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Progesterone increases photochemical efficiency of photosystem II in wheat
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Abstract

Experiments were conducted to investigate the effects of exogenous progesterone on photochemical efficiency of PSII and
turnover of D1 protein under heat stress during the grain-filling stage. Heat stress resulted in increases of hydrogen
peroxide production, malondialdehyde content, and relative electrolytic leakage in wheat leaves, but these responses were
alleviated by foliar application of progesterone. Meanwhile, activities of superoxide dismutase, catalase, and peroxidase
were significantly improved in progesterone-pretreated leaves. Along with the alleviation of oxidative stress, higher
abundances of STN8 and phosphorylated D1 protein and lower total D1 protein content in the PSII reactive center were
observed in progesterone-pretreated leaves relative to controls. Consequently, progesterone raised the potential
photochemical efficiency, actual photochemical efficiency, and electron transfer rate. These results indicate that foliar
application of progesterone can effectively alleviate heat-induced PSII damage by enhancing antioxidant capability and

regulating phosphorylation of D1 protein in wheat leaves.
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Introduction

Because of the threat of global warming and climate
changes, heat stress has become one of the most serious
constraints facing agriculture today, and climate change
has already affected crop production worldwide (Wahid et
al. 2007). Wheat, an important chimonophilous agricul-
tural crop in northern China, is rather sensitive to heat
stress, especially during the grain-filling stage. Continental
hot and dry winds (Yang et al. 2006) cause damage to
photosynthetic machinery, early decline of leaf function,
stunting of seed development, and reduced wheat yield
(Zhao et al. 2011).

Extensive studies have confirmed that PSII is one of
the primary sites of damage under various kinds of stresses
and that D1 proteins in the PSII reaction center are the
main target of heat stress (Berry and Bjorkman 1980,
Powles 1984, Barber and Andersson 1992, Aro et al. 1993,
Niyogi 1999, Yamamoto 2001). Once D1 proteins are
damaged, the assembly of PSII complexes is affected and

electron transport is disrupted (Yamamoto et al. 2008).
Accordingly, damage and turnover of D1 proteins during
photoinhibition of PSII has been studied extensively,
revealing much about the process (Barber et al. 1992, Aro
et al. 1993). First, the damaged D1 proteins must be
phosphorylated, which contributes to PSII machinery
migrating from grana to stroma lamellas, and then, the
damaged D1 protein can be degraded by proteases and
removed from PSII for repair. Finally, a new D1 protein is
reassembled into PSII, and the recovery cycle of PSII is
complete (Aro et al. 1993, Tikkanen et al. 2008, Kato et
al. 2009, Samol et al. 2012, Nath et al. 2013, Kato and
Sakamoto 2014). Recent studies have suggested that the
kinase STNS catalyzes phosphorylation of D1 proteins and
plays an important role in the repair of PSII under abiotic
stress conditions (Pesaresi et al. 2011, Samol et al. 2012).

One way how to improve crops resistance to abiotic
stresses is application of exogenous chemical substances
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and plant growth regulators. Many studies have shown that
steroid hormones are involved in the regulation of plant
growth processes (Helmkamp and Bonner 1953, Dogra
and Kaur 1994). For example, progesterone, a mammalian
sex hormone (MSH), is naturally present in plants and
involved in regulation of plant growth (Janeczko et al.
2013). Progesterone can stimulate the growth of sunflower
seedling stem tissue (Dogra and Thukral 1991), Arabi-
dopsis, and wheat roots (Geuns 1978). Moreover,
application of MSHs, including progesterone, significantly
reduced the effects of salt stress on wheat seedlings (Erdal
2012) as well as increased protein, sugar, and proline
content throughout corn seed germination under salt stress
(Mittler 2006, Erdal 2012) and stimulated antioxidant
enzyme activity, reduced cell membrane permeability, and

Materials and methods

Plant and treatments: Wheat (Triticum aestivum L. cv.
‘Aikang 58”) seeds were surface sterilized with hydrogen
peroxide, placed on wet filter papers in a Petri dish, and
sprouted under thermostatic cultivation at a constant 28°C
for three days. Afterwards, seedlings were moved to a
greenhouse and cultured in %- strength Hoagland nutrient
solution, which was changed every two days. Two weeks

improved the efficiency of PSII (Foyer et al. 1997,
Janeczko et al. 2005). The study of vernalization of winter
wheat found that progesterone-binding sites exist in both
the cytoplasm and cell membrane (Janeczko ef al. 2013).
Recent experiments have demonstrated that exogenous
progesterone alleviates heat and high light-induced
inactivation of PSII in wheat by enhancing antioxidant
defense and D1 protein stability (Su et al. 2014). In order
to further elucidate the possible protective mechanisms of
progesterone affecting the photosynthetic apparatus of
wheat leaves under heat stress, the changes in antioxidant
enzyme activities, production of H>O,, and content of both
STN8 proteins and phosphorylated D1 proteins, the
photochemical efficiency of PSII in the absence and
presence of progesterone were investigated.

later (at the three-leaf stage), the seedlings were sprayed
with distilled water plus 0.01 % Tween-20 as a control or
1 pmol L™ progesterone solution with 0.01% Tween-20,
for three days. The experiment consisted of four specific
treatments (see the text table below) . Wheat leaves were
immediately harvested after treatment for various assays.

Group Treatment

Control H20 Moderate temperature (25°C) for 2 h
H H20 Heat stress (36°C) for 2 h

P Progesterone 1 pmol L™'  Moderate temperature (25°C) for 2 h
P+H Progesterone 1 pmol L™'  Heat stress (36°C) for 2 h

Hydrogen peroxide, malondialdehyde and the relative
electrical conductivity: H>O, was measured colori-
metrically as described by Jana and Chaudhuri (1981). The
concentration of H;O, was monitored (UV-Vis
spectrophotometer 754, Hengping, China) at 410 nm and
calculated using the extinction coefficient of 0.28 mmol™!
L cm™'. The content of H,O, was expressed as umol g!
(dry mass, DM). Malondialdehyde (MDA) content was
measured according to Heath and Packer (1968) using the
thiobarbituric acid (TBA) test, which determines MDA as
an end product of lipid peroxidation. Absorbancy was
measured at 532 nm corrected for nonspecific turbidity by
subtracting the absorbancy at 600 nm. The amount of
MDA-TBA complex was calculated from the extinction
coefficient 155 mmol™ L ¢cm™. (UV-Vis spectrophoto-
meter 754, Hengping, China). The content of MDA was
expressed as nmol g '(DM).

Relative electrical conductivity (REC) was measured
using conductivity meter (7M-03, Leici, Shanghai, China),
and calculated according to the method as described by Li
(2000). Electrical conductivity (initial EC) of solution
was measured first, then samples were heated to 100°C
for 20 min, and electrical conductivity (final EC) was

measured again. Membrane permeability was calculated as
the percentage of initial EC divided by final EC.

Antioxidant enzyme activities: Superoxide dismutase
(SOD, EC 1.15.1.1) activity was assayed according to the
method developed by Beauchamp and Fridovich (1971).
The supernatant was incubated in an assay medium
containing 50 mmol L' sodium phosphate buffer (pH 7.8),
13 mmol L' methionine, 75 mmol L' NBT (nitroblue
tetrazolium), 2 umol L' riboflavin, and 100 nmol L'
ethylene diamine tetraacetic acid (EDTA). Changes in
absorbance were monitored at 470 nm. One unit of SOD
activity was defined as the amount of enzyme required to
cause 50 % inhibition of NBT reduction under light.
Catalase (CAT, EC 1.11.1.6) activity was determined
using the method developed by Havir and McHale (1987),
which monitors the degradation of H,O» at 240 nm. One
unit of CAT activity was defined as the amount of enzyme
required to decompose one micromole of H,O» per min at
25°C. Peroxidase (POD, EC 1.11.1.7) activity was assayed
according to the methods of Obinger et al. (1997). The
reaction mixture contained 10 mmol L' potassium
phosphate buffer (pH = 7), 5 mmol L' H,0,, 4 mM
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guaiacol and the enzyme extract. For the estimation of
POD activity, the increase in absorbance at 470 nm during
the polymerisation of guaiacol to tetraguaiacol was
recorded for 3 min and POD-specific activity was
calculated using the extinction coefficient of 26.6 mmol™!
L cm™ for guaiacol. One unit of DOD activity was
considered the enzyme amount capable of oxidising
1 pmol L guaiacol to tetraguaiacol per min. The activity
of enzymes was expressed as unit mg~'(protein).

Chlorophyll (Chl) fluorescence parameters were
measured using the portable modulated Chl fluorometer
(MINI-PAM-1I, Walz, Germany). Leaves were dark-
adapted for 20 min before measurement. Actinic light
intensity was 400 pmol(photon) m™ s~! and saturated flash
intensity was 8,000 umol(photon) m? s™!. F,/F, was
calculated as F,/Fn = [(Fm — Fo)/Fn], and ®psn was
calculated as ®psn=[(Fn'— F()/Fn'], ETR was calculated as
ETR = [PAR x 0.84 x ®psu], where PAR is the photo-
synthetically active radiation. For each measurement, five
replicates were performed, and the results are expressed as
means * standard deviations.

Extraction of thylakoid membrane proteins and
Western blot analysis: The thylakoid membrane proteins
were extracted as described in previous reports (Su et al.
2014). Leaves were ground in liquid nitrogen into a fine
powder and homogenized very well in ice-cold extraction
buffer (Hepes 50 mmol L™ (pH 7.5), 10 mmol(NaF) L,

Results

Photochemical efficiency of PSIl: Among the various
components of the photosynthesis machinery, PSII is
particularly sensitive to heat, and even a short period of
exposure to high temperatures irreversibly inactivates the
PSII complex (Nash et al. 1985, Enami et al. 1994). F./Fy,
®psi, and ETR declined under heat stress, indicating that
heat stress damaged the photosynthetic apparatus (Table 1).
However, progesterone-pretreated leaves under heat stress
maintained higher values of these parameters, which were
close to those of the control treatment. Overall, application
of exogenous progesterone improved photochemical
efficiency of PSII in wheat leaves subjected to heat stress.

H203, lipid peroxidation and cell membrane perme-
ability: Heat stress caused significant increases in H,O»,
with a mean H>O, content which was 1.51 times that of the
control (Table 2). However, progesterone pretreatment
significantly reduced the ROS content under heat stress,
with a mean H,O; content that was only 1.16 times that of
the control. Heat treatment also elevated MDA content
markedly, to a level that was 79.2% higher than that of the
control (Table 2). However, the MDA content of leaves
subjected to heat stress was remarkably reduced by proge-
sterone pretreatment (Table 2). In addition, although the
relative electrical conductivity significantly increased
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5 mmol L' MgCly, and 0.33 mol L! sorbitol). Then, the
homogenate was filtered through three layers of gauze,
centrifuged at 6,000 x g for 5 min, and precipitated with
50 mmol L' Hepes (pH 7.5). Next, the precipitate was
washed with 10 mmol L' NaF and 5 mmol L™! MgCl, and
centrifuged at 3,000 X g for 3 min. Finally, the thylakoid
membrane pellet was resuspended in the storage buffer
[50 mmol L' Hepes (pH 7.5), 10 mmol L' NaF, 10 mmol
L'MgCl,, and 0.1 mol L sorbitol].

For the Western blot assay, the thylakoid membrane
fraction (15 pg of protein) was separated by 15% SDS-
PAGE using small vertical electrophoresis apparatus
(1658001, Bio-Rad, Hercules, USA) and subjected to
immunodetection as previously described (Callahan et al.
1990, Guo et al. 2006). Immunodetection of STN8 protein,
D1 protein, and phosphorylated D1 protein were respect-
ively conducted with polyclonal antibody raised against
the STN8 protein, D1 protein, and phosphorylated D1
protein (anti-STNS, anti-PsbA, and phosphorylated anti-
PsbA, respectively, Agrisera Company, Véannias, Sweden).

Statistical analysis: All data are reported as means +
standard errors (SE) of three replicates. Statistical analysis
was carried out using SPSS Statistics 18.0 software (IBM
Corporation, USA). One-way analysis of variance
(ANOVA) was carried out with all the data to confirm the
variability of data and validity of results. Comparisons
among the mean values were made using the least
significant difference (LSD) at a 0.05 probability level.

under heat stress compared to the control (by 1.85 times),
this effect was completely alleviated by application of
progesterone (to 0.99 times that of the control; Table 2).
These results suggested that exogenous progesterone
application protected wheat leaves from oxidative damage
under heat stress.

Table 1. Effects of exogenous progesterone on maximal quantum
yield of PSII photochemistry (Fv/Fm) and effective quantum yield
of PSII photochemistry (®psm) and the electron transfer rate
(ETR) of PSII in wheat leaves under heat stress. Values are
means £ SD. Values labeled by different letters in the same
column indicate statistically significant differences (p<0.05).

Treatment Fv/Fm Dpsip ETR

Control ~ 0.8058 + 0.0089* 0.2047 +0.0326° 90.79 + 7.63°
H 0.5982 +0.0218> 0.1588 +0.0278° 68.32 + 9.66°
P 0.7984 +0.0289*  0.2234 +0.0159° 98.33 + 8.89°
P+H 0.7635+0.096*  0.1944 +0.0189" 87.56 + 8.64°

Antioxidative enzyme activities: The activity of SOD,
CAT, and POD increased slightly, but insignificantly,
under heat stress compared with the control (Table 3). In
comparison with the control treatment, progesterone
pretreatment significantly elevated the activities of all
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three antioxidant enzymes (SOD, CAT, and POD) under
heat stress. These results indicated that exogenous
progesterone application enhanced antioxidant defense of
wheat under heat stress.

STNS: Expression of STN8 was reduced under heat stress,
to only 84.5% that of the control (Fig. 1B). However, this

reduction was alleviated by pretreatment with progeste-
rone, resulting in slight increases in the relative content of
STNS proteins under both heat stress (101% of the control
level) and normal conditions (106% of the control level).

D1 protein: Heat stress induced decreases in relative
content of D1 protein (to 64.5% of the control) (Fig. 2B).

Table 2. Effects of exogenous progesterone on H202 and malondialdehyde content (MDA), and the relative electrical conductivity
(REC) of wheat leaves under heat stress. Values are means + SD. Values labeled by different letters in the same column indicate

statistically significant differences (»p<0.05).

Treatment  H20:2 [umol g'(DM)] MDA [nmol g'(DM)] REC [%]

Control 480.3 + 39.78bc 42 +£5.20°¢ 15.2 +0.3055°
H 725.4 + 56.74% 83 £2.65° 28.1 £0.8030?
P 402.6 +28.92¢ 40 + 4.36% 14.3 £ 0.5000°¢
P+H 560.9 +30.314 55+5.20P 15.1 £ 0.4995Y

In leaves pretreated with progesterone, D1 protein
abundance increased under the normal condition (to 106%
of the control), but decreased under heat stress (to 33.5 %
of the control).

Discussion

Heat stress is one of the most serious constraints facing
agriculture today. When wheat plants suffer from high
temperature stress, reactive oxygen species (ROS) such as
superoxide (Oy"), singlet oxygen ('0,), hydrogen peroxide
(H20,), and hydroxyl radicals (OH) are overproduced, thus
resulting in lipid peroxidation and cellular damage
(Bowler et al. 1992, Singh et al. 2001 ). Meanwhile, the
activities of antioxidant enzymes are induced to reduce
ROS under heat stress (Rainwater et al. 1996, Jiang and
Huang 2001, Vacca ef al. 2004). In order to cope with heat
stress, some mechanical, chemical, and biological appro-
aches are being researched and implemented. Janeczko et
al. (2013) reported that progesterone pretreatment decre-
ased elevated leakage in Arabidopsis thaliana caused by
mutant and saprophytic bacteria. It has been also found
very recently that progesterone in plants can stimulate the
activity of antioxidative enzymes under normal conditions
or strong heat and high light stress (Erdal and Dumlupinar
2011, Su et al. 2014). Consistent with these reports, the
current study showed that heat stress significantly
increased the generation of H,O», thus increasing MDA
content and relative electrical conductivity in wheat leaves
(Table 2). However, the activities of SOD, CAT, and POD
were increased by progesterone pretreatment (Table 3),
which decreased H,O, accumulation and mitigated lipid
peroxidation. In brief, progesterone alleviated oxidative
damage induced by heat stress in wheat by stimulating the
antioxidant defense system.

Phosphorylated D1 protein was reduced to 67.5% of the
control under heat stress, but this reduction was
counteracted by pretreatment with progesterone, leading to
a substantial increase in the content of phosphorylated D1
protein (to 400% of the control) (Fig. 3B).

It has been previously shown that ROS are responsible
for heat-induced damage to PSII (Yamashita et al. 2008).
Exogenous progesterone reduced ROS production under
heat stress (Table 2). Theoretically, this might alleviate
heat-induced inactivation of PSII, a protein complex
composed of more than 25 different subunits, in which D1
protein is a target component damaged by many
environmental stresses. Hence, an efficient PSII-repair
cycle was required to regain the function of PSII
(Yamamoto et al 2008). More recently, it has been
suggested that phosphorylation of PSII reaction center
protein D1 is a prerequisite for efficient migration of
damaged PSII complexes from grana to stroma lamellae
for repair (Tikkanen et al. 2008). Only when the repair rate
equals the damage rate, photoinhibition is averted. In
chloroplasts, STN8 and STN7 are the protein kinases
responsible for phosphorylation of core proteins in PSII;
they play an important role in the regulation of state
transitions and energy distribution between PSII and PSI
(Bellafiore et al. 2005, Depege et al. 2003, Vainonen et al.
2005). The STNS protein kinase is specifically responsible
for D1 protein phosphorylation. In this report , expression
of STNS8 was reduced under heat stress (Fig. 1B), however,
this reduction was alleviated by pretreatment with
progesterone. Similarly to this, abundances of phosphory-
lated D1 proteins were significantly elevated to 400% of
the control level under heat stress by exogenous
progesterone application (Fig. 3B), indicating that the
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Table 3. Effects of exogenous progesterone on activities of catalase (CAT, EC 1.11.1.6), superoxide dismutase (SOD, EC 1.15.1.1) and
peroxidase (POD, EC 1.11.1.7) in wheat leaves under heat stress. Values are means = SD. Values labeled by different letters in the same

column indicate statistically significant differences (p<0.05).

Treatment CAT [U mg !(protein)] SOD [U mg !(protein)] POD [U mg!(protein)]
Control 11.1 £0.4726°¢ 18.3 £0.7008°¢ 2.9+ 0.3606°
H 12.5 +0.5009° 19.4 + 0.4012b° 3.2 +£0.2003%°
P 11.9 +0.2002° 20.1 +1.7321° 3.4 +0.2646°
P+H 17.8 £0.5292¢ 24.7 £0.3001% 4.0+0.17322
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Fig. 1. Western blot (4) and relative content of STNS8 (B) in wheat
leaves under each of the treatments. CK — control leaves
pretreated with water under a moderate temperature (25°C); H —
leaves pretreated with water and exposed to heat (36°C) for 2 h;
P — leaves pretreated with progesterone under a moderate
temperature (25°C) for 2 h; P+H — leaves pretreated with
progesterone and exposed to heat (36°C) for 2 h. Values are
means + SD.

process of D1 protein phosphorylation was promoted by
exogenous progesterone. Accordingly, the content of
nonphosphorylated D1 protein decreased to 33.5% of the
control by progesterone treatment under heat stress (Fig.
2B). However, Su et al. (2014) have demonstrated that heat
and light stress caused a notable decrease in content of D1
protein in wheat leaves, but progesterone pretreatment
maintained the content of D1 protein at a high level. Li et
al. (2015) showed that H.S induced fast D1 protein
synthesis (high expression of PsbA) under drought stress
in wheat. According to this, higher DI protein
accumulation compared with control, under heat and light
stress and when pretreated with progesterone, might result
from promotion of de novo synthesis of D1 protein. In
current study, since the process of D1 protein phosphory-
lation is required for D1 turnover cycle, the elevated D1
protein phosphorylation for D1 protein degradation might
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Fig. 2. Western blot (4) and relative content of D1 protein (B) in
wheat leaves under each of the treatments. CK — control leaves
pretreated with water under a moderate temperature (25°C); H —
leaves pretreated with water and exposed to heat (36°C) for
2 h; P — leaves pretreated with progesterone under a moderate
temperature (25°C) for 2 h; P+H — leaves pretreated with
progesterone and exposed to heat (36°C) for 2 h. Values are
means + SD.

be the reason why DI protein content significantly
decreased. In other words, more DI proteins were
phosphorylated for migration, repair, and degradation and
replaced by a newly synthesized D1 protein. The results
suggested that increased phosphorylated D1 protein levels
improved the stability and rapid repair of PSII by avoiding
the net loss of D1 protein. Thus, F./Fy, ®psir, and ETR in
leaves subjected to heat stress were markedly improved by
progesterone pretreatment (Table 1). It means that
progesterone alleviated heat-induced PSII damage by
facilitating D1 protein turnover rather than D1 protein
accumulation.

In general, exogenous application of progesterone
enhanced antioxidant defenses by simulating the activities
of CAT, POD, and SOD and reducing oxidative damage to
cells of wheat leaves. At the same time, exogenous proge-
sterone increased photochemical efficiency of PSII in
wheat plants subjected to heat stress by increasing the
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