating light conditions. It is likely that this is an
important reason why maize seedlings had lower photo-
synthetic capacity under fluctuating light. Although photo-
synthetic capacity of maize seedlings was lowered under
more frequent light fluctuation conditions (Fig. 4), we also
noticed that more frequent light fluctuation accelerated pho-
tosynthetic induction (Figs. 5, 6). Clearly, the quick photo-
synthetic induction may help to reduce the loss in carbon
assimilation under fluctuation light conditions. However, in
T\ocr0n treatment (10 cycles of fluctuations/10 h), it took
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Fig.7 Effects of the rate of light
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6.7 min (400 s) at least for leaf photosynthesis to be fully
induced after a 30-min weak light break (Fig. 6). Consider-
ing that 10 fluctuations occurred in the 7'cgy o, treatment,
the time duration of steady photosynthesis was reduced
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by no less than 67 min (6.7 X 10 =67 min) compared to
T crnon- For the Tgocp/i0 1 treatment (100 cycles of fluctua-
tions/10 h), full induction of photosynthesis was observed
when leaf re-exposed to high light for 1 min (60 s) after a
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Fig. 8 Effects of the rate of light intensity fluctuation on chlorophyll
a fluorescence induction kinetics (a) and quantum efficiency of PSII
(b) in maize seedlings. F,/F,,: the maximum quantum yield of pri-
mary photochemistry; y,: the efficiency at which a trapped exciton
can move an electron further than Q,~ in the electron transport chain;

@k, the probability that an absorbed photon will move an electron
into the electron transport chain. Mean =+ SE of 20 replicates are pre-
sented. Different letters denote statistically significant (P <0.05) dif-
ferences between treatments
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3-min weak light break. Accordingly, the time duration of
steady photosynthesis was diminished by at least 100 min
(1 x100=100 min) during the whole high light exposure
(Fig. 5). In T gcpi0n and Thgocr/1o n treatments, frequent
light fluctuations resulted in 22 and 33% decrease in the
time duration of steady photosynthesis, respectively. There-
fore, the repeated decay and induction of photosynthesis in
T1ocrinon and Tgocp10, treatments significantly reduced the
time duration of steady photosynthesis in maize seedlings
under fluctuating light conditions, even though the total
duration of high light exposure was equivalent to T'cgy 0 p-
Consequently, the lowered biomass induced by fluctuating
light may also result from the clearly reduced duration of
steady photosynthesis. Of course, the slight reduction in leaf
area may also contribute to the decreased biomass (Fig. 2).

In the field, it is generally believed that the decrease in
biomass per plant under close planting may mainly result
from the decreased photosynthetic performance (Wu et al.
2019). Actually, close planting often results in a typical
fluctuating light environment due to self-shading, which
may further reduce the duration of high light, especially
at reproductive stage. In this study, the decrease in pho-
tosynthetic capacity induced by Tcp/10 1 treatment was
less than 18% in maize seedlings, while T';gcp/10 1 resulted
in 33% decrease in the duration of steady photosynthesis.
Probably, the shortened duration of steady photosynthesis
may be one of the important causes in the decrease of bio-
mass per plant under close planting conditions.

@ Springer



66

Photosynthesis Research (2021) 149:57-68

Accelerated photosynthetic responses depending
on frequency of fluctuating light

In this study, photosynthesis induction of maize seedlings
grown under Tcg/ 0 Was the slowest among all treat-
ments (Figs. 5, 6). As the light fluctuation became more
rapid, photosynthesis induction was speeded up (Figs. 5,
6). This implies that more frequent light fluctuation while
still exposing seedlings to the same total duration of high
light can induce more rapid induction of photosynthesis.
Generally, three phases of photosynthetic induction can be
distinguished (Pearcy et al. 1994; Mott and Woodrow 2000;
Allen and Pearcy 2000). During the first 1-2 min of sud-
denly exposing leaves to high light, a fast phase that acti-
vates rapidly is associated with limitations in RuBP regen-
eration. Thereafter, the slow phase of induction is dependent
on Rubisco activation, which requires longer illumination
at high light. Rubisco limitation is most evident during the
period from 1 to 10 min after leaves are exposed to high
light. Additionally, stomatal opening is the slowest step in
the photosynthetic induction, and reaching full induction can
take over an hour. Thus, changes in stomatal conductance
also contribute to the slow phase of photosynthetic induc-
tion. In this study, after a 3-min weak light break, RuBP
regeneration was speeded up by more frequent light fluctua-
tion, reflected by the speeding up of the fast phase during
induction of photosynthesis (Fig. 5b). However, our data
also show that a more frequent light fluctuation accelerated
both the fast and slow phases of the photosynthetic induction
after a 30-min weak light break (Fig. 6b), indicating that
both RuBP regeneration and Rubisco activation were clearly
accelerated under this situation.

It is reported that the decline in stomatal conductance
is much slower than carbon fixation when shading occurs
under fluctuating light environment (Kaiser et al. 2018).
Probably, this is the preliminary condition for more rapid
photosynthetic induction. However, in the present study, the
induction of photosynthetic rate was more rapid than that
of stomatal conductance (Figs. 5c, 6¢), demonstrating that
more frequent light fluctuation resulted in more distinct sto-
matal limitation under photosynthetic induction. Moreover,
stomatal limitations may occur at any time during induc-
tion of photosynthesis. In any case, the quick photosynthetic
induction may be one of the important strategies for maize
seedlings to reduce the loss in carbon assimilation under
fluctuating light conditions.

Enhanced photoprotection depends
on the frequency of fluctuating light

Our data show that maize seedlings had a distinct decrease

in photosynthetic capacity under fluctuating light condi-
tions (Fig. 4). Moreover, light fluctuation breaks the steady
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illumination, which in turn results in repeated decay and
activation of photosynthesis. During photosynthetic induc-
tion, photosynthetic rate was also lower than the maximum
value under steady-state conditions (Figs. 5, 6). Therefore,
more frequent light fluctuation inevitably induced much
more excess excitation energy. We found that more frequent
fluctuations resulted in a significant decrease in chlorophyll
content and a slight increase in the chlorophyll a/b ratio
(Fig. 3), demonstrating that maize seedlings considerably
reduced their light absorption with increasing frequency of
fluctuating light.

In the present study, when the light fluctuation was
more frequent, thermal dissipation was triggered promptly,
thereby avoiding over-reduction of the electron transport
chain (Fig. 7d). Thermal dissipation, as one of the important
photoprotective mechanisms, can be quickly initiated, and
plays a crucial role in helping plants cope with high light
(Jiang et al. 2003, 2005; Kaiser et al. 2015; Slattery et al.
2018). More rapid light fluctuation induced an increase in
thermal dissipation in the antenna, which could also reduce
the light energy capture and excitation energy pressure of
PSII (Fig. 7), and thus may reduce the photodamage to the
photosynthetic apparatus to a certain extent.

Generally, when the excessive excitation energy is far
beyond the plant’s photoprotective capacity, damage to the
photosynthetic apparatus may occur (Logan et al. 1998;
Dietz 2015; Kaiser et al. 2015). In this study, enhancing
the frequency of light fluctuation not only resulted in an
apparent decrease in the activity of PSII, but also caused a
distinct decrease in the activity of PSI (Figs. 8 and 9). We
deduced that the lowered g, induced by more frequent light
fluctuation, despite increased NPQ (Fig. 7), implied that the
over-reduction of the electron transport components in PSII
was inevitable, which might induce ROS production. In all
treatments, the light intensities of the fluctuating light were
kept constant. Therefore, the damage to photosynthetic appa-
ratus under the rapid fluctuating light was dependent on the
frequency of fluctuating light in maize seedlings.

It is believed that PSII is stable under fluctuating light
conditions, while photosystem I (PSI) is more susceptible
(Suorsa et al. 2012; Kono et al. 2014; Liu and Last 2017). In
these studies, their plants were grown in constant weak light,
and then PSII and PSI activities in leaves were determined
under fluctuating high light. However, in our study, maize
seedlings grew under light of various fluctuating frequen-
cies, and the activities of both photosystems were meas-
ured after their fluctuating light treatments. The rapid light
fluctuation accelerated the photosynthetic induction and
enhanced photoprotection in maize seedlings (Figs. 5, 6 and
7). The rapid photosynthetic responses to their fluctuating
light environment may relieve the photoinhibition of both
photosystems. Accordingly, we suggest that the difference
in growth conditions may partially explain why there exists



Photosynthesis Research (2021) 149:57-68

67

a difference between previous studies and our results. Addi-
tionally, the photoinhibition of PSI is more dangerous than
that of PSII because of the very slow recovery rate of PSI
(Kaiser et al. 2015; Zivcak et al. 2015), so photoinhibited
PSII might relieve the over-reduce of PSI, thus protect PSI
to some certain extent.

Nevertheless, PSI did suffer photoinhibition as indi-
cated by the greater decrease in P, as the light fluctua-
tion became more rapid (Fig. 9). A working hypothesis to
explain our observations is that more rapid light fluctuation
meant shorter duration of steady-state photosynthesis and
less carbon assimilation which in turn led to increased ROS
formation on the acceptor side of PSI, resulting in photoda-
mage of PSI. If the photodamage of PSI occurred largely in
bundle sheath chloroplasts, there could be a loss of cyclic
photophosphorylation capacity, which would limit the sup-
ply of ATP for carboxylation. In turn, this would lead to
more ROS formation at PSI, in a positive-feedback manner.
The end result is a loss of photosynthetic capacity (Fig. 3).

Conclusions

In maize seedlings, rapid light fluctuation induces the accel-
eration of photosynthetic induction and the enhancement of
photoprotection, which play important roles in protecting
the photosynthetic apparatus against fluctuating high light
on certain extent.
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