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Effects of growth under different light spectra on the
subsequent high light tolerance in rose plants
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Abstract. Photosynthesis is defined as a light-dependent process; however, it is negatively influenced by high
light (HL) intensities. To investigate whether the memory of growth under monochromatic or combinational lights
can influence plant responses to HL, rose plants were grown under different light spectra [including red (R), blue
(B), 70:30 % red:blue (RB) and white (W)] and were exposed to HL (1500 pmol m=2 s) for 12 h. Polyphasic chloro-
phyll a fluorescence (OJIP) transients revealed that although monochromatic R- and B-grown plants performed
well under control conditions, the functionality of their electron transport system was more sensitive to HL than
that of the RB- and W-grown plants. Before exposure to HL, the highest anthocyanin concentration was observed
in R- and B-grown plants, while exposure to HL reduced anthocyanin concentration in both R- and B-grown plants.
Ascorbate peroxidase and catalase activities decreased, while superoxide dismutase activity was increased after
exposure to HL. This caused an increase in H,0, concentration and malondialdehyde content following HL expos-
ure. Soluble carbohydrates were decreased by exposure to HL, and this decrease was more emphasized in R- and
B-grown plants. In conclusion, growing plants under monochromatic light reduced the plants ability to cope with
HL stress.
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Introduction The rapid development of lighting technologies using
light-emitting diodes (LEDs) has caused an increase in
the application of this technology for lighting in closed
horticultural systems (Kozai et al. 2015). Light-emitting
diodes are also attractive because of their high radiant
efficiency, long lifetimes, small size, low temperature,
narrow spectrum and physical robustness (Tennessen
et al. 1994; Kim et al. 2004; Breive et al. 2005; Morrow
2008). The application of LEDs in horticulture makes it
possible to use certain wavelengths to study particular

Light is the original source of energy for plant photosyn-
thesis and growth. A wide range of signals and information
for morphogenesis and many other physiological processes
is triggered by light (Chen et al. 2004). Different character-
istics of light such as spectral composition (wavelengths),
intensity, duration and direction can influence plant
growth and development. The photosynthesis process is
also sensitive to all aspects of lighting environments.
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plant responses. For instance, intercrop lighting using
LEDs is nowadays used to promote photosynthesis
of the middle and lower leaves. However, research on
the effect of spectral wavelengths on plant growth and
development is still in progress.

Plant responses to light differ based on the lighting
environment, season, genotype, cultivation practices
and many others (Kozai 2016). Although light is the
energy source for photosynthesis, it can simultaneously
function as a stress factor. Under high light (HL) inten-
sity conditions or when plants are exposed to other
abiotic stresses (e.g. drought), the energy supply (ATP)
and reducing power (NADPH) through photosystems
(and by involvement of electron transport chain) exceed
the demand for metabolic processes in carbon-fixing
reactions (Miyake et al. 2009; Gu et al. 2017). The accu-
mulation of reactive oxygen species (ROS) is the result of
a disturbance between supply and demand for electron
transport end products. Depending on the rate of accu-
mulation, ROS can have dual effects on plant responses.
At low concentrations, ROS act as a signal to induce
defence responses, while at high concentrations ROS are
toxic and induce lipid peroxidation in the cell membranes
and cause oxidative damage to cellular components
(Dat et al. 2000; Vranova et al. 2002). Consequently,
the functionality of photosynthesis decreases under
stressful conditions. Photosynthesis suppression due
to exposure to HL intensities is known as photoinhibi-
tion. Damage caused by the photoinhibition process
can take place in all components of the photosynthetic
machinery. Among them, the photosystem II (PSII)
complex of the electron transport chain is considered
the primary target of photoinhibition (Vass 2012; Roach
and Krieger-Liszkay 2014). However, photosynthesis as
a fine-tuned process employs multiple mechanisms to
cope with photoinhibition. Dissipation of excess energy
in the form of heat is the main protective strategy to
get rid of the damage induced by HL intensities (Miller
et al. 2001). Thermal dissipation is known as non-
photochemical quenching (NPQ) of Chl fluorescence.
Non-photochemical quenching encompasses several
strategies including: energy-dependent quenching by
involvement of the xanthophyll cycle, conformational
changes in light harvesting complex II (LHCII), which are
known as state transitions, and photoinhibition resulting
in reduction of quantum yield as a consequence of light-
induced damage (Mdller et al. 2001; Zhao et al. 2017).

Light is absorbed by plant pigments. Chl a and b
are the main photosynthetic pigments in plants. They
mainly absorb blue and red wavelengths of the light
spectrum. Carotenoids with an absorption spectrum
between 350 and 500 nm are also found in all chloro-
phyll-based photosynthesis systems. They contribute

to light absorption in the antenna system. Furthermore,
carotenoids help the plant to dissipate excess energy as
heat to protect the photosynthesis apparatus from HL
intensities (Sharma and Hall 1993). Anthocyanins are
also involved in the protection of photosynthetic appar-
atus from damage due to HL intensity (Petrella et al.
2016).

Roses are the most famous ornamental plants
worldwide. The growth and development as well as
post-harvest quality of rose plants are affected by pre-
harvest environmental factors such as relative humidity
(RH) and light (Fanourakis et al. 2013). Issues related to
light have attracted much attention for rose cultivation
during the last few decades. In some places (espe-
cially at high latitudes), supplementary lighting is used
to compensate sun light limitations. In other places
exposure to HL intensities during the summer negatively
influences rose production. In those places shading the
rose plants is a common practice during summer time.
Furthermore, in many places plants are only exposed
to HL conditions for a short duration. However, both
shading and HL can negatively influence photosynthesis
(Garcia Victoria et al. 2011).

Each spectral band of light can induce certain
responses in plants. For instance, red and blue lights
mainly contain the range of wavelengths necessary for
electron excitation in the photosynthetic apparatus (Taiz
and Zeiger 2002). Wavelengths in the range of blue and
UV cause the accumulation of carotenoids and antho-
cyanins in the leaves (Li and Kubota 2009; Carvalho et al.
2016), and red light induces accumulation of carbohy-
drates in the leaf (Saebg et al. 1995). Since each band of
light wavelengths can induce certain mechanisms and
responses in plants, which can affect subsequent plant
responses to environmental stresses, in the current
study, we hypothesize that protective mechanisms
against HL stress would be up-regulated/down-regu-
lated through growing plants under certain light spectra
which can influence plant responses to HL intensity
afterwards. Furthermore, since limited wavelengths
can induce certain protective mechanisms against HL,
plants grown under combined wavelengths have more
capabilities to tolerate HL intensities.

Cryptochromes and phototropins are the B light
acceptors, whereas phytochromes are more sensitive
acceptors for R light (Whitelam and Halliday 2008).
These photoreceptors acquire information from the
light environment and use that information to modu-
late cellular processes (Smith 1982). Therefore, different
signal transduction pathways are involved in the up-
or down-regulation of certain metabolic pathways by
the information gained from specific photoreceptor of
certain wavelength. The aims of the current study were
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to investigate (i) the structure and function of photo-
synthetic apparatus in plants (grown under different
light spectra) exposed to HL intensity, and (ii) the mech-
anisms involved in HL tolerance in rose plants grown
under different light spectra.

It has been shown that the energy flow and infor-
mation related to the structure and function of the
photosynthetic apparatus can be analysed through Chl
fluorescence data. Although chlorophyll fluorescence
parameters obtained by the saturation pulse method
in light-adapted leaves give valuable information
regarding the energy flow across thylakoid membranes,
these types of measurement are time-consuming and
are not fully ideal for assessing fluorescence param-
eters in practical conditions (Brestic and Zivcak 2013).
The non-destructive analysis of polyphasic fast chloro-
phyll transient by the so-called OJIP test was developed
for quick evaluation of biophysical aspects of photo-
synthesis especially under stress conditions (Strasser
1995; Mathur et al. 2013). This test relies on energy
flow in thylakoid membranes, which provides detailed
information about the biophysics of the photosynthetic
system through measurement of fluorescence signals
(Kalaji et al. 2017). The OJIP test has been success-
fully used for studying the photosynthetic apparatus of
different plant species under abiotic stress conditions
(Panda et al. 2008; Martinazzo et al. 2012; Kaldji et al.
2014; Rapacz et al. 2015; Kaldji et al. 2016). Therefore,
this test was used in the current study to detect the
negative effects of HL stress on the photosynthetic
apparatus of the rose plants.

Materials and Methods

Plant material and growth conditions

Rose plants (Rosa hybrida cv. ‘Avalanche’) were propa-
gated from cuttings in March 2017 in a perlite medium.
Rooting was achieved following 4-5 weeks of planting.
The rooted cuttings (10-15 cm long with two emerging
leaves) were transplanted into 15 cm diameter plastic
pots containing a mixture of cocopite and perlite
(70/30 % by volume). The plants were watered daily
for 3 days after transplantation, and thereafter, they
were irrigated with half-strength Hoagland solution.
Homogeneous plants were divided into four growth
chambers (four plant per each growth chamber) with
the same climatic conditions (temperature: 27 + 3 °C;
RH: 50 * 5 %; photoperiod: 12-h light/12-h dark between
0800 and 2000 h). Plants were subjected to four different
light spectra: white (W), blue (B), red (R) and 70 % red
+ 30 % blue (RB) provided by LED production modules
(24-W, Iran Grow Light Co., Iran) at a photosynthetic

photon flux density (PPFD) of 250 * 10 pmol m™ s™%. The
W spectrum consisted of 41 % in the range of Band 18 %
in the range of R. Photosynthetic photon flux density
intensities and light spectra were monitored using a
light meter (Sekonic C-7000, Japan). The relative spectra
of the light treatments are shown in Fig. 1. Four weeks
after growth at different light spectra, all plants were
exposed to a HL intensity (1500 pmol m2 s7?) for 12 h
(between 0800 and 2000 h) (Fig. 2). To provide the same
temperature during plant exposure to HL intensity as the
growth chamber temperature, plants were illuminated
with LED production modules (Iran Grow Light Co., Iran)
in the range of 400-700 nm in a temperature-controlled
room at 21 °C and 50 % RH. Under this condition, the
temperature was fixed to 27 °C under HL intensity
(same as the temperature in the growth chambers).
Since such a HL intensity caused an increase in the tem-
perature of growth chamber (27 °C), to maintain the
same temperature before and after HL intensity same
temperature was also kept inside the growth chambers
during the growth of plants. The module consisted of
320 LEDs equipped with three fan ventilators to reduce
the heat produced in the module. Measurement of the
parameters was performed at two time points: first, at
the end of plant growth under different light spectra
with PPFD of 250 pmol m2s™!, and second, at the end of
plant exposure to HL intensity (1500 pmol m=2s7?).

Chl fluorescence and OJIP test measurements

The youngest fully developed leaves were used for
measuring the maximum quantum efficiency of PSII
(F/F_) with the Handy Fluorcam FC 1000-H (Photon
Systems Instruments, PSI, Czech Republic). Intact leaves
attached to the plants were dark-adapted for 20 min.
After dark adaptation, intact plants were immediately
used to measure F /F_. The Fluorcam consisting of a CCD

12 1

Relative value

400 500 600 700 800
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Figure 1. Light spectra of the blue (B), red (R), red and blue (RB)

and white (W) lighting environments measured at plant level in the
growth chambers.
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Figure 2. Representative images showing plants (A) that were grown for 3 weeks under different light spectra [blue (B), red (R), white (W) and
red and blue (RB)], growth chambers that were used for growing plants under 250 (B) and 1500 (C) pmol m= s PPFD.

camera and four fixed LED panels, one pair supplying
the measuring pulses and the second pair providing
actinic illumination and saturating flash, were used.
FJF  was calculated using a custom-made protocol
(Genty et al. 1989; Aliniaeifard et al. 2014; Aliniaeifard
and van Meeteren 2014). Images were recorded during
short measuring flashes in darkness. At the end of the
short flashes, the samples were exposed to a saturating
light pulse (3900 pmol m=2 s?) that resulted in a transi-
tory saturation of photochemistry and reduction of the

primary quinone acceptor of PSII (Genty et al. 1989).
After reaching steady-state fluorescence, two successive
series of fluorescence data were digitized and averaged,
one during the short measuring flashes in darkness (F)),
and the other during the saturating light flash (F ). From
these two images, F, was calculated by the expression
F,=F_ —F, The F/F_was calculated using the ratio (F_
- F,)/F . Maximum fluorescence (F ‘) was determined in
light-adapted steady state and was used for calculation
of NPQ according to the following equation:
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NPQ=(F,/F,) (1)

The average values and standard deviation per image
were calculated using Fluorcam software version 7.0.

The polyphasic Chl a fluorescence (OJIP) transients
were measured using a Fluorpen FP 100-MAX (Photon
Systems Instruments, Drasov, Czech Republic) on
young fully expanded rose leaves after 20 min dark
adaptation. OJIP was used to study different biophys-
ical and phenomenological parameters related to
PSII status (Strasser 1995). The transient fluores-
cence measurement was induced by a saturating
light of ~3000 pmol m= s All the measurements
were performed on 20 min dark-adapted plants. The
OJIP transients were done according to the JIP test
(Strasser et al. 2000b). The following data from the
original measurements were used after extraction by
Fluorpen software: fluorescence intensities at 50 ps
(F50ps, considered as the minimum fluorescence
F,), 2 ms (J-step, F), 60 ms (I-step, F,) and maximum
fluorescence (F ).

The performance index was calculated on the absorp-
tion basis (PI,;) and densities of QA" reducing PSII
reaction centres at time 0 and time to reach maximum
fluorescence. The yield ratios, including the probability
that a trapped exciton moves an electron in the elec-
tron transport chain beyond QA™ (), the quantum yield
of electron transport (¢, ), the quantum yield of energy
dissipation (¢, ) and the maximum quantum yield of
primary photochemistry (g,), were also calculated
based on the following equations:

V,=(F,—F)/(F,—F,)

F
Ppo = 1_(pPo _[F:]

From these data the following parameters were calcu-
lated: the specific energy fluxes per reaction centre
(RC) for energy absorption (ABS/RC = M (1/V )-(1/g, ),
(M, = TR/RC-ET /RC), trapped energy flux (TR /RC = M-
(1/V))), electron transport flux (ET/RC=M(1/V)p ) and
dissipated energy flux (DI /RC = (ABS/RC) - (TR /RC)).

Pigment measurements

The Chl and carotenoid contents of the leaves were
measured according to the method described by Arnon
(1949). For measuring the anthocyanin content of the
leaves, 1 g of leaf tissue was homogenized in 10 mL
methanol and the extract was incubated at 4 °C in the
dark overnight. The slurry was centrifuged (SIGMA-3K30)
at 4000 g for 10 min. The anthocyanin in the super-
natant was spectrophotometrically (Lambda 25 UV/VIS
spectrometer) determined at 520 nm according to the
method described by Wagner (1979).

Determination of hydrogen peroxide content and
lipid peroxidation

The level of lipid peroxidation in the leaf tissue was
measured based on the malondialdehyde (MDA, a
product of lipid peroxidation) content of the leaves.
Malondialdehyde was determined by the thiobarbi-
turic acid (TBA) reaction by minor modification of the
method described by Heath and Packer (1968). A0.25g
leaf sample was homogenized in 5 mL of 0.1 % tri-
chloroacetic acid (TCA). The homogenate was centri-
fuged at 10000 g for 5 min. Four millilitres of 20 % TCA
containing 0.5 % TBA was added to a 1-mL aliquot of
the supernatant. The mixture was heated at 95 °C for
30 min and then quickly cooled in an ice bath. After
centrifuging at 10000 g for 10 min the absorbance of
the supernatant at 532 nm was read and the value for
the non-specific absorption at 600 nm was subtracted.
The concentration of MDA was calculated using its
extinction coefficient of 155 mM™* cm™ (Heath and
Packer 1968).

Hydrogen peroxide (H,0,) content was spectropho-
tometrically measured after reaction with potassium
iodide (KI). The reaction mixture contained 0.5 mL of
0.1 % TCA, leaf extract supernatant, 0.5 mL of 100 mm
K-phosphate buffer and 2 mL reagent (1 M KI w/v in fresh
double-distilled H,0). The blank contained 0.1 % TCA
in the absence of leaf extract. The reaction was devel-
oped for 1 h in darkness and absorbance was measured
at 390 nm. The amount of H,0, was calculated using a
standard curve prepared with known concentrations of
H,O, according to the method described by Patterson
et al. (1984).

Determination of carbohydrates

Young fully developed leaves (300 mg fresh weight [FW])
were collected from each replicate per treatment and
were ground in liquid nitrogen, mixed with 7 mL of 70 %
ethanol (w/v) for 5 min on ice and centrifuged at 6700 g
for 10 min at 4 °C. After adding 200 mL of the supernatant
to 1 mL of an anthrone solution (0.5 g anthrone, 250 mL
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95 % H,SO, and 12.5 mL distilled water), the absorbance
was spectrophotometrically recorded at 625 nm (van
Doorn 2012).

For starch quantification, 0.1 g of a fresh fully devel-
oped leaf was ground and sugars were extracted with
80 % ethanol and starch was solubilized using 52 % per-
chloric acid. Starch was colorimetrically determined at
630 nm using the sugar-anthrone-sulfuric acid reaction
based on the method described by McCready et al.
(1950).

Determination of activities of antioxidant
enzymes

Ascorbate peroxidase (APX) activity was determined by
oxidation of ascorbic acid (AA) at 265 nm (¢ = 13.7 mM™
cm™) by slight modification of the method described
by Nakano and Asada (1981). The reaction mixture
contained 50 mM potassium phosphate buffer (pH
7.0), 5 mM AA, 0.5 mM H,0, and the enzyme extract.
The reaction was started by adding H,O,. The rates
were corrected for the non-enzymatic oxidation of
AA by the inclusion of a reaction mixture without the
enzyme extract (blind sample). The enzyme activity
was expressed in pmol AA min™ per g of fresh weight
(Nakano and Asada 1981).

For determination of catalase (CAT) activity, the
decomposition of H,0, was recorded by the decrease in
absorbance at 240 nm. Reaction mixture consisted of
1.5 mL 50 mM sodium phosphate buffer (pH 7.8), 0.3 mL
100 mM H,0, and 0.2 mL enzyme extract. One CAT unit
was defined as the amount of enzyme necessary to
decompose 1 mM min™ H,0,. Therefore, the CAT activity
was expressed as U g? FW min™ (Diaz-Vivancos et al.
2008).

Superoxide dismutase (SOD) activity was measured
according to the method described by Dhindsa et al.
(1981). The method is based on the ability of SOD to
inhibit the photochemical reduction of nitro blue tetra-
zolium (NBT). The reaction mixture contained 50 mM
phosphate buffer (pH 7-8), 13 mM methionine, 75 pM
NBT, 0.15 mM riboflavin, 0.1 mM EDTA and 0.50 mL
enzyme extract. Riboflavin was the last item that was
added. The reaction mixture was shaken and placed
under two 15-W fluorescent lamps. The reaction was
started by switching on the light and was allowed to run
for 10 min. The reaction was stopped by turning off the
light and the tubes were covered using a black cloth.
The absorbance by the reaction mixture was spectro-
photometrically recorded at 560 nm. A reaction mixture
without exposure to the light was used as the control.
No colour was observed in the control. Under assay
conditions, one unit of SOD activity is expressed as the

amount of enzyme that led to 50 % inhibition of NBT
reduction (Dhindsa et al. 1981).

Statistical analysis

Four plants were used as four replicates in each light
treatment. Individual plants were taken as independent
replicates. The measurements were done on two time-
scales: before and after exposure to HL. To make the
environmental conditions of the two timescales similar,
environmental conditions inside the chambers and
between the chambers were kept as similar as possible
before and after exposure to HL. To do this, the same
temperature, RH and light intensity and duration were
maintained during these two timescales in a climate-
controlled room. Sampling was done on the same plants
before and after exposure to HL. The data were subjected
to two-way analysis of variance (ANOVA) and the Tukey
test was used as a post-test. P> 0.05 was considered not
significant. GraphPad Prism 7.01 for Windows (GraphPad
Software, Inc., San Diego, CA) was used for the statistical
analysis.

Results

Polyphasic Chl a fluorescence (OJIP) transients

In the current study, the PSII activity was studied by
calculation of different Chl fluorescence parameters in
a leaf in the dark-adapted state. Investigating the fast
chlorophyll fluorescence induction curve showed that
all plants produced typical polyphasic curves with the
basic OJIP steps (Fig. 3). For all plants, the intensity of
the fluorescence signal was increased from the initial
fluorescence level (F) to the intermediate steps (J and
I) and then reached the maximum level (F_). Except for
R light, exposure to HL caused a decline in fluorescence
intensity in all steps of OJIP.

Under control (C) conditions, the highest F, and F, were
observed for W-grown plants and the lowest values were
detected in R-grown plants (Fig. 4A and B). Under HL
conditions, the highest F, F, F, and F, were observed for
R-grown plants and their lowest values were detected in
RB-grown plants (Fig. 4A-D). In all plants, exposure to HL
resulted in a decrease in F, values; however, among the
light treatments, the change in F, following exposure to
HL was the lowest for W-grown plants (Fig. 4E). F /F _also
decreased following exposure to HL and this decrease
was greatest for monochromatic R- and B-grown plants
(Fig. 4D). The calculated parameters of the OJIP test were
changed significantly due to exposure to different light
spectra and HL, and the interactions were also signifi-
cant for the calculated parameters [see Supporting
Information—Table S1]. The calculated parameters for
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Figure 3. Fast chlorophyll fluorescence induction curve exhibited
by leaves of rose plants exposed to different light spectra [blue (B),
red (R), white (W) and red and blue (RB)] under 250 (C) and 1500
(HL) pmol m2 st PPFD.

specific energy fluxes per reaction centre such as ABS/
RC, TR/RC and DI /RC were increased following exposure
to HL for all plants grown under different light spectra,
except for the RB-grown plants (Fig. 5A, B and D). In
the case of ABS/RC and DI /RC, the highest difference
between C and HL was observed in monochromatic R-
and B-grown plants. There was no significant difference
between C and HL for the RB-grown plants. ET /RC was
similar in the C and HL treatments for R- and B-grown
plants, while it was increased in W- and RB-grown plants
after exposure to HL (Fig. 5C).

Analysis of the parameters that estimate the yields
and efficiency of the electron transport chain showed
that although the highest values for PI ., ¢, and ¢
were observed in monochromatic R- and B-grown plants
under control conditions, their values were decreased
more in the HL condition in comparison with their
values in W- and RB-grown plants (Fig. 6A-C). Exposure
to HL led to an increase in ¢, and NPQ [see Supporting
Information—Fig. S1] in all plants; however, the
highest ¢, was observed in RB-grown plants under
both control and HL conditions (Fig. 6D). An increase in
¢,y Was observed in R- and RB-grown plants following
exposure to HL (Fig. 6E). R- and RB-grown plants had
the highest v values under control conditions, while
their 1 _ values decreased following exposure to HL.
Conversely, in W- and RB-grown plants 1, values were
low under control conditions and were increased after
exposure to HL (Fig. 6F).

Pigments

All  photosynthetic pigments were significantly
influenced by the light spectra (Fig. 7). Chl a [see
Supporting Information—Fig. S2A], b [see Supporting
Information—Fig. S2B] and total Chl [see Supporting

Information—Fig. S2C] as well as carotenoids (Fig. 7A)
were significantly decreased by growing rose plants
under blue light. In the case of anthocyanin, the inter-
action between light spectra and light intensity was
significant (P < 0.01). Before exposure to HL, the highest
anthocyanin concentration was observed in R- and
B-grown plants, while exposure to HL led to an ~50 %
reduction in anthocyanin concentration in both R- and
B-grown plants; significant differences were not found
for anthocyanin concentration before and after HL in the
leaves of W- and RB-grown plants (Fig. 7B).

Antioxidant enzymes and oxidative damage

Ascorbate peroxidase and SOD were significantly influ-
enced by light intensity in contrasting ways (Fig. 8A and
B). Irrespective of the light spectra, APX activity was
reduced following exposure to HL, while SOD activity was
induced by HL exposure. Catalase activity was reduced
by exposure to HL (Fig. 8C). The highest CAT activity was
observed in RB-grown plants in both control and HL
conditions. The H,0, level was considerably influenced
by light intensity (Fig. 8D). In comparison with control
conditions, the H,0, level was increased by 10 times
following exposure to HL. Malondialdehyde content
was also influenced by light intensity (Fig. 7C). In com-
parison with control conditions, the MDA content was
doubled after exposure to HL. The highest MDA content
was observed in RB-grown plants in both control and HL
conditions.

Carbohydrate concentrations

Soluble carbohydrates were considerably decreased
by exposure to HL conditions (Fig. 9A). This decrease
was greater in R- and B-grown plants (65 % and 79 %
decrease, respectively) than in W- and RB-grown plants
(60 % and 49 % decrease, respectively). The highest and
lowest concentrations of soluble carbohydrates were
detected in R- and B-grown plants under control and HL
conditions, respectively.

Similarly to soluble carbohydrates, HL conditions
led to a decrease in starch concentration (Fig. 9B). This
decrease was, respectively, 28 % and 31 % for R- and
B-grown plants and 46 % and 35 % for W- and RB-grown
plants. The highest and lowest concentrations of starch
were, respectively, detected in R- and W-grown plants
under both control and HL conditions.

Discussion

The reactions involved in photosynthesis in plants are
dependent on environmental conditions. Different
light attributes including spectrum and intensity are
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Figure 4. Intensity of chlorophyll a fluorescence in the OJIP test including F,, (A), F, (B), F, (C), F, (D), F, [E; (F_ - F,)land F /F_ (F) from the fluores-
cence transient exhibited by leaves of rose plants grown under different light spectra [blue (B), red (R), white (W) and red and blue (RB)] under
250 (black bars) and 1500 (grey bars) pmol m= s~ PPFD. Bars represent means * SD.

considered to have the most direct effects on photo-
synthetic reactions (Chen et al. 2004). In our study,
Chl fluorescence data were analysed using the OJIP
test. Using this test we showed that the PSII system
appropriately operated in plants grown under mono-
chromatic R and B spectra. However, when R- and
B-grown plants were exposed to HL conditions,
their PI . and ¢, decreased and DI /RC increased in
comparison with their values under control conditions

(Figs 5-7). On the other hand, in W- and RB-grown
plants 1y, and ET /RC increased following exposure to
HL (Figs 5 and 7). These results revealed that growing
plants under combination of light spectra enabled the
plants to develop a photosynthesis apparatus with
lower vulnerability than the photosynthesis appa-
ratus in monochromatically grown plants in response
to HL stress. The PI, . amalgamates the energy fluxes
from the early step of the absorption process until
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Figure 5. Specific energy fluxes per reaction centre (RC) for energy absorption [A; (ABS/RC)], trapped energy flux [B; (TR /RC)], electron trans-
port flux [C; (ET/RC)] and dissipated energy flux [D; (DI /RC)] from the fluorescence transient exhibited by leaves of rose plants grown under
different light spectra [blue (B), red (R), white (W) and red and blue (RB)] under 250 (black bars) and 1500 (grey bars) pmol m2 s~ PPFD. Bars

represent means * SD.

the plastoquinone reduction (Strasser et al. 2000a).
According to previous reports this parameter is very
sensitive to different environmental stresses and has
been successfully used to measure photosynthetic
and plant performance in response to different abiotic
stresses including high temperatures (Martinazzo et al.
2012), salinity (Mathur et al. 2013), nutrient deficiency
(Kalaji et al. 2014), submergence (Sarkar and Ray
2016), cold (Rabara et al. 2017) and low pH (Long et al.
2017).

In the current experiment, to ensure the same
temperature before and after HL, same temperature
(27 °C) was also kept inside the growth chambers, which
negatively influenced the Chl a fluorescence param-
eters, resulting in values slightly lower than 0.8 for F /F
(Fig. 4). The lower PSII photochemical performance
(lower PI . and ¢ ) in monochromatic R- and B-grown
plants following exposure to HL was due to the higher
light energy absorption (ABS/RC), trapping (TR /RC) and

dissipated energy flux (DI /RC) and lower ET /ABS per
reaction centre (Fig. 5), which consequently resulted in a
decreased quantum yield of electron transport (¢, ) and
maximum quantum yield of primary photochemistry
(pp,) (Fig. 6). The increase in ABS/RC could attribute to
the inactivation of reaction centres and a decrease in
active QA reducing centres (Strasser and Stirbet 1998).
Under HL conditions, defective QA reducing centres
function as a heat sink and protect the plant from HL
damage (Zivcak et al. 2014). The higher value of TR/
RC resulted in higher inhibition of reoxidation of QA" to
QA (Strasser et al. 2000a). Higher TR /RC would result
in lower electron transport per reaction centre (ET/
RC) (Fig. 5), in turn resulting in reduced electron trans-
port per trapping. In fact, a low proportion of absorbed
energy is conveyed on the electron transport chain
(Sarkar and Ray 2016). Limitation of electron transport
beyond PSII will result in QA over-reduction. High light
restricts electron transport towards the cytb6f complex
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Figure 6. Performance index on the absorption basis [A; (PI,..)], maximum quantum yield of primary photochemistry [B; (¢,,)], quantum yield
of electron transport [C; (¢ )], quantum yield of energy dissipation [D; (¢, )], average (from time O to t,,) quantum yield for primary photo-
chemistry [E; (¢,,,)] and the probability that a trapped exciton moves an electron in the electron transport chain beyond QA [F; (y )] from the
fluorescence transient exhibited by leaves of rose plants grown under different light spectra [blue (B), red (R), white (W) and red and blue (RB)]
under 250 (black bars) and 1500 (grey bars) umol m=2 s7* PPFD. Bars represent means + SD.

and causes QA over-reduction (Foyer et al. 2012). In W-
and RB-grown plants, electron transport flux per reac-
tion centre and the probability that a trapped exciton
would move an electron in the electron transport chain
beyond QA~ (y,) increased following HL stress (Figs 6
and 7). This showed that W- and RB-grown plants were
more capable of transporting electrons from absorbed

photons into the electron transport chain and beyond
QA™. This confirmed that W- and RB-grown plants were
positively regulating the energy level in reaction centres
(Strasser et al. 2004) following exposure to HL.

Plants’ adaptation to the prevailing light environment
is reflected by a change in anatomy and morphology of
leaves, which is known as developmental acclimation
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represent means + SD.

(Vialet-Chabrand et al. 2017). Rapid and short-term
exposure to HL intensities (as happened in the current
study) results in the dynamic acclimation of plants to
the light environment (Lawson et al. 2012). Dynamic
responses to HL intensities involve metabolic modifi-
cations, the down-regulation of the electron transport
chain, and changes in stomatal responses and the acti-
vation rate of the a (Tinoco-Ojanguren and Pearcy 1995;
Lawson et al. 2012). In the current study, the focus
was on dynamic responses to HL intensities. Therefore,
metabolic modifications and changes in performance of
the electron transport system were studied in details.
Down-regulation of the electron transport system was
an obvious response of the photosynthesis system to
HL conditions. The antenna in association with PSII is a
highly dynamic complex; it collects and transfers the light
energy to the PSII reaction centre; however, depending
on the physiological needs of the plant, it has the ability
to decrease the amount of deliverable light energy to
tune the excitation of the reaction centre (Horton et al.
1996). To cope with HL stress, plants dissipate excess
energy in the form of heat by a process known as NPQ
of chlorophyll fluorescence. Using NPQ, the excitation
energy of chlorophyll molecules in the antennae is not
passed to the reaction centre and will be dissipated as
heat (Krause and Weis 1991). Consistent with this, in the
current study, exposure to HL conditions resulted in an
increase in NPQ [see Supporting Information—Fig. S1].

Metabolic modifications due to HL were studied by
analysing carbohydrate and pigment concentrations at
the same time as analysing components of oxidative
stress. Soluble carbohydrates and starch concentra-
tions were dramatically decreased after exposure to HL
conditions (Fig. 9). Although light is the driving force of
photosynthesis for the production of carbohydrates, our
result showed that in plants grown under illumination of
250 pmol m2 s subsequent exposure to HL conditions
(1500 pmol m= s7!) dramatically reduced both soluble
and storage carbohydrates (Fig. 9). Positive relationships
were found between both soluble carbohydrates and
starch with PI, . (Fig. 10). This indicates that the perform-
ance of the PSII operating system plays an important
role in soluble carbohydrate and starch production in
the rose plant. The greater decrease in soluble carbo-
hydrates in R- and B-grown plants following HL stress is
indicative of the higher sensitivity of their PSII operating
system to HL stress.

In our study, H,O, accumulation was detected
following HL stress (Fig. 8). The production of ROS
following exposure to various environmental stress
conditions has previously been reported (Steffens 2014;
PospiSil 2016). In photosynthetic electron transport
systems, excess light energy beyond photosynthetic
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Figure 8. Activity of APX (A), SOD (B) and CAT (C) and H,0, concentration in the leaves of rose plants grown under different light spectra [blue
(B), red (R), white (W) and red and blue (RB)] under 250 (black bars) and 1500 (grey bars) pmol m=2 s PPFD. Bars represent means + SD.

capacity induces the production of ROS (Pospisil 2016).
Non-enzymatic and enzymatic scavenging systems
are involved in the removal of ROS formed in the elec-
tron transport system during exposure to stress condi-
tions (Ahmad et al. 2010). During HL stress, the balance
between the scavenging system and ROS formation can
be disturbed, leading to oxidative damage to the PSII
operating system and its components (Aro et al. 1993).
Moreover, in such circumstances, the excess energy
absorbed by the PSII complex is not coupled with elec-
tron transport, which results in full reduction of the PQ
pool and blockage of the electron (Pospisil 2016). To
decrease the reduction of the PQ pool, an electron from
Q,” is transported to an O, molecule and generates a
superoxide anion. A superoxide anion radical is also
generated during the Mehler reaction at the acceptor
side of photosystem 1. This radical is converted by SOD to
H,0, and subsequently to H,0 by CAT and APX (Caverzan
et al. 2012). We showed that in contrast with a positive
correlation between SOD activity and H,0, production
(Fig. 11), CAT and APX negatively regulate H,O, produc-
tion. The accumulation of H,0, following HL stress could

be attributed to an increase in SOD activity and decrease
in CAT and APX activities (Fig. 8). Photoinactivation of
CAT by HL intensities has previously been reported. In
accordance with our results, Feierabend and colleagues
(1996) showed that CAT is photoinactivated when
exposed to B or R lights.

In our study, negative relationships were discovered
between carbohydrates (soluble carbohydrates and
starch) and H,O, concentration (Fig. 12). In previous
studies, it has been reported that sugar accumulation
occurs when plants are grown under high illuminations.
The relationship between sugars and ROS accumulation
is not just a simple positive relationship. Both acceler-
ation of certain ROS-production pathways and decel-
eration of other ROS-production pathways have been
reported due to high levels of soluble carbohydrates
(Couée et al. 2006).

We found a positive relationship between anthocy-
anin concentrations and PI, . under our experimental
set-up (Fig. 13). Our data revealed that although
plants grown under monochromatic R and B lights had
higher anthocyanin concentrations which resulted in
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Figure 9. Concentration of soluble carbohydrate (A) and starch (B) in the leaves of rose plants grown under different light spectra [blue (B), red
(R), white (W) and red and blue (RB)] under 250 (black bars) and 1500 (grey bars) pmol m= s~ PPFD. Bars represent means * SD.

better performance of their PSII operating system,
their anthocyanin concentrations were dramatically
decreased following exposure to HL stress and as a
result their PI . were also decreased accordingly.
In contrast, anthocyanin concentrations in W- and
RB-grown plants were not changed before or after HL
stress. Therefore, anthocyanin protects the photosyn-
thetic apparatus against HL stress. Apparently, the
negative relationship between soluble carbohydrates

and ROS accumulation is dependent on the type and
duration of the stress condition. For instance, exposure
to low temperatures under normal to high irradiances
would result in photo-oxidative damage (Harvaux and
Kloppstech 2001) and accumulation of soluble carbo-
hydrates. Under such conditions, sugar accumulation
can help plants to cope with HL damage (Ciereszko
et al. 2001). Carbohydrate accumulation can induce
the production of anthocyanin. Chalcone synthase as
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Figure 13. Relationship between performance index on the ab-
sorption basis (PI,;) and pigments (anthocyanin and carotenoid) in
the leaves of rose plants grown under different light spectra [blue
(B), red (R), white (W) and red and blue (RB)] under 250 (C) and 1500
(HL) pmol m=2 s PPFD.

the key enzyme in anthocyanin biosynthesis can be
activated by the signal from soluble carbohydrates
(Koch 1996; Deng et al. 2014). Therefore, HL stress
can induce the accumulation of both anthocyanins
and ROS (Steyn et al. 2002; Hatier and Gould 2008).
In our study, the level of soluble carbohydrates and
anthocyanins decreased following exposure to HL to
both monochromatic lights, while the levels of these
reductions were lower in W- and RB-grown plants.
As a consequence, there was lower damage to their
PSII operating system (Figs 10 and 13). Anthocyanins
can act as light filters and protect the photosynthetic
components against photoinhibition induced by HL
stress (Landi et al. 2015).

Conclusions

The management of a favourable lighting environment
for rose production has attracted much attention in the
last decade. Currently, many research teams all over the
world are focusing on issues related to the best light inten-
sity and spectra for rose plants. To prevent HL intensities
shading screens are used for rose production. However,
both shading and HL can negatively influence plant
growth and photosynthesis. Using polyphasic chloro-
phyll a fluorescence transients (OJIP test), we showed
that growing plants under monochromatic R and B lights
resulted in higher sensitivity of their PSII operating system
to HL compared to the PSII performance of RB- and
W-grown plants. Superoxide dismutase activity increased
while CAT and APX activity decreased after exposure to
HL. This resulted in the accumulation of H,0, following HL
exposure. Negative relationships were discovered between
carbohydrates (soluble carbohydrates and starch) and
H,O, concentration, while carbohydrate concentration
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positively influenced the performance index of the plants.
Our study revealed the protective role of anthocyanin for
the PSII operating system. The performance capacity of
the photosynthetic systems in monochromatic R- and
B-grown plants declined due to a dramatic reduction
in anthocyanin concentration following HL exposure,
whereas W- and RB-grown plants had similar anthocyanin
levels before and after HL exposure. This suggests that
anthocyanin protected their photosynthetic apparatus
against HL stress.
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Figure S1. Non-photochemical quenching (NPQ) derived
from chlorophyll fluorescence parameters in the leaves
of rose plants grown at different light spectrums [blue
(B), red (R), white (W) and red and blue (RB)] under 250
(black bars) and 1500 (grey bars) pmol m=2 s photosyn-
thetic photon flux density (PPFD). Bars represent means
+SD.

Figure S2. Chlorophyll a (A), chlorophyll b (B) and total
chlorophyll (C) concentrations in the leaves of rose
plants grown at different light spectrums [blue (B),
red (R), white (W) and red and blue (RB)] under 250
(black bars) and 1500 (grey bars) pmol m™2 s photo-
synthetic photon flux density (PPFD). Bars represent
means + SD.

Literature Cited

Ahmad P, Jaleel CA, Salem MA, Nabi G, Sharma S. 2010. Roles
of enzymatic and nonenzymatic antioxidants in plants
during abiotic stress. Critical Reviews in Biotechnology 30:
161-175.

Aliniaeifard S, Malcolm Matamoros P, van Meeteren U. 2014.
Stomatal malfunctioning under low VPD conditions: induced by
alterations in stomatal morphology and leaf anatomy or in the
ABA signaling? Physiologia Plantarum 152:688-699.

Aliniaeifard S, van Meeteren U. 2014. Natural variation in stoma-
tal response to closing stimuli among Arabidopsis thaliana
accessions after exposure to low VPD as a tool to recognize
the mechanism of disturbed stomatal functioning. Journal of
Experimental Botany 65:6529-6542.

Arnon DI. 1949. Copper enzymes in isolated chloroplasts.
Polyphenoloxidase in Beta vulgaris. Plant Physiology 24:1-15.
Aro EM, Virgin I, Andersson B. 1993. Photoinhibition of photosys-
tem II. Inactivation, protein damage and turnover. Biochimica

et Biophysica Acta (BBA)-Bioenergetics 1143:113-134.

Breive K, Tamulaitis G, Duchovskis P, Bliznikas Z, Ulinskaite R,
Brazaityte A, Novickovas A, Zukauskas A. 2005. High-power
light-emitting diode based facility for plant cultivation. Journal
of Physics D: Applied Physics 38:3182-3187.

Brestic M, Zivcak M. 2013. PSII fluorescence techniques for meas-
urement of drought and high temperature stress signal in crop
plants: protocols and applications. In Molecular stress physiol-
ogy of plants. India: Springer, 87-131.

Carvalho SD, Schwieterman ML, Abrahan CE, Colquhoun TA, Folta
KM. 2016. Light quality dependent changes in morphology,
antioxidant capacity, and volatile production in sweet basil
(Ocimum basilicum). Frontiers in Plant Science 7:1328.

Caverzan A, Passaia G, Rosa SB, Ribeiro CW, Lazzarotto F, Margis-
Pinheiro M. 2012. Plant responses to stresses: role of ascorbate
peroxidase in the antioxidant protection. Genetics and Molecular
Biology 35:1011-1019.

AoB PLANTS https://academic.oup.com/aobpla

© The Author(s) 2018

15


http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply052#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply052#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply052#supplementary-data

16

Bayat et al. - Effects of growth under different light spectra

Chen M, Chory J, Fankhauser C. 2004. Light signal transduction in
higher plants. Annual Review of Genetics 38:87-117.

Ciereszko I, Johansson H, Kleczkowski LA. 2001. Sucrose and light
regulation of a cold-inducible UDP-glucose pyrophosphory-
lase gene via a hexokinase-independent and abscisic acid-
insensitive pathway in Arabidopsis. The Biochemical Journal
354:67-72.

Couée I, Sulmon C, Gouesbet G, El Amrani A. 2006. Involvement
of soluble sugars in reactive oxygen species balance and
responses to oxidative stress in plants. Journal of Experimental
Botany 57:449-459.

Dat J, Vandenabeele S, Vranova E, Van Montagu M, Inzé D, Van
Breusegem F. 2000. Dual action of the active oxygen spe-
cies during plant stress responses. Cellular and Molecular Life
Sciences: CMLS 57:779-795.

Deng X, Bashandy H, Ainasoja M, Kontturi J, Pietidinen M, Laitinen
RA, Albert VA, Valkonen JP, Elomaa P, Teeri TH. 2014. Functional
diversification of duplicated chalcone synthase genes in antho-
cyanin biosynthesis of Gerbera hybrida. The New Phytologist
201:1469-1483.

Dhindsa R, Plumb-Dhindsa P, Thorpe T. 1981. Leaf senescence: cor-
related with increased levels of membrane permeability and lipid
peroxidation, and decreased levels of superoxide dismutase and
catalase. Journal of Experimental Botany 32: 93-101.

Diaz-Vivancos P, Clemente-Moreno MJ, Rubio M, Olmos E, Garcia JA,
Martinez-Gémez P, Herndndez JA. 2008. Alteration in the chlo-
roplastic metabolism leads to ROS accumulation in pea plants
in response to plum pox virus. Journal of Experimental Botany
59:2147-2160.

Fanourakis D, Pieruschka R, Savvides A, Macnish AJ, Sarlikioti V,
Woltering EJ. 2013. Sources of vase life variation in cut roses: a
review. Postharvest Biology and Technology 78: 1-15.

Feierabend J, Streb P, Schmidt M, Dehne S, Shang W. 1996. Expression
of catalase and its relation to light stress and stress tolerance.
In: Physical stresses in plants. Berlin: Springer, 223-234.

Foyer CH, Neukermans J, Queval G, Noctor G, Harbinson J. 2012.
Photosynthetic control of electron transport and the regulation of
gene expression. Journal of Experimental Botany 63:1637-1661.

Garcia Victoria N, Kempkes F, Van Weel P, Stanghellini C, Dueck T,
Bruins M. 2011. Effect of a diffuse glass greenhouse cover on
rose production and quality. In: International Symposium on
Advanced Technologies and Management Towards Sustainable
Greenhouse  Ecosystems. Greensys2011 952, 241-248.
doi:10.17660/ActaHortic.2012.952.29

Genty B, Briantais J-M, Baker NR. 1989. The relationship between
the quantum yield of photosynthetic electron transport and
quenching of chlorophyll fluorescence. Biochimica et Biophysica
Acta (BBA)-General Subjects 990:87-92.

Gu J, Zhou Z, Li Z, Chen Y, Wang Z, Zhang H, Yang J. 2017.
Photosynthetic properties and potentials for improvement of
photosynthesis in pale green leaf rice under high light condi-
tions. Frontiers in Plant Science 8. d0i:10.3389/fpls.2017.01082

Harvaux M, Kloppstech K. 2001. The protective functions of carot-
enoid and flavonoid pigments against excess visible radiation
at chilling temperature investigated in arabidopsis npg and tt
mutants. Planta 213:953-966.

Hatier J-HB, Gould KS. 2008. Anthocyanin function in veg-
etative  organs. In  Anthocyanins.  Springer,  1-19.
doi:10.1016/0003-9861(68)90654-1

Heath RL, Packer L. 1968. Photoperoxidation in isolated chloro-
plasts. I. Kinetics and stoichiometry of fatty acid peroxidation.
Archives of Biochemistry and Biophysics 125:189-198.

Horton P, Ruban AV, Walters RG. 1996. Regulation of light harvest-
ing in green plants. Annual Review of Plant Physiology and Plant
Molecular Biology 47:655-684.

Kalaji MH, Goltsev VN, Zivcak M, Brestic M. 2017. Chlorophyll fluo-
rescence: understanding crop performance—basics and applica-
tions. Boca Raton: CRC Press.

Kalaji HM, Jajoo A, Oukarroum A, Brestic M, Zivcak M, Samborska
IA, Cetner MD, tukasik I, Goltsev V, Ladle RJ. 2016. Chlorophyll a
fluorescence as a tool to monitor physiological status of plants
under abiotic stress conditions. Acta Physiologiae Plantarum
38:102

Kalaji HM, Oukarroum A, Alexandrov V, Kouzmanova M, Brestic M,
Zivcak M, Samborska IA, Cetner MD, Allakhverdiev SI, Goltsev V.
2014. Identification of nutrient deficiency in maize and tomato
plants by in vivo chlorophyll a fluorescence measurements.
Plant Physiology and Biochemistry 81:16-25.

Kim SJ, Hahn EJ, Heo JW, Paek KY. 2004. Effects of LEDs on net
photosynthetic rate, growth and leaf stomata of chry-
santhemum plantlets in vitro. Scientia Horticulturae 101:
143-151

Koch KE. 1996. Carbohydrate-modulated gene expression in plants.
Annual Review of Plant Physiology and Plant Molecular Biology
47:509-540.

Kozai T. 2016. LED lighting for urban agriculture. In: Kozai T, ed. LED
lighting for urban agriculture. Singapore: Springer.

Kozai T, Niu G, Takagaki M. 2015. Plant factory: an indoor verti-
cal farming system for efficient quality food production. USA:
Academic Press.

Krause G, Weis E. 1991. Chlorophyll fluorescence and photosyn-
thesis: the basics. Annual Review of Plant Physiology and Plant
Molecular Biology 42:313-349.

Landi M, Tattini M, Gould KS. 2015. Multiple functional roles of
anthocyanins in plant-environment interactions. Environmental
and Experimental Botany 119:4-17

Lawson T, Kramer DM, Raines CA. 2012. Improving yield by exploit-
ing mechanisms underlying natural variation of photosynthesis.
Current Opinion in Biotechnology 23:215-220.

Li Q, Kubota C. 2009. Effects of supplemental light quality on
growth and phytochemicals of baby leaf lettuce. Environmental
and Experimental Botany 67:59-64

Long A, Zhang J, Yang LT, Ye X, Lai NW, Tan LL, Lin D, Chen LS.
2017. Effects of low pH on photosynthesis, related physiologi-
cal parameters, and nutrient profiles of citrus. Frontiers in Plant
Science 8:185.

Martinazzo EG, Ramm A, Bacarin MA. 2012. The chlorophyll a fluores-
cence as an indicator of the temperature stress in the leaves of
Prunus persica. Brazilian Journal of Plant Physiology 24:237-246

Mathur S, Mehta P, Jajoo A. 2013. Effects of dual stress (high salt
and high temperature) on the photochemical efficiency of
wheat leaves (Triticum aestivum). Physiology and Molecular
Biology of Plants 19:179-188.

McCready R, Guggolz J, Silviera V, Owens H. 1950. Determination
of starch and amylose in vegetables. Analytical Chemistry
22:1156-1158.

Miyake C, Amako K, Shiraishi N, Sugimoto T. 2009. Acclimation of
tobacco leaves to high light intensity drives the plastoquinone

AoB PLANTS https://academic.oup.com/aobpla

© The Author(s) 2018



Bayat et al. - Effects of growth under different light spectra

oxidation system-relationship among the fraction of open PSII
centers, non-photochemical quenching of chl fluorescence and
the maximum quantum yield of PSII in the dark. Plant & Cell
Physiology 50:730-743.

Morrow RC. 2008. LED lighting in horticulture. Hortscience
43:1947-1950.

Miiller P, Li XP, Niyogi KK. 2001. Non-photochemical quench-
ing. A response to excess light energy. Plant Physiology
125:1558-1566.

Nakano Y, Asada K. 1981. Hydrogen peroxide is scavenged by
ascorbate-specific peroxidase in spinach chloroplasts. Plant and
Cell Physiology 22:867-880.

Panda D, Sharma S, Sarkar R. 2008. Fast chlorophyll fluorescence
transients as selection tools for submergence tolerance in
rice (Oryza sativa). Indian Journal of Agricultural Sciences
78:933.

Patterson BD, MacRae EA, Ferguson IB. 1984. Estimation of hydro-
gen peroxide in plant extracts using titanium (IV). Analytical
Biochemistry 139:487-492.

Petrella DP, Metzger JD, Blakeslee JJ, Nangle EJ, Gardner DS. 2016.
Anthocyanin production using rough bluegrass treated with
high-intensity light. Hortscience 51: 1111-1120.

Pospisil P. 2016. Production of reactive oxygen species by photosys-
tem II as a response to light and temperature stress. Frontiers
in Plant Science 7. doi:10.3389/fpls.2016.01950

Rabara RC, Behrman G, Timbol T, Rushton PJ. 2017. Effect of spec-
tral quality of monochromatic LED lights on the growth of arti-
choke seedlings. Frontiers in Plant Science 8:190.

Rapacz M, Sasal M, Kalaji HM, Koscielniak J. 2015. Is the OJIP test
a reliable indicator of winter hardiness and freezing tolerance
of common wheat and triticale under variable winter environ-
ments? PLoS One 10:e0134820.

Roach T, Krieger-Liszkay A. 2014. Regulation of photosynthetic
electron transport and photoinhibition. Current Protein & Peptide
Science 15:351-362.

Saebg A, Krekling T, Appelgren M. 1995. Light quality affects photo-
synthesis and leaf anatomy of birch plantlets in vitro. Plant Cell,
Tissue and Organ Culture 41:177-185.

Sarkar R, Ray A. 2016. Submergence-tolerant rice withstands com-
plete submergence evenin saline water: probing through chloro-
phyll a fluorescence induction OJIP transients. Photosynthetica
54:275-287.

Sharma PK, Hall DO. 1993. The role of carotenoids in protection
against photoinhibition. In: Abrol YP, Mohanty P., Govindjee, eds.
Photosynthesis: photoreactions to plant productivity. Dordrecht:
469-478.

Smith H. 1982. Light quality, photoperception, and plant strategy.
Annual Review of Plant Physiology 33:481-518.

Steffens B. 2014. The role of ethylene and ROS in salinity, heavy metal,
and flooding responses in rice. Frontiers in Plant Science 5:685.
Steyn W, Wand S, Holcroft D, Jacobs G. 2002. Anthocyanins in veg-
etative tissues: a proposed unified function in photoprotection.

New Phytologist 155:349-361.

Strasser BJ. 1995. Measuring fast fluorescence transients to
address environmental questions: the JIP test. In: Mathis, Paul,
eds. Photosynthesis: from light to biosphere. Dordrecht, the
Netherlands: Kluwer Academic Publishers, 977-980.

Strasser RJ, Srivastava A, Tsimilli-Michael M. 2000a. The fluores-
cence transient as a tool to characterize and screen photosyn-
thetic samples. In: Mohammad Yunus, Uday Pathre, Prasanna
Mohanty, eds. Probing photosynthesis: mechanisms, regulation
and adaptation. London and New York: CRC press, 445-483.

Strasser RJ, Srivastava A, Tsimilli-Michael MG. 2000b. The fluores-
cence transient as a tool to characterize and screen photosyn-
thetic samples. In: Mohammad Yunus, Uday Pathre, Prasanna
Mohanty, eds. Probing photosynthesis: mechanisms, regulation
and adaptation. London and New York: CRC press, 445-483.

Strasser RJ, Stirbet AD. 1998. Heterogeneity of photosystem II
probed by the numerically simulated chlorophyll a fluorescence
rise (O-J-I-P). Mathematics and Computers in Simulation 48:3-9.

Strasser RJ, Tsimilli-Michael M, Srivastava A. 2004. Analysis of
the chlorophyll a fluorescence transient. In: George Christos
Papageorgiou, Govindjee, eds. Chlorophyll a fluorescence.
Dordrecht: Springer, 321-362.

Taiz L, Zeiger E. 2002. Plant physiology. USA: Sinauer Associates.

Tennessen DJ, Singsaas EL, Sharkey TD. 1994. Light-emitting diodes
as a light source for photosynthesis research. Photosynthesis
Research 39:85-92.

Tinoco-Ojanguren C, Pearcy R. 1995. A comparison of light qual-
ity and quantity effects on the growth and steady-state and
dynamic photosynthetic characteristics of three tropical tree
species. Functional Ecology 9:222-230.

van Doorn WG. 2012. Water relations of cut flowers: an update.
Horticultural Reviews 40:55-106.

Vass 1. 2012. Molecular mechanisms of photodamage in the pho-
tosystem II complex. Biochimica et Biophysica Acta (BBA)-
Bioenergetics 1817:209-217.

Vialet-Chabrand S, Matthews JS, Simkin AJ, Raines CA, Lawson T.
2017. Importance of fluctuations in light on plant photosyn-
thetic acclimation. Plant Physiology 173:2163-2179.

Vranovd E, Inzé D, Van Breusegem F. 2002. Signal transduc-
tion during oxidative stress. Journal of Experimental Botany
53:1227-1236.

Wagner GJ. 1979. Content and vacuole/extravacuole distribution
of neutral sugars, free amino acids, and anthocyanin in proto-
plasts. Plant Physiology 64:88-93.

Whitelam GC, Halliday KJ. 2008. Annual plant reviews, light and
plant development. UK: John Wiley & Sons.

Zhao X, Chen T, Feng B, Zhang C, Peng S, Zhang X, Fu G, Tao L. 2017.
Non-photochemical quenching plays a key role in light accli-
mation of rice plants differing in leaf color. Frontiers in Plant
Science 7. doi:10.3389/fpls.2016.01968

Zivcak M, Brestic M, Kalaji HM, Govindjee. 2014. Photosynthetic
responses of sun- and shade-grown barley leaves to high light: is
the lower PSII connectivity in shade leaves associated with protec-
tion against excess of light? Photosynthesis Research 119:339-354.

AoB PLANTS https://academic.oup.com/aobpla

© The Author(s) 2018



