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Abstract
This work examined the long-term effects of periodic high light stress on photosynthesis, morphology, and productivity of low-light-acclimated Arabidopsis plants. Significant photoinhibition of Arabidopsis seedlings grown under low
light (100 μmol photons m−2 s−1) was observed at the beginning of the high light treatment (three times a day for 30 min
at 1800 μmol photons m−2 s−1). However, after 2 weeks of treatment, similar photosynthesis yields (Fv/Fm) to those
of control plants were attained. The daily levels of photochemical quenching measured in the dark (qPd) indicated
that the plants recovered from photoinhibition within several hours once transferred back to low light conditions,
with complete recovery being achieved overnight. Acclimation to high light stress resulted in the modification of the
number, structure, and position of chloroplasts, and an increase in the average chlorophyll a/b ratio. During ontogenesis, high-light-exposed plants had lower total leaf areas but higher above-ground biomass. This was attributed to
the consumption of starch for stem and seed production. Moreover, periodic high light exposure brought forward
the reproductive phase and resulted in higher seed yields compared with control plants grown under low light. The
responses to periodic high light exposure of mature Arabidopsis plants were similar to those of seedlings but had
higher light tolerance.
Key words: Acclimation, Arabidopsis, periodic high light exposure, photoinhibition, photosynthesis, protective
non-photochemical quenching.

Introduction
When light levels exceed the capacity of photosynthesis in
leaves, the excess absorbed energy can lead to the inactivation of the reaction centers (RCs). Consequently, this can
lead to the formation of reactive oxygen species (ROS) and
eventually to the reduction of electron transport efficiency
and photosynthesis as a whole—the phenomenon known as
photoinhibition (Powles, 1984; Osmond and Förster, 2008;

Adams et al., 2013). Photoinhibition is manifested by the
inefficiency of both photosystem II (PSII) and photosystem
I (PSI) quantum yields (Sonoike, 2011; Järvi et al., 2015;
Ware et al., 2015). In particular, the inactivation of RCII is
due to damage to the D1 protein, a key component of the
RC complex. The extent of this damage has been shown to
be directly proportional to light intensity (Järvi et al., 2015).
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It has been reported that photoinhibition can cause
reduced energy and carbon accumulation at the leaf and
plant level (Ögren, 1994; Raven, 1994). The photosynthetic
activity and sink activity for utilizing photosynthate govern
plant productivity (Sun et al., 1999). High light stress not only
influences the photosynthetic process but also continuously
influences starch synthesis and reproductive growth. This is
because starch or carbohydrate mobilization is essential in
the control of the floral transition in Arabidopsis thaliana
(Corbesier et al., 1998). However, previous research produced
no evidence that photoinhibited plants possess slower growth
rates (Adams et al., 2014). Indeed, seedlings of Eucalyptus
pauciﬂora and Eucalyptus nitens experiencing a high degree
of photoinhibition grew better (producing higher biomass
and more extensive root growth) than seedlings that displayed
less or no photoinhibition (Blennow et al., 1998; Close and
Beadle, 2003).
Plants have developed various regulatory mechanisms to
acclimate to their light environments (Smith, 1982; Terashima
et al., 2005; Adams and Demmig-Adams, 2014; Yamori, 2016).
They evolved (i) avoidance techniques at the whole-plant
level, including controlled leaf and chloroplast movements
(Anderson and Osmond, 1987; Björkman and DemmigAdams, 1995; Park et al., 1996; Ruban, 2009; Tikkanen et al.,
2012); (ii) physiological and molecular alterations of the photosynthetic membrane, such as an increased chlorophyll a/b
ratio, reduced light-harvesting antenna size, increased anthocyanin content, higher content of the cytochrome b6f complex,
and fewer antenna complexes LHCII and CP24 (Anderson
et al., 1988; Chow et al., 1990, 1991; Bailey et al., 2001; Kouřil
et al., 2013; Wientjes et al., 2013); and (iii) alteration of leaf
anatomy, such as greater stomatal and mesophyll conductance, smaller rosette diameters, thicker leaves, and higher leaf
area ratio and leaf mass ratio compared with plants grown
under low light (Tyystjärvi and Aro, 1996; Piel et al., 2002;
Warren et al., 2007; Yamori, 2016).
The capacity for acclimation from one light environment
to another is dependent on the developmental stage of the
plant and varies greatly between and within species (Bailey
et al., 2001; Borsani et al., 2001; Osmond and Förster, 2008;
Carvalho et al., 2015). Castanospermum australe showed
a decrease in maximal rate of photosynthetic O2 evolution
(Pmax) at higher growth irradiance (Anderson and Osmond,
1987). The shade leaves of Alocasia macrorrhiza showed significant capacity for repair and contribution to the whole-plant
carbon budget during acclimation to high light (Mulkey and
Pearcy, 1992). A study of a number of British plant species
suggested that the capacity for photosynthetic acclimation is
linked to habitat distribution (Murchie and Horton, 1997).
Some plant species have been found to exhibit higher degrees
of photoinhibition during juvenile phases (Krause et al.,
1995; Carvalho et al., 2015), while other species present more
pronounced photoinhibition at the mature stage (Manetas
et al., 2002). The effects of high light stress on Arabidopsis
seedlings, especially regarding the impact on photosynthesis, have been less well studied. It is still unclear whether
Arabidopsis plants have different mechanisms to acclimate to
high light stress at different developmental stages.

Nevertheless, the biological significance of photoinhibition
should be evaluated in the broader context of long-term photosynthetic production (Ögren, 1994). Prolonged exposure
of plants or organisms to excessive radiation may also result
in the destruction of the photosynthetic pigments (Powles,
1984; Alves et al., 2002). The longer the duration of high light
treatments, the longer are recovery times (Mulkey and Pearcy,
1992). There is a lack of knowledge regarding photoinhibition and acclimation of plants to repeated periodic high light
stress, such as large sunflecks or tree-fall gaps (Krause et al.,
2001). This is a common occurrence in nature, and therefore
acquiring novel knowledge of this would be very important
to better understand the in vivo ontogenesis of plants.
To the best of our knowledge, there has been no study of
the effect of periodic high light stress on photoinhibition and
acclimation covering the entire growth period of plants. In
this study, low-light-grown wild-type A. thaliana plants were
exposed to periodic high light at different developmental
stages. The objectives of the study were to: (i) investigate the
extent of photoinhibition and its recovery following periodic
daily high light treatment; (ii) assess the state and tolerance
of plants by the photosynthetic yield at different stages of
growth; and (iii) understand the effect of long-term periodic
high light stress on intracellular chloroplasts, the morphological acclimation of leaves and stems, and plant productivity.

Materials and methods
Plant material and growth conditions
The model plant used in this research was wild-type Arabidopsis
thaliana (Col-0). Before sowing, seeds were sterilized by soaking in
2 ml Eppendorf tubes with 50% ethanol and 0.1% Triton X-100 for
3 min, then washed three times in distilled water and cold treated
(4 °C) for 3 days. The soil used was a mixture of 6:6:1 Levington
M3 potting compost, John Innes No. 3 soil, and perlite (Scotts UK,
Ipswich, UK). The soil was sterilized by autoclaving (15 min at
123 °C).
Plants were grown in Sanyo plant growth cabinets (Panasonic,
Japan) for 11 days after sowing, with a 10 h photoperiod at a light
intensity of 100 μmol photons m−2 s−1 and a day/night temperature
of 20–24 °C (day)/18 °C (night). It took ~3 days for the seeds to germinate. From the 12th day after sowing, the plants were moved to
plant growth shelves with the same photoperiod at a light intensity
of 100 μmol photons m−2 s−1 (provided by T8 fluorescent lamps) and
the same day/night temperature. Relative humidity, temperature, and
nutrient and water supply were kept constant during the experiment.
High light treatment
The growth of A. thaliana includes four major stages—germination (seedling), rosette production, bolting (flowering), and senescence (Cotter, 2005). The seedling and rosette stages are vegetative
growth stages. During these two stages, the effect of high light
stress on photosynthetic process would influence starch accumulation and further impact productivity. Hence, in the present study
high light treatments (1800 μmol photons m−2 s−1) were conducted
from the seedling stage (HL-Seedling; the 12th day after sowing)
and the rosette stage (HL-Rosette; the sixth week after sowing),
respectively. Plants were treated three times per day (at 10.30–11.00,
13.30–14.00, and 15.30–16.00 h, for 30 min at each time). Between
the treatments, they were exposed to low light (100 μmol photons
m−2 s−1) in line with the control groups. The period and frequency
of the high light treatment were chosen according to a previous
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study by Mulkey and Pearcy (1992), to give the plants enough
time to undergo photoinhibition as well as recovery. The continuous high light was provided by a light device (LightDNA Valoya
system; Valoya Oy, Finland), with available spectra varying from
380 to 820 nm. The spectrum of the high light device is shown in
Supplementary Fig. 1 at JXB online, in which the purple line represents the sum of all light sources together. During the treatment,
chlorophyll fluorescence was measured to record the status of the
plants, as shown in Fig. 1. The high light intensity was approximately the same as full summer noon sunlight at temperate latitudes
(Weston et al., 2000). The photoperiod, day/night temperature, and
other growing conditions were the same in the treatment and control groups.
Chlorophyll fluorescence
Fluorescence measurements were performed on the morning
just before the high light treatment to reflect the balance between
photoinhibition and repair, integrated over the previous exposure
(Pearcy, 1994). All plants were subjected to 45 min dark adaptation
before each measurement. Measurements were performed on whole
plants with intact leaves. Whole-plant maximum PSII quantum
yield (Fv/Fm) was visualized using a variable chlorophyll ﬂuorescence
imaging system (Imaging PAM; Walz, Effeltrich, Germany) consisting of a CCD camera, LED lights, and a control unit connected to a
PC running dedicated software (ImagingWin 2.3; Walz).
Fluorescence traces were recorded using a Junior-PAM fluorometer (Walz). The leaf clip was applied in order to deliver the light
guide to the leaf surface. Standard foil was placed behind the leaf
to enable a reproducible optical environment during the measurements. The qPd of the high-light-treated plants was measured at the
end of the dark phase and before and after each high light treatment
during the daytime. Chlorophyll fluorescence induction (two cycles)
was recorded for control and treated plants exposed, respectively,
to 2 × 5 min 285 or 1150 μmol photons m−2 s−1 actinic light illumination periods, each followed by 5 min of dark relaxation (see
Supplementary Fig. S2) (Belgio et al., 2012). The choice of different actinic light intensities (i.e. 285 and 1150 μmol photons m−2 s−1)
for chlorophyll ﬂuorescence induction in the control and treated
plants was made on the basis of the extent of photoinhibition estimated from the new indicator of photodamage, the qPd parameter
(described below), as measured in the dark after the cycle of illumination (Johnson and Ruban, 2010; Ruban and Murchie, 2012).
Light curves were obtained using the rapid light curve trig-run program (settings: 2, corresponding to the following light intensities: 0,
45, 66, 90, 125, 190, 285, 420, and 625 μmol photons m−2 s−1, 20 s
each) and inbuilt ﬁtting (Platt et al., 1980) of the Junior-PAM. All the
measurements were conducted on true leaves rather than cotyledons.
The maximum quantum yield of PSII was defined as Fv/Fm=
(Fm–Fo)/Fm. Fm is the maximum fluorescence in the dark-adapted leaf;
Fv=Fm–Fo, where Fo is the dark fluorescence level before illumination.
Non-photochemical quenching (NPQ) was calculated as
(Fm–Fmʹ)/Fmʹ, and qPd was calculated according to the following
equation (Belgio et al., 2012; Ruban and Murchie, 2012; Ware et al.,
2014, 2015):

qPd =

Fm ′ − Fo ′ act
Fm ′ − Fo ′ calc

(1)

where Fmʹ is the maximum fluorescence after actinic light illumination, Fo ′ act is the measured dark level of fluorescence after illumination, and Fo ′ calc is the calculated dark fluorescence level according
to Oxborough and Baker (1997):

Fo ′ calc =

1
1
1
1
+
( −
)
Fo Fm Fm ′

(2)

Fig. 1. (A) Daily variation of the photochemical quenching measured in
the dark (qPd) parameter of Arabidopsis thaliana treated from the rosette
stage with high light (HL-Rosette). (B) Changes in chlorophyll fluorescence
yield (Ft, relative units) of 6-week-old HL-Rosette plants during and
after exposure to high light. Data were collected from the third high light
treatment during the day. (C) qPd recovery after the third treatment. The
photochemical quenching (qP) was measured in 6-week-old plants under
high light treatment for 28 min (1800 μmol photons m−2 s−1 illumination);
10 s qPd and 108 s qPd were the qPd measured after 10 s and 108 s in
the dark, respectively. Data are presented as mean±SEM (n=2).

When excess light damages RCII, the Fo level rises, thus disguising the true quenching effect of NPQ upon Foʹ. At low actinic
light intensities, there is normally little discrepancy between Fo ′ act
and Fo ′ calc , indicating that the formula of Oxborough and Baker
(1997) works well. However, at higher light exposures, the difference
between the two Fo ′ values increases. This is due to closure of the
damaged RCIIs that causes the increase in Fo ′ act and is reﬂected in
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the decline of qPd below a value of 1 (Ruban and Murchie, 2012;
Ruban and Belgio, 2014; Ware et al., 2015).
Pigment analysis
The total pigments were estimated by spectrophotometric measurements of an 80% ﬁnal acetone extract of leaves according to Porra’s
method (Porra et al., 1989). Absorbance at 646.6, 663.6, and 750 nm
was detected to determine the chlorophyll concentrations (mg g–1
fresh weight) and chlorophyll a/b ratio.
Confocal microscopy
Confocal microscopy was employed to visualize chlorophyll fluorescence in chloroplasts of both HL-Seedling and HL-Rosette plants
after 5 days of treatment. Leaf discs were soaked in 0.9 M aqueous
sucrose solution for 2 h in the dark and mounted on glass slides,
protected from drying by sealed coverslips. Images were obtained
with a Leica TCS-SP5 confocal laser scanning microscope (Leica
Microsystems Ltd., Milton Keynes, UK) using a 63× oil immersion
objective (NA 1.4). An argon laser at 488 nm was used for chlorophyll excitation and emission spectra were registered in the range of
670–720 nm (wavelength selected by monochromator). Images were
recorded at 8-bit resolution (512 × 512 pixels) with laser scanning
at 400 Hz and 3× frame averaging. For each sample, 6–10 images
were taken with one or two cells in each image, and the number of
chloroplasts per cell were counted for both untreated (control) and
treated (HL-Seedling and HL-Rosette) plants.
Productivity measurements
The productivity of the plants was expressed as the weekly aboveground biomass, starch content, and leaf area. The above-ground
plants were harvested to measure the fresh above-ground biomass
and then dried in an oven at 80 °C for 24 hours to obtain the dry
above-ground biomass. The starch contents of the fresh leaves were
measured according to a previously reported method (Smith and
Zeeman, 2006) at 10.00 h each week before treatment. Photographs
of the plants were taken with a ruler as a reference on the day of
harvesting plants. The total rosette leaf area (cm2) was determined
using digital images of the plants, which were processed with ImagePro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA).
After 12 weeks of growth, the measurements of Fv/Fm, leaf area,
biomass, and starch contents were stopped to prevent loss of seeds
resulting from frequent transportation. Watering of mature plants
was stopped 2–3 weeks before seed collection. After being collected,
a sample with ~100 seeds and the total seed weight of one plant (in
g) were weighed using a microbalance (Fisher PS-100). Then, the
total seed numbers were calculated.
Statistical analysis
Single-factor analysis of variance (ANOVA) was used to assess the
difference between the means of the control and high-light-treated
groups. Mean values were separated by the least signiﬁcant difference (LSD) test at 5% and 1% levels of signiﬁcance. The statistical
calculations were performed using SigmaPlot12 (Systat Software,
Inc., Chicago, IL, USA).

Results
Daily qPd responses to high light treatments
In the absence of photoinhibition, qPd=1 and the theoretical
and actual yields of PSII are extremely close. However, upon
the onset of damaged RCs, qPd becomes <1, and the actual
and theoretical yields diverge (Ruban and Murchie, 2012;

Ware et al., 2014, 2015; Carvalho et al., 2015). Fig. 1 shows
the response of HL-Rosette plants to periodic high light treatment. The plants were 6 weeks old and had undergone high
light treatment for 1 week. As shown in Fig. 1A, after low
light exposure (100 μmol photons m−2 s−1) for 1 h, the qPd of
the plants was 1, indicating the absence of photoinhibition.
After exposure to high light (1800 μmol photons m−2 s−1),
the qPd started to decline below 1, that is, photoinhibition occurred. In low light, the qPd of treated plants recovered slightly. This decline–recovery pattern was found for
each treatment during a day and for both HL-Seedling and
HL-Rosette plants (data not shown). The visible responses of
HL-Rosette plants to high light treatment on the first day are
presented in Supplementary Fig. S3.
Further increase in the light intensity to ~3000 μmol photons m−2 s−1 did not change the decline–recovery variation
during daily treatment, while treatment with 4000 μmol photons m−2 s−1 caused chlorosis and dehydration of the leaves,
leading to the failure of measurement (data not shown).
The lesions on the leaves could have result from the synergistic effect of extreme high light and increased temperature
(Pearcy, 1994).
During each 30 min treatment, a sharp increase in chlorophyll fluorescence yield (Ft, relative units) was observed at
the onset of high light exposure (Fig. 1B). Ft then decreased
rapidly after only 4 s, reaching the lowest value after about
2 min. The yield then gradually recovered and reached the
steady state after about 15 min. The photochemical quenching (qP) values were reduced after both 5 min and 28 min high
light exposure (data not shown). The reduction of qP was
accompanied by the increase of NPQ from 0.2 to 1.4 in the
first 5 min (data not shown). The NPQ values subsequently
decreased to ~0.6 at 28 min, indicating the activation of the
photosynthetic apparatus by high light.
HL-Seedling plants were affected more by the high light
exposure than HL-Rosette plants. The qPd values at the
end of the third high light treatment were 0.89 and 0.94 for
6-week-old HL-Seedling and HL-Rosette plants, respectively
(Fig. 1C). The qPd of the plants increased with time. During a
108 s period, the qPd of HL-Seedling and HL-Rosette plants
increased by 3.4 % and 1.4%, respectively. These results show
that A. thaliana was able to repair from photoinhibition after
the high light treatment, with full recovery reached after the
14 h night/dark period.

Photosynthesis yields and rate of electron transport
confirm the acclimation of plants to high light
As shown in Fig. 2, the maximum quantum efficiency of PSII
(Fv/Fm) of the untreated plants increased gradually in the first
6–7 weeks, consistent with previously reported data (Carvalho
et al., 2015). It then remained stable in the following weeks.
The HL-Seedling plants were treated from the 12th day after
sowing. The Fv/Fm values were significantly decreased to 0.60
after 2 days of treatment (P<0.01). The Fv/Fm values increased
up to 0.70 after 1 week of acclimation and recovered to the
same level as the control plants after 2 weeks of treatment
(plant age 4 weeks). HL-Rosette plants were treated from the
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Fig. 2. PSII yield (Fv/Fm) of untreated (closed circles) and high-lighttreated Arabidopsis thaliana plants from the seedling stage (HL-Seedling,
open squares) and rosette stage (HL-Rosette, open triangles). Data are
presented as mean±SEM (n=3).

sixth week after sowing (Fig. 2). After 1 week of treatment,
the Fv/Fm values of HL-Rosette plants (0.75) became significantly lower than the Fv/Fm values of control plants (0.77;
P<0.05) and then recovered in the following week (0.78; plant
age 7 weeks). The Fv/Fm variation of HL-Rosette plants followed the same tendency of HL-Seedling plants, but with a
smaller amplitude. These results were indicative of the acclimation of plants to the periodic high light exposure, with
mature plants acclimating better than seedlings.
The acclimation of the electron transport rate (ETR) to
high light exposure was also observed (Fig. 3). At the seedling stage (juvenile; plant age 2 weeks), for control plants,
the response of the ETR to increasing irradiance followed a
saturation-like pattern, increasing under photosynthetically
active radiation <625 μmol photo m−2 s−1 to a maximum
of 19.6 µmol electrons m−2 s−1, while it was only 11.6 µmol
electrons m−2 s−1 for HL-Seedling plants, which were suffering from photoinhibition (Table 1). At the rosette stage
(adult; plant age 6 weeks), the HL-Seedling plants were
well adapted to the high light treatment and expressed similar ETR responses (21.1 µmol electrons m−2 s−1) to those of
control plants (22.4 µmol electrons m−2 s−1). However, the
HL-Rosette plants, which had been treated for only 2 weeks,
showed a lower ETR (18.0 µmol electrons m−2 s−1) compared
with the control plants. This result coincided with the variation of Fv/Fm values at the same stage. At the reproductive
stage (plant age 10 weeks), the leaves of HL-Seedling plants
started to wither, while the leaves of control plants were still
healthy and ready for reproduction, as shown in Fig. 6. The
results for HL-Rosette plants lay between those for the control and HL-Seedling plants. Thus, in line with the results for
Fv/Fm values, the ETR of HL-Seedling plants was lower than
that of HL-Rosette plants followed by control plants.

PAM chlorophyll fluorescence quenching analysis
Figure 4 presents the calculated parameters from PAM
ﬂuorescence induction traces, measured in HL-Seedling,
HL-Rosette, and control plants. A typical PAM ﬂuorescence

Fig. 3. Electron transport rate (ETR) of Arabidopsis thaliana treated with
high light exposure at plant ages of 2, 6, and 10 weeks. Closed circles,
control group; open squares, HL-Seedling; open triangles, HL-Rosette.
Lines present regression fit curves [Exponential rise to Maximum, Single,
y=a(1–e−bx) plotted using Sigmaplot 12 (Systat Software, Inc., Chicago, IL,
USA)]. Data are presented as mean± SEM (n=3). PAR, photosynthetically
active radiation.

induction trace is shown in Supplementary Fig. S2. The
excitation pressure is defined as 1–qP and reflects the connected antenna size multiplied by the actinic light intensity.
For the high-light-treated plants, this parameter was similar
to that in the control group after the first and second illumination cycles during relatively low actinic light illumination (285 μmol photons m−2 s−1) for almost all growth stages,
with HL-Rosette plants being an exception at the 10th week
(Fig. 4). When exposed to higher actinic light illumination
(1150 μmol photons m−2 s−1), all tested groups demonstrated
higher 1–qP values compared with the lower actinic light
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illumination results (Fig.4; Supplementary Fig. S4). The
data in Fig. 4 and Supplementary Fig. S4 were obtained by
using the same procedure conducted with different actinic
illumination light intensities (i.e. 285 versus 1150 μmol photons m−2 s−1). High-light-treated plants had lower 1–qP values than the control group, especially in HL-Rosette plants
(Supplementary Fig. S4). The significantly lower 1–qP of
HL-Rosette plants compared with the control plants indicates
Table 1. Electron transport rate (µmol electrons m−2 s−1) of shadeacclimated and high-light-stressed Arabidopsis thaliana plants at
different developmental phases of growth
Group

2 weeks

6 weeks

10 weeks

Control
HL-Seedling
HL-Rosette

19.6 ± 0.9
11.6 ± 0.4
–

22.4 ± 2.3
21.1 ± 2.4
18.0 ± 2.9

23.6 ± 3.4
14.9 ± 0.8
18.9 ± 0.9

Photosynthetically active radiation=625 μmol photo m−2 s−1. Each
value represents the mean±SEM of three measurements from three
plants.

higher tolerance to subsequent high light stress. Furthermore,
high-light-grown plants have smaller antenna systems, which
reduces the amount of light being transferred to each RCII.
High-light-grown plants also have a better connected antenna
system; this means that NPQ is more efficient and protective,
which also reduces the amount of excitation pressure on RCII
(Ware et al., 2016).
Since the plants were able to recover overnight from photoinhibition, qPd did not show significant differences among
the different treatments at the age of 6 and 10 weeks at low
actinic illumination (285 μmol photons m−2 s−1). However,
when exposed to high actinic illumination, HL-Rosette plants
performed better than HL-Seedling plants with regard to light
tolerance, showing higher qPd values and lower 1–qP values.
At the seedling stage (plant age 2 weeks), significantly lower
NPQ values of high-light-treated A. thaliana were observed at
low actinic illumination (285 μmol photons m−2 s−1) (P<0.01;
Fig. 4). With the growth of plants (plant age 6 and 10 weeks),
the NPQ values of the control group decreased, while the
NPQ values of the high-light-treated plants increased (Fig. 4.
The NPQ of the HL-Rosette group was significantly higher

Fig. 4. PAM chlorophyll ﬂuorescence analysis of untreated (control) and treated (HL-Seedling, HL-Rosette) Arabidopsis thaliana after 2 weeks (A, B), 6
weeks (C, D), and 10 weeks (E, F) of growth, measured with 285 μmol photons m−2 s−1 actinic light illumination. The excitation pressure (1–qP, white
bars), photochemical quenching measured in the dark (qPd, dark gray bars), and non-photochemical quenching (NPQ, black bars) after the first and the
second illumination cycles are shown. Data are presented as mean±SEM (n=3).
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than that of the control group at the sixth week (P<0.05).
The trends in NPQ under high and low actinic illumination
were similar.

Variation in chloroplast concentration, number, and
structure
The chlorophyll a, chlorophyll b, and total chlorophyll concentrations were not significantly decreased in either HL-Seedling
or HL-Rosette plants (Fig. 5A, C). The chlorophyll a/b ratio
after 5 days of treatment was increased by 26.0% (P>0.05)
and 44.7% (P<0.05) in HL-Seedling and HL-Rosette plants,
respectively (Fig. 5A, C). This result is in line with a previous study focusing on chloroplast development under high
light (Weston et al., 2000). After 4 weeks of adaption, the
chlorophyll content and the chlorophyll a/b ratio were similar
in HL-Seedling plants and control plants (Fig. 5C). Krause
et al. (2006) found similar results in Calophyllum longifolium
after acclimation to high light irradiance.
The number of chloroplasts per cell of HL-Seedling plants
after 5 days of treatment was significantly decreased compared with control plants (Fig. 5B, P<0.01). The study also
revealed remarkable alterations in the location of chloroplasts
in the HL-Seedling plants compared with control plants
(Fig. 5E). Chloroplasts seemed to form dense clusters in the
center of the cells in the HL-Seedling group, whereas they
were more peripherally located in the control plants (Fig. 5E).
However, the number and structure of chloroplasts were not
significantly different between HL-Rosette and control plants
(Fig. 5D, F). A further increase in the intensity of high light
treatment to 4000 μmol photons m−2 s−1 resulted in a significantly decreased number of chloroplasts in both HL-Seedling
and HL-Rosette plants compared with control plants after
5 days of periodic treatment (see Supplementary Fig. S5A).
Interestingly, distinct changes in chloroplast structure, within
the grana, were visible in the sparsely distributed chloroplasts
in HL-Seedling plants (shown as particles) treated with high
light at 4000 μmol photons m−2 s−1 (Supplementary Fig. S5B).
Additionally, chloroplasts in HL-Rosette plants were packed
more densely when exposed to 4000 μmol photons m−2 s−1
compared with HL-Rosette plants treated with 2000 μmol
photons m−2 s−1 (Supplementary Fig. S5C).

High light treatment increased biomass and induced
earlier maturation
Digital images of whole A. thaliana plants are shown in Fig. 6.
Although the PSII quantum yields did not change significantly between the fourth and 12th week, the overall impact
of high light on plant growth were apparent. HL-Seedling
plants started flowering from week 5–6 and produced seeds
from week 9. The control plants and HL-Rosette plants both
started flowering from week 8–9 and seed production from
week 11. Furthermore, high-light-treated plants in both the
HL-Seedling and HL-Rosette groups grew more stems than
control plants. At week 12, the average number of stems per
plant was 2 for the control group, 10 for HL-Seedling, and 12
for HL-Rosette.

The fresh and dry above-ground biomass of the plants
increased during the growth period (Fig. 7). The increase was
initially slow and became evident after 6 weeks of growth.
This tendency was consistent with a previous study on wildtype A. thaliana (Caspar et al., 1991). Both fresh and dry
above-ground biomass were increased as a result of high light
treatment, as shown in Fig. 7. The fresh above-ground biomass of both the HL-Seedling and HL-Rosette groups was
similar at the end of the experiments, and was in both cases
significantly higher than that of the control group (P<0.01)
(Fig. 7A). The dry above-ground biomass of HL-Seedling
plants was significantly higher than that of HL-Rosette
plants (P<0.01), which was higher than that of the control
group (P<0.01) (Fig. 7B).
In spite of promoting biomass, the impact of high light on
the leaf area (Fig. 7C) was more associated with the ontogenetic stages (Fig. 6). During the first 6 weeks, HL-Seedling
plants showed a higher leaf area than the control group.
During later stages, however, high light exposure was associated with a decrease in the leaf area of HL-Seedling and
HL-Rosette plants relative to control plants (Fig. 7C). The
leaf area of the control group was significantly higher than
that of the HL-Rosette plants (P<0.01), and the leaf area
of HL-Rosette was higher than that of HL-Seedling plants
(P<0.05). Furthermore, all three tested groups expressed
a similar “peak” tendency during the entire growth period,
that is, an initial increase in total leaf area and a subsequent
decrease. The peak appeared earlier in HL-Seedling plants
compared with the control and HL-Rosette groups, in line
with an earlier start of the reproductive phase, as indicated
in Fig. 6.

High light treatment markedly decreased starch
contents in rosette leaves and enhanced seed
production
It is known that in wild-type plants, leaves of all ages contain
a similar amount of starch at the end of the day and starch
granules increase significantly in size when plants are kept in
continuous light for long periods (Zeeman et al., 2002). Thus,
we measured the starch contents of the well-developed outer
leaves, which were also used for chlorophyll fluorescence
measurement at the same time for each sampling. Unlike the
leaf area and biomass, which increased with the growth of
plants, the starch content in high-light-treated A. thaliana was
low during the entire growth period (Fig. 8). During the first
8 weeks, the plants in all three groups had similar starch contents before reaching the reproductive stage, at <2.0 mg g–1
fresh weight. This value was consistent with a previous report
on starch content in wild-type A. thaliana (Caspar et al.,
1991). After the eighth week, when the reproductive stage
started, the starch content in the control group increased rapidly above 2.0 mg g–1 fresh weight (P<0.05), reaching a peak
of 9.1 mg g–1 fresh biomass at the 12th week.
In accord with the increase in the number of stems (Fig. 6),
there was also an increase in productivity in high-light-treated
plants, which was reflected by both seed weight and seed
number (Fig. 9A, B). Moreover, the individual seed weight
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Fig. 5. Chlorophyll contents (A, C), chloroplast number (B, D), and confocal chlorophyll fluorescence microscopy (E, F) of untreated (control, white
bar), treated from seedling stage (HL-Seedling, light gray bar), and treated from rosette stage (HL-Rosette, dark gray bar) Arabidopsis thaliana. (A)
Concentrations of chlorophyll a, chlorophyll b, the chlorophyll a/b ratio, and total chlorophyll in 17-day-old plants. Data are presented as mean±SEM
(n=3). (B) Chloroplast number per cell in 17-day-old plants. Data are presented as mean±SEM (n=6–10). (C) Concentrations of chlorophyll a, chlorophyll
b, the chlorophyll a/b ratio, and total chlorophyll in 40-day-old plants. Data are presented as mean±SEM (n=3). (D) Chloroplast number per cell in 40-dayold plants. Data are presented as mean±SEM (n=6–10). (E, F) Confocal microscopy of intact leaves from (E) 17-day-old and (F) 40-day-old plants,
showing fluorescence of chlorophyll in red. Scale bar=25 μm for images of multiple cells and 10 μm for images of a single cell. **P<0.01 between control
group and HL-Seedling group according to ANOVA. *P<0.05 between control group and HL-Rosette group according to ANOVA.

was similar in high-light-treated plants and the control group
(Fig. 9C). Nevertheless, the difference between HL-Seedling
plants and the control group was not significant, although the
difference in above-ground biomass was (Fig. 7C). The total

seed weight (significance P<0.01) and number (significance
P<0.05) of HL-Rosette plants were almost double the respective values of the control plants. Comparisons of the results
of photosynthetic yields and starch contents indicated that
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Fig. 6. Appearance of Arabidopsis thaliana plants treated with high light, at 4, 6, 8, 10, and 12 weeks of growth.

A. thaliana was able to maintain a similar level of photosynthesis under periodic high light treatment without apparent
photoinhibition. However, more starch was consumed for
reproduction rather than vegetative growth.

Discussion
qPd, reflecting the closure of RCs in the dark, is used in
large-scale measurements as a convenient, quickly acquirable parameter that tracks photoinhibition (Ruban and
Belgio, 2014; Ware et al., 2015). The decline of qPd due
to high light treatment indicates the onset of photoinhibition. The rapid increase and decrease of chlorophyll fluorescence yield (Ft) may be associated with the transient
increase and decrease in assimilation, reflecting an increase
in the ribulose-1,5-bisphosphate concentration available to
Rubisco (Pearcy, 1994). After moving back to the low light
environment, qPd was able to gradually recover (Fig. 1C).
The qPd was then recovered completely by the next morning; hence, there is an efficient RCII restoration process in

operation, which ensures that full photosynthetic efficiency
is regained no later than the next morning in the absence of
light stress. This finding was in line with an earlier study by
Ögren (1994).
Photoinhibition is frequently manifested as a long-term
decrease in potential quantum efficiency of PSII (Fv/Fm)
(Sobrado, 2011) and occurred at the beginning of high light
treatment in the present study, reflected by the decrease in
qPd and Fv/Fm (Figs 1 and 2). The reductive effects on Fv/Fm
were registered in different species exposed to excess high
light irradiance (Krause et al., 2006, 2012; Sobrado, 2011).
Lower ETRs, combined with lower slopes of the linear portion of the light response curve of photosynthesis (Fig. 3),
manifested as the inactivation and/or disassembly of PSII
cores, especially the D1 protein (Adams et al., 2008). Along
with the acclimation to high light exposure, the Fv/Fm of the
plants was able to recover (Fig. 2), which can be attributed
to either the increased resistance to photoinhibition or the
enhanced capacity for repair (measured as synthesis of D1
protein) (Pearcy, 1994).
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Fig. 8. Starch contents of untreated (control group, closed circles) and
high-light-treated Arabidopsis thaliana leaves from the seedling stage
(HL-Seedling, open squares) and rosette stage (HL-Rosette, open
triangles). Data are presented as mean±SEM (n=3).

Fig. 7. The fresh above-ground biomass (A), dry above-ground biomass
(B), and leaf area (C) of Arabidopsis thaliana were increased by high light
treatment at the seedling stage (HL-Seedling, open squares) and rosette
stage (HL-Rosette, open triangles). Closed circles indicate the control
group. Data are presented as mean±SEM (n=3). Lines present regression
fit curves (sigmoidal, Sigmoid, 3 Parameter y=a/[1+exp(–(x–x0)/b)]) plotted
using Sigmaplot 12 (Systat Software, Inc., Chicago, IL, USA).

Young mutant plants lacking chlorophyll b have been
reported to possess lower levels of NPQ (Jahns and Krause,
1994). This might explain the lower NPQ of the HL-Seedling
group at the second week measured by PAM chlorophyll
fluorescence (Fig. 4). At the age of 6 weeks, the chlorophyll
contents of HL-Seedling and control group plants reached
similar levels which is in line with previous results (Krause
et al., 2006). This can be attributed to acclimation processes.
The acclimation of photosynthetic pigments to high light
has also been determined in trees (Krause et al., 2012). At
the 10th week, when the rosette leaves of plants entered the
phase of senescence, the NPQ decreased. This result was

in agreement with previous research, in which the photoprotective component of NPQ (pNPQ) and ETR were agedependent, with the maximum pNPQ values observed in the
reproductive phase and with lower values during juvenile
and senescent phases (Carvalho et al., 2015). However, the
NPQ values of the HL-Rosette group were not decreased
in spite of the reduction of chlorophyll b contents, as shown in
Fig. 5C. This correlated with the response of chloroplasts in
HL-Rosette plants to high light stress. The number and position of chloroplasts were similar in HL-Rosette and control
plants, whereas there was a significant response to high light
in the HL-Seedling group: the number of chloroplasts was
significantly decreased and they were arranged in dense clusters in the center of the cells to avoid absorbing excess light
energy (Fig. 5B, E). The intracellular position of chloroplasts
was suggested to be involved in balancing light utilization to
counteract high light stress. When exposed to intense light,
chloroplasts can rearrange so that they can self-shade each
other along the lateral (anticlinal) cell surfaces to lessen the
absorption of excess light (Logan et al., 2014).
There have been many claims that photoinhibition is likely
to lead to a decrease in carbon gain (CO2 assimilation) and
reduced plant productivity. However, in reality, long-term
downregulation of PSII may be a means by which plants
sustain photoprotection (Adams et al., 2008). Moreover, the
light intensities that can be tolerated by leaves are strongly
dependent on the plant age and leaf developmental stage
(Carvalho et al., 2015). A. thaliana at the rosette stage acclimated more quickly than plants at the seedling stage, as indicated by the results for Fv/Fm (Fig. 2). Similar results have
previously been reported in Laminaria saccharina Lamour
(Hanelt et al., 1997).
The treated plants, which were exposed regularly to high
light, had a lower total rosette leaf area but higher biomass
compared with the control plants (Fig. 7). The decrease in
leaf area correlated with the increase in leaf mass per area,
as also reported in previous studies (Thompson et al., 1992;
Krause et al., 2012). When the plants suffered photoinhibition
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Fig. 9. Total seed weight (A), total seed number (B), and average individual
seed weight (C) of Arabidopsis thaliana plants exposed to high light at the
seedling (HL-Seedling) and rosette (HL-Rosette) stage. Data are presented
as mean±SEM (n=3, 4). Significant differences between control and
treated groups according to ANOVA: *P<0.05, **P<0.01.

induced by high light, their starch contents were decreased and
they showed low photosynthetic efficiency; this was observed
at week 2–3 for the HL-Seedling group and week 6 for the
HL-Rosette group (Fig. 8). After acclimation to high light,
the starch contents increased at week 4–5 for the HL-Seedling
group and week 7 for the HL-Rosette group (Fig. 8), along
with increased leaf biomass (Fig. 7), as the high photosynthetic efficiency was likely to enhance the leaf starch content
(Mitchell et al., 1997; Sun et al., 1999; De Groot et al., 2001).
However, the accumulation of starch and carbohydrates in
the leaves would lead to concomitant feedback down-regulations, including (i) photosynthetic CO2 ﬁxation, (ii) thylakoid
proteins (the oxygen-evolving complex and D1) responsible for electron donation to and transport in PSII, and (iii)

chlorophyll-binding proteins and chlorophyll (in some, but
not all, plant species), as well as up-regulation of photoprotective thermal energy dissipation (Adams et al., 2013). The
levels of D1 protein decreased dramatically under low light
when spinach leaves were supplemented with glucose (Kilb
et al., 1996). Therefore, the requirement of starch transfer,
that is, carbon export, arose to prevent the disadvantage of
feedback down-regulation. The carbon export capacity was
typically higher in leaves acclimated to high light than in
transferred shade leaves (Adams et al., 2008). In our study,
this is reflected by the premature onset of the reproductive
stage at week 5–6 for the HL-Seedling group and week 8–9 for
the HL-Rosette group (Fig. 6). Earlier maturation was also
reported in wheat grown under full light grown in comparison
to low-light-grown plants (Mengel and Judel, 2006).
Both control and high-light-treated plants accumulated a
certain range of starch content before the onset of the reproductive stage. In detail, the starch content in the leaves of the
HL-Rosette and control plants was ~2 mg/g fresh weight at
week 7 and 8, respectively. These two groups then started to
grow stems (i.e. the beginning of the flowering stage) in the
following week, that is, at week 8 and 9 for the HL-Rosette
and control group, respectively. The flowering stage of
HL-Seedling plants began from week 6, with higher starch
contents being observed in week 5. Compared to a previous
study, it seems that starch or carbohydrate mobilization was
essential in the control of the floral transition in A. thaliana
(Corbesier et al., 1998), rather than maintenance of a large
and available pool of starch in the leaves. Moreover, the level
of starch storage in the leaves for activating the floral transition was ~2 mg/g fresh weight; this needs to be further investigated with regard to different growing environments.
Starting from the reproductive phase, due to the export of
carbon from rosette leaves, a decrease of starch contents in
rosette leaves and an apparent increased number of stems was
observed in high-light-treated A. thaliana plants (Fig. 8). The
stem number and above-ground biomass of the plants was
in general highest in HL-Seedling plants, with lower levels in
HL-Rosette, and lower still in control group plants (Fig. 6,
Fig. 7A, B). In contrast to the control plants, the high-lighttreated plants were likely to consume more photosynthetic
products for reproductive growth rather than vegetative
growth.
In line with the increased number of stems, the seed productivity of the high-light-treated plants was higher than that of
the control plants, with significant increases in the seed number and total seed weight being observed for the HL-Rosette
group (Fig. 9A, B). This result was in agreement with a previous study on wheat, in which low light intensity decreased the
grain and straw yield (Mengel and Judel, 2006). Comparing
the total above-ground biomass and seed weights, it seems
that the HL-Seedling plants utilized the excessive light energy
for stem growth, while the HL-Rosette plants used this energy
for seed production.
Acclimation to the photoinhibitory light exposure resulted
in changes in starch redistribution and storage. The mobilization of starch in the high-light-treated plants led to earlier maturation, faster growth, a greater number of flowering
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stems, higher above-ground biomass, and higher seed production in comparison to the control plants. The decrease of
starch contents in the rosette leaves was probably associated
with the conversion of triose phosphate (triose-P) (Sun et al.,
1999; Walters et al., 2004). Triose-P may be converted preferentially into sucrose at lower rates of triose-P production,
with increased partitioning to starch synthesis occurring as
sucrose synthesis reaches saturation (Sun et al., 1999). Sucrose
was dramatically reduced in the light by being exported to
non-leaf tissues or reintroduced into the metabolism (Walters
et al., 2004). The newly synthesized starch then broke down
and provided the substrates needed for sucrose export to the
rest of the plant for growth (Walters et al., 2004).
Arabidopsis plants grown under a continuous light intensity of 650 μmol photons m−2 s−1 showed a 2-fold increase
in the seed yield, a 40% increase in mass per seed, and a
60% increase in oil per seed compared with plants grown at
100 μmol photons m−2 s−1 illumination (Li et al., 2006). In
contrast, the mass per seed was not increased by regular high
light treatment in the present study (Fig. 9C). According
to our observations, when wild-type A. thaliana was grown
under continuous 400 μmol photons m−2 s−1 illumination
(data not shown), the pods of the seeds were slightly thicker
than the pods of plants grown at 100 μmol photons m−2 s−1
illumination. Both the leaves and the pods of the plants
under 400 μmol photons m−2 s−1 illumination became purple.
The different performances of high-light-treated and control
leaves and pods may or may not be due to the increase in
synthesis of anthocyanins (Szymańska et al., 2014) and the
absorption of blue light. In this experiment, the anthocyanin
contents were not measured as there was no visible change
in leaf color or pod thickness in regular high light treated
plants or control plants (grown at 100 μmol photons m−2 s−1).
The impacts of accumulation of anthocyanins and the
absorption of blue light need to be taken into account in
future research.
Therefore, combining all the morphological, physiological, and photosynthetic parameters, A. thaliana was able to
acclimate to the periodic high light treatment and increased
in productivity. The observations presented here will be beneficial for regulating optimal light conditions for different
crop plants. For example, vegetables with edible leaves should
be grown under low light for vegetative growth, while plants
grown for their fruits could benefit from being grown under
low light with periodic exposure to high light intensities in
order to increase the yield of fruits/seeds.

Conclusions
High light exposure damaged PSII. In spite of photoinhibition, Arabidopsis plants were able to overcome the stress
of high light and recovered (although not completely at the
beginning) once being moved to the dark or low light irradiance. The periods of acclimation were ~2 weeks for seedling plants and <1 week for rosette plants. Acclimation to
the photoinhibitory light exposure resulted in changes in
starch redistribution and storage, earlier maturation, and

higher seed production in comparison to the control plants.
The mobilization of starch led to limitation of the growth
of rosette leaves and the fast growth and large numbers of
flowering stems, resulting in higher above-ground biomass in
comparison with controls. Mature Arabidopsis plants performed better in tolerating the high light stress and achieved
the highest seed yield, followed by Arabidopsis plants treated
from the seedling stage, which in turn had a higher yield
than the low-light-grown plants. The experiments showed
that periodic photoinhibitory light stress triggers a systemic
response in plants that leads to better physiological performance, faster growth, higher biomass, and greater seed
production.
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Supplementary data are available at JXB online.
Fig. S1. The spectrum of the high light device.
Fig. S2. Typical PAM ﬂuorescence induction traces of
Arabidopsis thaliana exposed to two actinic light illumination
periods, each followed by dark relaxation.
Fig. S3. Visual responses of Arabidopsis thaliana plants on
the first day of treatment by high light.
Fig. S4. PAM chlorophyll ﬂuorescence analysis of
untreated and treated Arabidopsis thaliana leaves after 2, 6,
and 10 weeks’ growth.
Fig. S5. Chloroplast number and microscopic appearance
of high-light-treated Arabidopsis thaliana leaves from seedling and rosette stage.

Acknowledgements
This work was funded by the UK Biotechnology and Biological Sciences
Research Council. YT was supported by the UK China Scholarship Council
(no. 201406730018). AVR acknowledges The Royal Society for the Wolfson
Research Merit Award.

References
Adams WW III, Demmig-Adams B. 2014. Lessons from nature: a
personal perspective. In Demmig-Adams B, Garab G, Adams WW III,
Govindjee, eds. Non-photochemical quenching and energy dissipation in
plants, algae and cyanobacteria. Dordrecht: Springer, 45–72.
Adams WW III, Muller O, Cohu CM, Demmig-Adams B. 2013. May
photoinhibition be a consequence, rather than a cause, of limited plant
productivity? Photosynthesis Research 117, 31–44.
Adams WW III, Muller O, Cohu CM, Demmig-Adams B. 2014.
Photosystem II efficiency and non-photochemical fluorescence quenching
in the context of source-sink balance. In Demmig-Adams B, Garab G,
Adams WW III, Govindjee, eds. Non-photochemical quenching and
energy dissipation in plants, algae and cyanobacteria. Dordrecht: Springer,
503–529.
Adams WW III, Zarter CR, Mueh KE, Demmig-Adams B, DemmigAdams B. 2008. Energy dissipation and photoinhibition: a continuum
of photoprotection. In Demmig-Adams B, Adams WW III, Mattoo AK,
eds. Photoprotection, photoinhibition, gene regulation, and environment.
Dordrecht: Springer, 49–64.
Alves PL da CA, Magalhães ACN, Barja PR. 2002. The phenomenon
of photoinhibition of photosynthesis and its importance in reforestation.
The Botanical Review 68, 193–208.
Anderson JM, Chow WS, Goodchild DJ. 1988. Thylakoid membrane
organisation in sun/shade acclimation. Functional Plant Biology 15, 11–26.

Light control of plant productivity | 4261
Anderson JM, Osmond CB. 1987. Shade-sun responses: compromises
between acclimation and photoinhibition. In Kyle DJ, Osmond CB, Arntzen
CJ, eds. Photoinhibition. Amsterdam: Elsevier, 1–38.

Krause GH, Koroleva OY, Dalling JW, Winter K. 2001. Acclimation of
tropical tree seedlings to excessive light in simulated tree-fall gaps. Plant,
Cell & Environment 24, 1345–1352.

Bailey S, Walters RG, Jansson S, Horton P. 2001. Acclimation of
Arabidopsis thaliana to the light environment: the existence of separate low
light and high light responses. Planta 213, 794–801.

Krause GH, Virgo A, Winter K. 1995. High susceptibility to
photoinhibition of young leaves of tropical forest trees. Planta 197,
583–591.

Belgio E, Johnson MP, Jurić S, Ruban AV. 2012. Higher plant
photosystem II light-harvesting antenna, not the reaction center,
determines the excited-state lifetime-both the maximum and the
nonphotochemically quenched. Biophysical Journal 102, 2761–2771.

Krause GH, Winter K, Matsubara S, Krause B, Jahns P, Virgo A,
Aranda J, García M. 2012. Photosynthesis, photoprotection, and growth
of shade-tolerant tropical tree seedlings under full sunlight. Photosynthesis
Research 113, 273–285.

Björkman O, Demmig-Adams B. 1995. Regulation of photosynthetic
light energy capture, conversion, and dissipation in leaves of higher plants.
In Schulze ED, Caldwell MM, eds. Ecophysiology of photosynthesis. Berlin:
Springer, 17–47.

Li Y, Beisson F, Pollard M, Ohlrogge J. 2006. Oil content of Arabidopsis
seeds: the influence of seed anatomy, light and plant-to-plant variation.
Phytochemistry 67, 904–915.

Blennow K, Lang ARG, Dunne P, Ball MC. 1998. Cold-induced
photoinhibition and growth of seedling snow gum (Eucalyptus pauciflora)
under differing temperature and radiation regimes in fragmented forests.
Plant, Cell & Environment 21, 407–416.
Borsani O, Valpuesta V, Botella MA. 2001. Evidence for a role of
salicylic acid in the oxidative damage generated by NaCl and osmotic
stress in Arabidopsis seedlings. Plant Physiology 126, 1024–1030.
Carvalho FE, Ware MA, Ruban AV. 2015. Quantifying the dynamics
of light tolerance in Arabidopsis plants during ontogenesis. Plant, Cell &
Environment 38, 2603–2617.
Caspar T, Lin TP, Kakefuda G, Benbow L, Preiss J, Somerville C.
1991. Mutants of Arabidopsis with altered regulation of starch degradation.
Plant Physiology 95, 1181–1188.
Chow WS, Adamson HY, Anderson JM. 1991. Photosynthetic
acclimation of Tradescantia albiflora to growth irradiance: lack of
adjustment of light-harvesting components and its consequences.
Physiologia Plantarum 81, 175–182.
Chow WS, Anderson JM, Melis A. 1990. The photosystem
stoichiometry in thylakoids of some Australian shade-adapted plant
species. Functional Plant Biology 17, 665–674.
Close DC, Beadle CL. 2003. Chilling-dependent photoinhibition, nutrition
and growth analysis of Eucalyptus nitens seedlings during establishment.
Tree Physiology 23, 217–226.
Corbesier L, Lejeune P, Bernier G. 1998. The role of carbohydrates in
the induction of flowering in Arabidopsis thaliana: comparison between the
wild type and a starchless mutant. Planta 206, 131–137.
Cotter M. 2005. Care of Arabidopsis thaliana at the Center for Plant Lipid
Research. Denton: University of North Texas.
De Groot CC, Marcelis LFM, Boogaard R Van Den, Lambers
H. 2001. Growth and dry-mass partitioning in tomato as affected by
phosphorus nutrition and light. Plant Cell & Environment 24, 1309–1317.
Hanelt D, Wiencke C, Karsten U, Nultsch W. 1997. Photoinhibition and
recovery after high light stress in different developmental and life-history
stages of Laminaria saccharina (Phaeophyta). Journal of Phycology 33,
387–395.
Jahns P, Krause GH. 1994. Xanthophyll cycle and energy-dependent
fluorescence quenching in leaves from pea plants grown under intermittent
light. Planta 192, 176–182.
Järvi S, Suorsa M, Aro EM. 2015. Photosystem II repair in plant
chloroplasts–regulation, assisting proteins and shared components with
photosystem II biogenesis. Biochimica et Biophysica Acta 1847, 900–909.
Johnson MP, Ruban AV. 2010. Arabidopsis plants lacking PsbS protein
possess photoprotective energy dissipation. The Plant Journal 61,
283–289.
Kilb B, Wietoska H, Godde D. 1996. Changes in the expression of
photosynthetic genes precede loss of photosynthetic activities and
chlorophyll when glucose is supplied to mature spinach leaves. Plant
Science 115, 225–235.

Logan BA, Demmig-Adams B, Adams WW III, Bilger W. 2014.
Context, quantification, and measurement guide for non-photochemical
quenching of chlorophyll fluorescence. In Demmig-Adams B, Garab
G, Adams WW III, Govindjee, eds. Non-photochemical quenching and
energy dissipation in plants, algae and cyanobacteria. Dordrecht: Springer,
187–201.
Manetas Y, Drinia A, Petropoulou Y. 2002. High contents of
anthocyanins in young leaves are correlated with low pools of xanthophyll
cycle components and low risk of photoinhibition. Photosynthetica 40,
349–354.
Mengel K, Judel GK. 2006. Effect of light intensity on the activity of
starch synthesizing enzymes and starch synthesis in developing wheat
grains. Physiologia Plantarum 51, 13–18.
Mitchell CA, Chun C, Brandt WE, Nielsen SS. 1997. Environmental
modification of yield and nutrient composition of ‘Waldmann’s Green’ leaf
lettuce. Journal of Food Quality 20, 73–80.
Mulkey SS, Pearcy RW. 1992. Interactions between acclimation and
photoinhibition of photosynthesis of a tropical forest understorey herb,
Alocasia macrorrhiza, during simulated canopy gap formation. Functional
Ecology, 719–729.
Murchie EH, Horton P. 1997. Acclimation of photosynthesis to
irradiance and spectral quality in British plant species: chlorophyll content,
photosynthetic capacity and habitat preference. Plant, Cell & Environment
20, 438–448.
Ögren E. 1994. The significance of photoinhibition for photosynthetic
productivity. In Baker NR, Bowyer JR, eds. Photoinhibition of
photosynthesis – from molecular mechanisms to the field. Oxford: Bios
Scientific Publishers, 433–447.
Osmond B, Förster B. 2008. Photoinhibition: then and now. In
Demmig-Adams B, Adams WW III, Mattoo AK, eds. Photoprotection,
photoinhibition, gene regulation, and environment. Dordrecht: Springer,
11–22.
Oxborough K, Baker NR. 1997. Resolving chlorophyll a fluorescence of
photosynthetic efficiency into photochemical components—calculation of qP
and Fvʹ/Fmʹ without measuring Foʹ. Photosynthesis Research 54, 135–142.
Park YI, Chow WS, Anderson JM. 1996. Chloroplast movement in the
shade plant Tradescantia albiflora helps protect photosystem II against
light stress. Plant Physiology 111, 867–875.
Pearcy RW. 1994. Photosynthetic response to sunflecks and light
gaps: mechanisms and constraints. In Baker NR, Bowyer JR, eds.
Photoinhibition of photosynthesis – from molecular mechanisms to the
field. Oxford: Bios Scientific Publishers, 255–271.
Piel C, Frak E, Le Roux X, Genty B. 2002. Effect of local irradiance on
CO2 transfer conductance of mesophyll in walnut. Journal of Experimental
Botany 53, 2423–2430.
Platt T, Gallegos CL, Harrison WG. 1980. Photoinhibition of
photosynthesis in natural assemblages of marine phytoplankton. Journal of
Marine Research 38, 687–701.

Kouřil R, Wientjes E, Bultema JB, Croce R, Boekema EJ. 2013. Highlight vs. low-light: effect of light acclimation on photosystem II composition
and organization in Arabidopsis thaliana. Biochimica et Biophysica Acta
1827, 411–419.

Porra RJ, Thompson WA, Kriedemann PE. 1989. Determination of
accurate extinction coefficients and simultaneous equations for assaying
chlorophylls a and b extracted with four different solvents: verification of the
concentration of chlorophyll standards by atomic absorption spectroscopy.
Biochimica et Biophysica Acta (BBA)-Bioenergetics 975, 384–394.

Krause GH, Gallé A, Virgo A, García M, Bucic P, Jahns P, Winter
K. 2006. High-light stress does not impair biomass accumulation of sunacclimated tropical tree seedlings (Calophyllum longifolium Willd. and
Tectona grandis L. f.). Plant Biology 8, 31–41.

Raven JA. 1994. The cost of photoinhibition to plant communities. In
Baker NR, Bowyer JR, eds. Photoinhibition of photosynthesis – from

Powles SB. 1984. Photoinhibition of photosynthesis induced by visible
light. Annual Review of Plant Physiology 35, 15–44.

4262 | Tian et al.
molecular mechanisms to the field. Oxford: Bios Scientific Publishers,
449–464.

light. Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences 367, 3486–3493.

Ruban AV. 2009. Plants in light. Communicative & Integrative Biology 2,
50–55.

Tyystjärvi E, Aro E-M. 1996. The rate constant of photoinhibition,
measured in lincomycin-treated leaves, is directly proportional to light
intensity. Proceedings of the National Academy of Sciences of the United
States of America 93, 2213–2218.

Ruban AV, Belgio E. 2014. The relationship between maximum tolerated
light intensity and photoprotective energy dissipation in the photosynthetic
antenna: chloroplast gains and losses. Philosophical Transactions of the
Royal Society of London. Series B, Biological Sciences 369, 20130222.
Ruban A V, Murchie EH. 2012. Assessing the photoprotective
effectiveness of non-photochemical chlorophyll fluorescence quenching: a
new approach. Biochimica et Biophysica Acta 1817, 977–982.
Smith H. 1982. Light quality, photoperception, and plant strategy. Annual
Review of Plant Physiology 33, 481–518.
Smith AM, Zeeman SC. 2006. Quantification of starch in plant tissues.
Nature Protocols 1, 1342–1345.
Sobrado MA. 2011. Leaf pigment composition and fluorescence
signatures of top canopy leaves in species of the upper Rio Negro forests.
Research Journal of Botany 6, 141.
Sonoike K. 2011. Photoinhibition of photosystem I. Physiologia Plantarum
142, 56–64.

Walters RG, Ibrahim DG, Horton P, Kruger NJ. 2004. A mutant of
Arabidopsis lacking the triose-phosphate/phosphate translocator reveals
metabolic regulation of starch breakdown in the light. Plant Physiology
135, 891–906.
Ware MA, Belgio E, Ruban AV. 2014. Comparison of the protective
effectiveness of NPQ in Arabidopsis plants deficient in PsbS protein and
zeaxanthin. Journal of Experimental Botany 66, 1259–1270.
Ware MA, Belgio E, Ruban AV. 2015. Photoprotective capacity of nonphotochemical quenching in plants acclimated to different light intensities.
Photosynthesis Research 126, 261–274.
Ware MA, Dall’Osto L, Ruban AV. 2016. An in vivo quantitative
comparison of photoprotection in Arabidopsis xanthophyll mutants.
Frontiers in Plant Science 7, 841.

Sun J, Okita TW, Edwards GE. 1999. Modification of carbon partitioning,
photosynthetic capacity, and O2 sensitivity in Arabidopsis plants with low
ADP-glucose pyrophosphorylase activity. Plant Physiology 119, 267–276.

Warren CR, Löw M, Matyssek R, Tausz M. 2007. Internal conductance
to CO2 transfer of adult Fagus sylvatica: variation between sun and
shade leaves and due to free-air ozone fumigation. Environmental and
Experimental Botany 59, 130–138.

Szymańska R, Nowicka B, Kruk J. 2014. Hydroxy-plastochromanol and
plastoquinone-C as singlet oxygen products during photo-oxidative stress
in Arabidopsis. Plant, Cell & Environment 37, 1464–1473.

Weston E, Thorogood K, Vinti G, López-Juez E. 2000. Light quantity
controls leaf-cell and chloroplast development in Arabidopsis thaliana wild
type and blue-light-perception mutants. Planta 211, 807–815.

Terashima I, Araya T, Miyazawa S, Sone K, Yano S. 2005.
Construction and maintenance of the optimal photosynthetic systems of
the leaf, herbaceous plant and tree: an eco-developmental treatise. Annals
of Botany 95, 507–519.

Wientjes E, van Amerongen H, Croce R. 2013. Quantum yield of
charge separation in photosystem II: functional effect of changes in the
antenna size upon light acclimation. Journal of Physical Chemistry. 117,
11200–11208.

Thompson WA, Kriedemann PE, Craig IE. 1992. Photosynthetic
response to light and nutrients in sun-tolerant and shade-tolerant rainforest
trees. I. Growth, leaf anatomy and nutrient content. Functional Plant
Biology 19, 1–18.

Yamori W. 2016. Photosynthetic response to fluctuating environments
and photoprotective strategies under abiotic stress. Journal of Plant
Research 129, 379–395.

Tikkanen M, Grieco M, Nurmi M, Rantala M, Suorsa M, Aro EM.
2012. Regulation of the photosynthetic apparatus under fluctuating growth

Zeeman SC, Tiessen A, Pilling E, Kato KL, Donald AM, Smith AM.
2002. Starch synthesis in Arabidopsis. Granule synthesis, composition,
and structure. Plant Physiology 129, 516–529.

Minerva Access is the Institutional Repository of The University of Melbourne
Author/s:
Tian, Y;Sacharz, J;Ware, MA;Zhang, H;Ruban, AV
Title:
Effects of periodic photoinhibitory light exposure on physiology and productivity of
Arabidopsis plants grown under low light
Date:
2017-07-10
Citation:
Tian, Y., Sacharz, J., Ware, M. A., Zhang, H. & Ruban, A. V. (2017). Effects of periodic
photoinhibitory light exposure on physiology and productivity of Arabidopsis plants grown
under low light. JOURNAL OF EXPERIMENTAL BOTANY, 68 (15), pp.4249-4262. https://
doi.org/10.1093/jxb/erx213.
Persistent Link:
http://hdl.handle.net/11343/271472
License:
CC BY

