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Abstract

Peanut is one of the calciphilous plants. Calcium (Ca) serves as a ubiquitous central hub in a large number of signaling
pathways. The effect of exogenous calcium nitrate [Ca(NO3z),] (6 mM) on the dissipation of excess excitation energy in the
photosystem Il (PSIl) antenna, especially on the level of D1 protein and the xanthophyll cycle in peanut plants under heat
(40°C) and high irradiance (HI) (1 200 pmol m™~2 s~ ') stress were investigated. Compared with the control plants [cultivated
in 0 mM Ca(NO3), medium], the maximal photochemical efficiency of PSIl (Fv/Fm) in Ca**-treated plants showed a slighter
decrease after 5 h of stress, accompanied by higher non-photochemical quenching (NPQ), higher expression of
antioxidative genes and less reactive oxygen species (ROS) accumulation. Meanwhile, higher content of D1 protein and
higher ratio of (A+Z)/(V+A+Z) were also detected in Ca**-treated plants under such stress. These results showed that Ca®*
could help protect the peanut photosynthetic system from severe photoinhibition under heat and HI stress by accelerating
the repair of D1 protein and improving the de-epoxidation ratio of the xanthophyll cycle. Furthermore, EGTA (a chelant of
Ca ion), LaCl; (a blocker of Ca®* channel in cytoplasmic membrane), and CPZ [a calmodulin (CaM) antagonist] were used to
analyze the effects of Ca®*/CaM on the variation of (A+Z)/(V+A+Z) (%) and the expression of violaxanthin de-epoxidase
(VDE). The results indicated that CaM, an important component of the Ca®" signal transduction pathway, mediated the
expression of the VDE gene in the presence of Ca to improve the xanthophyll cycle.

Citation: Yang S, Wang F, Guo F, Meng J-J, Li X-G, et al. (2013) Exogenous Calcium Alleviates Photoinhibition of PSIl by Improving the Xanthophyll Cycle in
Peanut (Arachis Hypogaea) Leaves during Heat Stress under High Irradiance. PLoS ONE 8(8): €71214. doi:10.1371/journal.pone.0071214

Editor: Brij Singh, School of Medicine and Health Sciences, University of North Dakota, United States of America
Received April 2, 2013; Accepted June 27, 2013; Published August 7, 2013

Copyright: © 2013 Yang et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the Natural Science Foundation of Shandong Province (ZR2009DZ007, ZR2011CQ042), the Supporting Plan of National
Science and Technology of China (2006BAD21B04) and the earmarked fund for Modern Agro-industry Technology Research System (CARS-14) and Shandong
Major Projects of Independent Innovation Achievement Transformation (2012ZHZXIA0418). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: wansb@saas.ac.cn (SBW); lixinguo@tom.com (XGL)

Introduction During the long-term evolution, higher plants have developed
many protective mechanisms to balance absorbed light energy
with photosynthesis, thereby protecting the photosynthetic appa-
ratus against photoinhibition [7-9]. The most important one is the
xanthophyll cycle-dependent thermal energy dissipation, mea-
sured as the non-photochemical quenching (NPQ) of chlorophyll
fluorescence [10-12]. This cycle comprises interconversions of
three carotenoid pigments: violaxanthin (V), antheraxanthin (A),
e and zeaxanthin (Z), which are catalyzed by two enzymes:
dissipated harmlessly, would be transformed to O, to form violaxanthin de-epoxidase (VDE: EC1.10.99.3) and zeaxanthin
reactive oxygen species (ROS) which could damage the photo- epoxidase (ZE: EC1.14.13.90). Under excess light conditions,
synthetic apparatus, e.g. D1 protein, encoded by the psb4 gene, VDE catalyzes the conversion of V to Z via A’ whereas ZF.
can be used to reflect the degree of photoinhibition of PSII [2—4]. catalyzes the reverse reaction [13]. Thermal dissipation of
The repair of damaged PSII centers involves the degradation and excitation energy is dependent on the accumulation of de-
de novo synthesis of this polypeptide in mature chloroplasts [5,6]. epoxidation products (A+Z) of the xanthophyll cycle [14,15].

;f}us .cfﬁcicnt rchlmcilanlsr;lfls CSSC‘nUal to maintain PSICI ma Furthermore, Z may directly protect the thylakoid membrane
unctional state. Although the effects of exogenous calcium (Ca) on against photooxidation as an antioxidant [16,17]. Thus, identify-

ﬁ}rfizisﬁr;;};e::dhil\iesz:? :zlﬁﬁlrisriiﬁ:trhtzf’stlttlsd;de on D1 protein ing mechanisms that can promote the xanthophyll cycle to

Plants are frequently subject to various environmental stresses.
During summer, high temperature and high irradiance (HI) are
the common stresses which plants are always faced with. Severe
photo-oxidative damage to the photosynthetic apparatus is often
attributed to the simultaneous occurrence of heat and HI and a
decrease in photosynthesis often aggravates the amount of excess
excitation energy [1]. Excess excitation energy, when not
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alleviate the photoinhibition of PSII under excess light conditions
is of great importance.

Ca”" acts as a regulator of many physiological and biochemical
processes in response to abiotic stresses in plants [18,19]. Transient
elevation of free Ca®" in the cytoplast can be detected in plants in
response to various stresses, such as high temperature [20], cold
injury [21], drought stress [19], and salt stress [22]. The fact that
Ca™ improves plant resistance is related to maintaining a higher
photosynthetic rate under stresses, and light-induced Ca®" influx
into chloroplasts not only influences the cytosolic concentration of
free Ca®" but also regulates the enzymatic processes inside the
chloroplast [23]. Exogenous Ca*" improves the net photosynthetic
rate (Pn), carboxylation efficiency, and apparent quantum yield
(AQY) of tobacco leaves under high temperature stress [24], and
Ca** could also improve the Pn and Rubisco activity of cucumber
at suboptimal temperatures [25]. The effect of Ca** on
photosynthesis are attributed to the improvement of the stability
of PSII reaction centers by enhancing the activity of antioxidant
enzymes to alleviate ROS accumulation [24,26]. For example, the
superoxide anion, the initial product of photoreduction of Oy, is
dismuted by superoxide dismutase (EC 1.15.1.1, SOD) to HyO,
and O, [27]. HyO, is then converted into water by ascorbate
peroxidase (EC 1.11.1.11, APX). Furthermore, exogenous Ca*
could improve NPQ [28], which protects the photosynthetic
machinery from inactivation and damage caused by excess
irradiance [29]. NPQ) has three components, among which fast
component (qf) is the most important one, and is closely related to
the xanthophyll cycle [30]. It has been reported that Z and
possibly A, formed via the xanthophyll cycle, are involved in gf
induction [10,31]. However, the effects of exogenous Ca®* on the
xanthophyll cycle are yet to be reported.

Environmental signals trigger rapid and transient increases in
cytosolic Ca®*. The alteration in the level of Ca®" triggers a full
range of signal transduction pathways through high-affinity, Ca-
binding proteins such as calmodulin (CaM) [32,33]. As a typical
example of Ca relay protein, CaM binds Ca and regulates the
activity of downstream target proteins [34]. However, whether this
component is involved in the xanthophyll cycle-dependent energy
dissipation under excess light energy remains unclear.

Peanut (Arachis hypogaea L..) remains one of the most important
oil-crops in the world, and Ca is by far the most critical nutrient
for this crop to achieve high yields. Ca deficiency in soil can results
in a decrease in yield, e.g. unfilled pods. Photosynthetic products
are the sources of peanut seeds, and peanut seedlings are usually
subject to high temperature and HI in the field during peanut pod
development. However, the effects of Ca*" on peanut photosyn-
thesis are yet to be reported. To explore the effect of exogenous
Ca® on photoinhibition and the relationship between the
expression of Ca-binding protein and the de-epoxidation state of
the xanthophyll cycle, 0 mM Ca(NOs); and 6 mM Ca(NOs)o-
treated peanut plants were used in our experiments combined with
some Ca”" inhibitors. It seemed that Ca®" and Ca®'-dependent
signal transduction pathways were apparently involved in the
xanthophyll cycle to dissipate excess energy when peanuts were
exposed to high temperature and HI stress.

Materials and Methods

Plant Material, Growth Conditions and Treatments
Peanut (drachis hypogaea L.) cultivar “Huayu 22” was used in this
study. The peanut plants were incubated with two revised
Hoagland solutions, respectively, in which an equal volume of 0
or 6 mM Ca(NOs), (based on our previous study, 6 mM
Ca(NOs)y proved the best treatment in improving the heat and
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high irradiance stress of peanut plants) were presented. The
seedlings incubated with 0 mM Ca(NOs); were marked as CK,
and those incubated with 6 mM Ca(NOs)y were marked as CA.
The plants were grown at 25/20°C (day/night) under a 14 h
photoperiod [300 umol m ™2 s~ ' photon flux density (PFD)] for
20 d in a greenhouse. Functional leaves from plants were used in
the experiments. To induce heat and high irradiance (HI) stress,
with the adaxial side facing up, the detached leaves floating on the
water were illuminated with 1 200 pmol m~ 2 s™' PFD at high
temperature (40°C).

Determination of Ca** Content

Fresh leaf samples were dried in an oven at 105°C for 15 min,
and then kept at 80°C to a constant weight. Approximately
150 mg of dried leaves was burned to ashes in an oven at 550°C.
The ashes were dissolved in 65-68% HNOj3 solution and diluted
with 0.1 M HNOj to 20 mL. Ca®* was measured by an atomic
absorption spectrometry (Hitachi Z-8000, Hitachi Ltd., Tokyo,

Japan).

Chlorophyll Fluorescence Measurement

Chlorophyll fluorescence was measured with a portable
fluorometer (FMS2, Hansatech, UK) according to the protocol
described by [35]. The initial fluorescence (Fo) was determined by
modulated light (about 10 pmol m™? s~ ") which was low enough
without inducing any significant variable fluorescence (Fv). The
maximal fluorescence (Fm) was determined by 0.8 s saturating
light of 8 000 umol m~? s~ on a dark-adapted (adapted 15 min
in darkness) leaf. The maximal photochemical efficiency (Fv/Fm)
of PSII was calculated as Fv/Fm=(Fm-Fo)/Fm. NPQ was
estimated as NPQ =Fm/Fm’-1 according to [36], where Fm
was measured after dark adaptation for more than 2 h at room
temperature prior to stress, Fm’ is the maximum intensity of
fluorescence in light-acclimated leaves. NPQ can usually be
divided into three different components according to their
relaxation kinetics in darkness following a period of illumination
[16]. The level of the fast relaxing quenching components of NPQ
(qf) was highly correlated with the amount of Z and A synthesized
via the xanthophyll cycle [16], and it was measured as described

by [37].

Thylakoid Membrane Preparation

Thylakoid membranes were prepared according to [38]. The
leaves were homogenized in an ice-cold isolation buffer containing
400 mM sucrose, 50 mM HEPES-KOH, pH 7.8, 10 mM NaCl,
2 mM EDTA, and 2 mM MgCl, and filtered through three layers
of cheesecloth. The filtrate was centrifuged at 5 000 xg for 10 min.
The thylakoid pellets were washed with isolation buffer, re-
centrifuged, and finally suspended in isolation buffer. The
chlorophyll contents were determined spectrophotometrically as
described by [39]. The resulting thylakoid membrane preparations
were either used immediately or frozen in liquid Ny and stored at
—70°C for use.

SDS-PAGE and Western Blot Analysis

Thylakoid membrane proteins were denatured and separated
using 12.5% polyacrylamide gradient gel that contained 6 M urea.
30 ug protein was applied to each well. The resolved protein was
electroblotted to PVDF membrane and then probed with
polyclonal antibodies raised in rabbits against the full-length D1
protein. The secondary antibody was peroxidase-conjugated goat
anti-rabbit IgG. The D1 protein antibody was used at a dilution of
1:500 and the secondary antibody was used at 1:3 000.
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Determination of Reactive Oxygen Species

Hydrogen peroxide concentration was measured according to
the method of [40] with modifications. The leaf samples (0.5 g)
were homogenized with 3 mL phosphate buffer (50 mM, pH 6.8).
The homogenate was centrifuged at 6 000xg for 25 min.
Extracted solution (3 mL) was mixed with 1 mL of 0.1% titanium
sulfate in 20% (v/v) HySOy and the mixture was then centrifuged
at 6 000 xg for 15 min. The intensity of the yellow supernatant was
measured at 410 nm. HyOy level was calculated using an
extinction coeflicient of 0.28 umol ™' em ™' according to the
standard curve plotted with known HyOy concentration.

The assay for Oy" was performed as described by [41]. Fresh
leaves without midrib were thoroughly ground in an ice bath in a
grinding medium containing 0.05 M phosphate buffer (pH 7.8).
The homogenate was centrifuged at 5 000 xg for 10 min at 4°C.
The supernatant with phosphate buffer (pH 7.8) and 10 mM
hydroxylammonium chloride was incubated at 25°C for 20 min,
then 17 mM p-aminobenzene sulfonic acid and 7 mM o-
naphthylamine were added, and the mixture was incubated at
25°C for 20 min. Finally, ethyl ether was added into the mixture
that was centrifuged at 1 500 xg for 5 min. The water phase was
used to determine the absorbance at 530 nm. The O™ generation
was calculated per g fresh mass of leaves.

Pigment Analysis

Leaf disks were immersed in liquid Ny immediately after
chlorophyll fluorescence measurement and stored at —70°C for
use. Photosynthetic pigments were extracted from leaf disks with
80% ice-cold acetone. The extracts were centrifuged at 12 000 xg
for 5 min and supernatants were filtered through a 0.45 mm
membrane filter before injection into reversed-phase high perfor-
mance liquid chromatography (HPLC) using a Shimadzu Series
model SCL-10AVP (Japan) equipped with an Elite Hypersil
ODS2 4.6-250 mm cartridge column. Photosynthetic pigments
were separated and quantified essentially following the method of
[42]. The relative de-epoxidation state of the xanthophyll cycle
pigments was calculated as (A+Z)/(V+A+Z) (%).

Total RNA Extraction and Real-time Quantitive PCR (gRT-
PCR) Analysis

Total RNA was extracted from the peanut leaves with the RNA
simple kits (TTANGEN BIOTECH, China) according to the
manufacture’s protocol. The DNase-treated RNA was reverse-
transcribed using M-MLV reverse transcriptase (TIANGEN).
Real-time RT-PCR was performed on the Bio-Rad CFX96TM
Real-time PCR System using SYBR Real Master Mix (TTAN-
GEN). The PCR thermal cycle conditions were as following:
denature at 95°C for 1 min and 40 cycles for 95°C 10 sec; 61°C
30 sec; 68°C 20 sec. Peanut TUAS was used as internal reference
gene for calculating relative transcriptional levels.

Gene sequence of AtpsbA, ARAPX, ARSOD, and AhCaM were
acquired from GenBank database, the accession number were
X79898, EF165068, DQ499511, and AY517930, respectively.
The amino acid sequence of psbA gene showed high identities
among different species, thus the two degenerate primers were
designed according to the sequence from Arabidopsis thaliana.

Primer  sequences were as follows: TUA5-F, 5'-
CTGATGTCGCTGTGCTCTTGG-3'; TUAS-R, 5'-
CTGTTGAGGTTGGTGTAGGTAGG-3'; psbA-F, 5'-
ATCTGCTAATGAAGGTTACAG-3'; psbA-R, 5'-ATACC-

TACTACCGGCCAAG-3'; APX-F, 5'-TGCTGGAACTTTT-
GATGTGG-3"; APX-R, 5-AACTACACCGGCCAACTG-3;
SOD-F, 5'-CAGTTCTTAGCAGCAGTGAG-3"; SOD-R, 5'-
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GGAACCCATGAAGACCAG-3'; CaM-F, 5'-GGTGCTCGA-

CAAGGATCAA-3';  CaM-R,  5-ACTCCTCGTAGTT-
GATCTGC-3'; VDE-F, 5-TGCCTATGAAATCA-
GATGTGG-3'; VDE-R, 5/

CAAGTTTGTTGTCTTCTGTGTG-3'.

Quantitative Analysis of CaM Protein

CaM concentrations in peanut leaves were determined with the
Plant calmodulin (CaM) ELISA Kit (IBL, Germany) according to
the manufacture’s protocol.

Chemical Feeding

Some chemical agents were used to study the relationship
between Ca?* and the de-epoxidation ratio of xanthophyll cycle
pigments. EGTA was used as a chelant of calcium ion, LaCl; was
used as a blocker of Cia®" channel in cytoplasmic membrane and
CPZ was used as a CaM antagonist. CA seedlings were pretreated
with a daily spray of 5 mM EGTA, 2 mM LaCls, and 0.05 mM
CPZ for 6 days, respectively.

Statistical Analysis

Statistical analyses were performed by analysis of variance
(ANOVA) using SPSS version 13.0 (SPSS, Chicago, USA) and
comparisons between the mean values were made by the least
significant difference (LSD) at a 0.05 probability level.

Results

Ca®* Content and Growth Analysis

Different Ca®" culture media affected peanut seedling growth
(Figure 1A). CK seedlings showed growth retardation relative to
CA seedlings. This phenomenon was verified by the data of fresh
weight and dry weight of all plants (Figure 1B). The fresh weight
and dry weight of CK plants decreased obviously compared with
6 mM Ca(NOgs),-treated peanut plants. Meanwhile, the contents
of Ca" in CA peanut leaves and roots were respectively higher by
31.7% and 40.9% compared with that in CK (Table 1).

Effects of Exogenous Application of Ca®* on
Photoinhibition of PSIl under Heat and HI Stress

The maximal photochemical efficiency of PSII (Fv/Fm) has
been widely used as an indicator of photoinhibition. As shown in
Figure 2, the Fv/Fm was not significantly changed in both CK and
CA plants under normal conditions for 5 h. Upon exposure to
heat and HI stress, Fv/Fm decreased in both CK and CA seedling
leaves. The decrease in Fv/Fm was more evident in CK than in
CA seedlings after 2 h of stress. At the end of the stress, Fv/Fm in
CK and CA seedlings decreased by approximately 30.1% and
23.5% of their initial values, respectively. The results showed that
under normal growth conditions, neither CK nor CA showed
obvious photoinhibition, however, heat and HI stress induced
more severe PSII photoinhibition in CK than in CA seedlings.

Responses of D1 Protein Degradation to Heat and HlI
Stress in CK and CA Plants

D1 protein, one of the major subunits of the PSII reaction
center complex with rapid turnover, could be used to reflect the
degree of photoinhibition. qRT-PCR and western blot analysis
were performed to investigate the effects of the heat and HI stress
on DI protein at the levels of transcription and translation. Cross
stress of heat and HI induced a decrease in both psbA expression
(Figure 3A) and D1 protein content (Figure 3B) in all seedlings
tested, but the decrease is less in CA than in CK plants.
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Figure 1. Effects of different Ca>* concentrations on peanut seedlings’ growth. The seedlings were grown at 25/20°C (day/night) under a

14 h photoperiod [300 pmol m~2

s~" photon flux density (PFD)] for 20 d in a greenhouse. Growth analysis (A), fresh weight and dry weight (B) of

peanut plants treated with different Ca** concentrations. *Significant difference compared with CK using Student’s t-test at P<<0.05.

doi:10.1371/journal.pone.0071214.g001

Effects of Exogenous Ca®" on H,0, and O, Levels under
Heat and HI Stress

To investigate whether enhanced PSII function is associated
with less ROS accumulation under heat and HI stress, we
examined the accumulation of HyOy and Oy". As shown in
Table 2, the contents of HyOy and Oy™ in the chloroplasts of all
tested plants increased after the heat and HI stress. CK seedlings
accumulated more HyOy and Oy" than those of CA seedlings
after heat and HI stress for 5 h. Accordingly, higher expression of
antioxidant enzymes APX (Figure 4A) and SOD (Figure 4B) in CA
seedlings were observed in both normal conditions and heat and
HI stress.

Effects of Exogenous Ca®" Application on Energy
Dissipation in PSIl under the Heat and HI Stress

The capability for excess energy dissipation in PSII was
investigated by determining NPQ), In both CK and CA seedling
leaves, NPQ) significantly increased when plants were exposed to
heat and HI stress for 5 h. However, NPQ) increased more rapidly
in CA than in CK seedlings (Figure 5A).

After 5 h of stress, the gf of both CK and CA seedlings
increased significantly, with the latter recording a higher increase
(Figure 5B). This finding is consistent with the changes in NPQ
during such stress (Iigure 5A).

Table 1. Effects of Ca(NOs), pretrearment on the Ca**
content of peanut leaves and roots during heat and Hl stress.

2.
Ca(NO3), concentration (mM) Ca*’ content (%)

Leaf Root
0 1.01£0.01 0.22+0.03
6 1.33£0.02 0.31+0.02

The values are means *+ SE of three independent experiments.
doi:10.1371/journal.pone.0071214.t001
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Effects of Exogenous Ca®" on the Xanthophyll Cycle
under the Heat and HI Stress

The total V+A+Z pool was not significantly changed in both
CK and CA plants (data not shown), but the de-epoxidized ratio of
the xanthophyll cycle pigments, (A+Z)/(V+A+Z), was higher in
CA than in CK seedlings. At the end of the stress, the de-
epoxidation level reached 32.1% and 40.8% in CK and CA
seedlings, respectively (Figure 6). The accumulation of the
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Figure 2. Effects of Ca®>" on the maximum photochemical
efficiency of PSIl (Fv/Fm) of peanuts. CK+Normal: 0 mM Ca(NOs),-
treated plants under normal growth conditions; CA+Normal: 6 mM
Ca(NOs),-treated plants under normal growth conditions, as a positive
control; CK+Stress: 0 mM Ca(NOs),-treated plants under heat (40°C) and
high irradiance (1 200 umol m~2s~' PFD) stress; CA+Stress: 6 mM
Ca(NOs),-treated plants under heat (40°C) and high irradiance (1
200 pumol m~2 s~ PFD) stress. The data presented are the mean values
+ SD of three individual experiments. P values were calculated by using
t-test and are indicated by asterisks (*) when significantly different from
CK+Stress (P<<0.05).

doi:10.1371/journal.pone.0071214.g002
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Figure 3. Analysis of D1 protein in peanut seedlings. gRT-PCR for psbA expression in peanut leaves of CK and CA before and after heat (40°C)
and high irradiance (1 200 umol m~2 s~ PFD) treatment for 3 h and 6 h (A). *Significant difference compared with CK using Student’s t-test at
P<0.05. Thylakoid membrane proteins were separated by SDS-PAGE and then probed with D1 antibody. Relative optical density (OD) has been
added to ensure the difference in intensity (B). The same thylakoid membrane proteins were separated by SDS-PAGE and then stained with

Coomassie brilliant blue R250 (C).
doi:10.1371/journal.pone.0071214.g003

xanthophyll cycle pigments A+Z was consistent with the values of
NPQ and gf in both CK and CA leaves at the end of the stress
(Figure 5).

Analysis of CaM under Heat and HI Stress

In this study, the expression of the CaM gene and the protein
level of CaM were analyzed in peanut leaves. After applying heat
and HI stress for 5 h, either the transcriptional level (Figure 7A) or
the translational level (Figure 7B) of CaM was obviously higher in
CA than in CK seedlings. Meanwhile, the level of CaM was
suppressed when CA seedlings were treated with EGTA and
LaCl; (Figure 7).

The Relationship between Ca®*/CaM and the
Xanthophyll Cycle under the Heat and HI Stress

EGTA, LaCls and CPZ were used to assess the effects of
different Ca-related components on the xanthophyll cycle. These
three agents caused the decrease of the (A+Z)/(V+A+Z) ratio in
CA leaves (Figure 8A), implying that the de-epoxidation state of
the xanthophyll cycle was impaired in the Ca**-deficient plants
and that the Ca®*/CaM signal pathway had a stimulatory effect
on the xanthophyll cycle.

To document the effects of Ca®*/CaM on the xanthophyll cycle
further, the expression of the VDE gene was analyzed by qRT-
PCR. We isolated and characterized the partial fragment of VDE
using the cDNA prepared from peanut leaves according to the

homologous sequences from other plants, and the sequence data
have been deposited at the GenBank database under accession
number JX914502. After 5 h heat and HI stress, as shown in
Figure 8B, the transcriptional level of the VDE gene was drastically
induced in the presence of Ca, an opposite result was caused by
EGTA, LaCls and CPZ.

Discussion

In the natural environments, heat stress often occurs in
combination with light stress. When light energy captured by
antenna pigment could not be used efficiently, the excess energy
would result in the photoinhibition of PSIL. Although Ca®" has
been reported to play a role on alleviating oxidative stress and
consequently improves photosynthesis under heat stress [24], the
mechanism by which exogenous Ca®" affects the dissipation of
excess light, particularly the level of D1 protein and the
xanthophyll cycle-dependent thermal energy dissipation under
heat and HI stress, remains unclear. Studies on the photoprotec-
tion mechanisms of Ca®" application will be useful in improving
the tolerance of peanut to environmental stresses and ensuring
high and stable yield of peanuts.

Ca is an essential macroelement for plant growth. A previous
study has been suggested that Ca®* deprivation causes the
chlorosis and wilting of young spinach leaves, a decrease in
photosynthesis, and a significant reduction of spinach plant weight
[43]. Under Ca®*-deficit condition (Table 1), a similar phenom-

Table 2. H,0, and O, contents in the peanut leaves of CK and CA during heat and HI stress.

Ca(NO3), concentration (mM) Treatment time

H,0, (umol g~ ' FW) 0. (nmol g~ ' FW)

0 0h
5h
6 0h
5h

0.3489+0.0035 4.7105+0.014
0.8128+0.0053 6.4710%0.049
0.3290*0.011 4.2410+0.036
0.7189+0.0049 5.5712%+0.15

The values are means * SE of three independent experiments.
doi:10.1371/journal.pone.0071214.t002
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Figure 4. Expression of ROS-responsive genes in CK and CA plants. qRT-PCR for ascorbate peroxidase (APX) (A) and superoxide dismutase
(SOD) (B) expression in CK and CA plants before and after heat (40°C) and high irradiance (1 200 umol m~2 s~' PFD) treatment for 5 h. The data
presented are the mean values = SD of three individual experiments. P values were calculated by using t-test and are indicated by asterisks (*) when
significantly different from CK treatments (P<<0.05).

doi:10.1371/journal.pone.0071214.g004

enon was also detected in the changes of the peanuts growth that Ca® was involved in some mechanisms protecting photo-
performance (Figure 1). Upon exposure to heat and HI stress, synthetic apparatus of peanut seedlings from such stress. More
exogenous Ca”" alleviated PSII photoinhibition of peanut severe PSII photoinhibition (Figure 2) and lower level of DI
seedlings (Figure 2) and kept higher D1 protein expression at the protein (Figure 3B) in CK seedlings might be related to the
levels of transcription and translation (Figure 3), which implied damage caused by the accumulation of excess energy in
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Figure 5. Characterization of NPQ and qf of CK and CA plants were monitored under normal and heat and HI stress. Effects of the
heat (40°C) and high irradiance (1 200 pmol m~2 s~' PFD) stress on non-photochemical quenching (NPQ) (A) and its fast relaxing component (qf) (B)
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doi:10.1371/journal.pone.0071214.9005
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Figure 6. Function of calcium on the de-epoxidation ratio of
the xanthophyll cycle after heat and HI treatments. Effects of the
heat (40°C) and high irradiance (1 200 umol m~2 s~' PFD) stress on the
de-epoxidation ratio of the xanthophyll cycle pigments (A+Z)/(V+A+Z)
(%) in the CK and CA peanut seedlings. The data presented are the
mean values *= SD of three individual experiments. *Significant
difference compared with CK using Student’s t-test at P<<0.05.
doi:10.1371/journal.pone.0071214.9g006

photosynthetic apparatus [44]. Under excess energy conditions, it
will bring about oxidative damage when the balance between
ROS production and ROS scavenging was disrupted [11].
Exposure of leaves to heat and HI stress induces an imbalance
between energy supply and utilization in chloroplasts, resulting in
an increased excitation pressure on PSII and the production of
more ROS, especially under Ca**-deficit condition (Table 2).
ROS could attack the sensitive site of PSII and suppress the repair
cycle of the photodamaged D1 protein by inhibiting the process of
peptide elongation [45,46]. However, plants have developed a
series of both enzymatic and non-enzymatic detoxification systems
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to counteract ROS, thereby protecting cells from oxidative
damage. Ca?" is required for the maintenance of antioxidant
activity under heat stress [47]. It can activate some antioxidant
enzymes directly [48,49] or indirectly by binding CaM to plant
catalases [50]. In this study, it is obvious that exogenous Ca”"
could alleviate the accumulation of ROS (Table 2) by improving
the antioxidant enzyme expression (Figure 4).

When exposed to photoinhibition, the xanthophyll cycle-
dependent NPQ for higher plants is the most useful mechanism
to dissipate excess energy. NPQ) is induced in the presence of 4ApH
and functions in the dissipation of excess photon energy against
photosynthesis as heat [51], alleviating the damage caused by
excitation energy to PSII. Previous research mainly focused on the
effects of high light stress or chilling stress with low light on the
xanthophyll cycle in the model plants [52,53] through its
participation in NPQ. Under N limitation, the xanthophyll
cycle-dependent thermal dissipation was also enhanced in leaves
of maize [54], spinach [55], and apple [56]. However, the function
of Ca® in crop plants in response to heat and HI stress-induced
photoinhibition is still unclear. In our study, both NPQ and the
ratio of (A+Z)/(V+A+Z) increased in CK and CA seedlings when
exposed to the heat and HI stress, thus the energy dissipation and
the xanthophyll cycle were both inhibited in Ca®*-deficit seedlings
(Figures 5A, 6). Among three components of NPQ), ¢f is the main
component of NPQ) and is highly correlated with the amount of Z
and A synthesized via the xanthophyll cycle [16]. Aside from the
establishment of a pH gradient across the thylakoid membrane,
the accumulation of Z or A in excess light depending on the
activity of the enzyme VDE was also essential for the generation of
qf [57]. The higher ¢f (Figure 5B) and higher de-epoxidation ratio
of the xanthophyll cycle (Figure 6) in Ca** application seedlings
suggested that Ca®* could improve the xanthophyll cycle-
dependent energy dissipation. To the best of our knowledge, the
results of the present study are the first evidence of a relationship
between Ca and the xanthophyll cycle in peanuts under the heat
and HI stress.

Thus, it can be concluded that Ca®* application for peanut
seedlings could improve crop’s resistance to heat and HI stress by
improving the xanthophyll cycle and ROS scavenging system.
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Figure 7. Analysis of calcium-binding protein calmodulin in leaf tissues. Expression of peanut CaM gene upon exposure to the heat (40°C)
and high irradiance (1 200 pumol m 2 s~ PFD) stress in different treated seedlings (EGTA and LaCls) by gqRT-PCR (A). Quantitative analysis of CaM
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Moreover, the opposite effects of Ca®"-deficit cultivation may be
related to lower membrane stability and integrity and may lower
some enzymes’ activities because Ca®" is believed to be involved in
the formation of biological membrane and in the activation of
some enzymes [58,59]. However, a question remains on the effects
of Ca?"-mediated signal transduction pathway on excess energy
dissipation, especially the interconversions of the three pigment
components of the xanthophyll cycle.

As a second messenger in plants, Ca®" plays a pivotal role in
signal transduction pathway under abiotic stress. Several families
of Ca®" sensors have been identified in higher plants. CaM and
CaM-related proteins are the best known ones, which sense the
“Ca signature” and participate in Ca*"-mediated signal transduc-
tion pathway and gene regulation during stress responses [60].
The heat and HI stress improved the expression of the 4hCaM
gene in peanut leaves under Ca®" application, and its expression
was inhibited after the addition of EGTA and LaCl; (Figure 7A),
which indicates that the 42CaM gene could be induced by the heat
and HI stress in a Ca-dependent manner. Analysis of CaM at the
protein level also verified that Ca* plays a role in resisting to heat
and HI stress through Ca®*/CaM signal transduction pathway
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