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Abstract The mechanism of the fact that manganese
deprivation and cerium addition affect the photochemical
efficiency of plants is unclear. In this study, we investigated
the improvement by cerium of the damage of the
photochemical function of maize chloroplasts under
manganese-deprived stress. Chlorophyll fluorescence in-
duction measurements showed that the ratio of variable to
maximum fluorescence (Fv/Fm) underwent great decreases
under manganese deficiency, which was attributed to the
reduction of intrinsic quantum efficiency of the photosys-
tem II units. The electron flow between the two photo-
systems, activities of Mg”*—ATPase and Ca>'—ATPase, and
rate of photophosphorylation on the thylakoid membrane of
maize chloroplasts were reduced significantly by exposure
to manganese deprivation. Furthermore, the inhibition of
cyclic photophosphorylation was more severe than non-
cyclic photophosphorylation under manganese deficiency.
However, added cerium could relieve the inhibition of the
photochemical reaction caused by manganese deprivation
in maize chloroplasts. It implied that manganese depriva-
tion could disturb photochemical reaction of chloroplasts
strongly, which could be improved by cerium addition.
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Introduction

As a micronutrient, manganese (Mn) is a transition metal
that can exist in several different valence states, and
therefore, in photosynthesis, the four Mn atom-containing
oxygen-evolving complex catalyzes water oxidation to
oxygen in photosystem II (PSII) [I]. Mn is also an
important constituent of essential metalloenzymes, includ-
ing oxidases and dehydrogenases, DNA and RNA poly-
merases, kinases, decarboxylases, and sugar transferases [2,
3]. Mn deficiency resulted in destruction of the thylakoid
structure, chlorophyll (Chl) a fluorescence kinetics and gas
exchange, loss of PS II and MnSOD function, and
sensitivity to peroxides [4, 5]. Our previous work con-
firmed that growth of Mn-deprived maize seedlings was
inhibited, especially the photosynthetic ability [6, 7].

Rare earth elements (REEs), such as lanthanum (La),
neodymium (Nd), and cerium (Ce), of optimal concen-
trations typically had been proved to improve spinach
growth, especially photosynthesis, including Chl formation,
the absorption, transport, and conversion efficiency of light
energy of spinach [8—17]. In terms of Mn-deprived maize
seedlings, we conducted the experiments by adding Ce to
Mn-deprived maize seedlings to study its effect on CO,
assimilation [18]. However, whether Ce affected the
photochemical reaction of Mn-deprived maize seedlings is
unclear.

In this paper, therefore, we carried out experiments to
evaluate whether Mn deficiency affected photochemical
reaction of maize seedlings and Ce addition improved the
photochemical reaction of plants by exposure to Mn-deficient
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media, and assayed parameters involved in photochemical
reaction including Chl fluorescence, activities of K3Fe(CN)g
(FeCy) reduction rate, Mg®>'—ATPase and Ca>’-ATPase,
photophosphorylation (PSP) rate and electron flow in maize
seedlings. Our findings will be of benefit to the underlying
Mn deficiency-induced photosynthetic effects in plants and
arouse attention to Mn deficiency in fields.

Materials and Methods
Material Treatment and Culture

Seeds of Zea mays (L. cv.) were planted in a quartz sand-
containing pot and placed in porcelain dishes, to which 1 L
each of the following culture solutions were added: (1) Mn-
containing Hoagland's nutrient solution, (2) 15 uM CeCl;+
Mn-containing Hoagland's nutrient solution, (3) Mn-
deprived Hoagland's nutrient solution, and (4) 15 uM
CeCl;+Mn-deprived Hoagland's nutrient solution. Mn-
containing Hoagland's nutrient solution and Mn-deprived
Hoagland's nutrient solution were prepared as described in
Aron and Hoagland's method [19]. In the preparation of
Mn-deprived Hoagland's nutrient solution, the macronutrient
concentrations were the same as the Mn-containing
Hoagland's nutrient solution; no MnCl, was added in
micronutrient solution. Plants were grown at 25°C using a 16/
8-h light/dark cycle in a growth chamber under
500 umol m s~ ' of cool fluorescent light for 30 days. The
nutrient solution was renewed every week. Maize seedlings at
the age of two leaves and four leaves were sprayed with
15 uM CeCl; solution and deionized water for control.

Assay of Chl Fluorescence

Chl fluorescence and P700 parameters were measured at room
temperature (25°C) with a dual-wavelength pulse-amplitude-
modulated fluorescence monitoring system (Dual-PAM,
Heinz Walz, Effeltrich, Germany) according to Schreiber et
al. [20] and the manufacturer's instructions. Samples were
dark adapted in the sample chamber for a minimum of
20 min prior to all measurements. The light intensity was
500 pmol photons m 2 s ' photosynthetic active radiation
(PAR). With repetitive application of saturation pulses (SP)
for assessment of fluorescence and P700 parameters, the
intrinsic fluorescence (Fo) was determined after keeping the
tissue in darkness for 30 min. Saturating actinic light pulses
(SP) were applied to obtain maximum fluorescence (Fm) in
the dark-adapted samples. The maximum quantum efficiency
of PSII primary photochemistry (Fv/Fm) was then deter-
mined by application of a 1-s pulse of red saturation flash
(800 pmol photons m 2 s ' PAR); Fv/Fm was estimated as
(Fm—Fo)/Fm.

All fluorometer measurements were taken on the
uppermost two leaves of each seedling and averaged to
standardize within-plant variations.

Chloroplast Preparation

All leaves of maize plants were used as experimental
materials. The leaves were homogenized in a prechilled
mortar and pestle in ice-cold isolation buffer, which
contained 400 mM sucrose, 10 mM NaCl, and 20 mM
tricine (pH 7.8). The slurry was filtered through five layers
of cheesecloth, and the chloroplasts were sedimented at
3,000xg for 5 min at 4°C. The supernatant was carefully
discarded and the pellet retained. The pellet was washed
and resuspended in a small volume of chilled suspension
buffer that contained 100 mM sucrose, 10 mM NaCl, 2 mM
MgCl,, and 20 mM HEPES (pH 7.5). The whole procedure
was completely done in ice-cold conditions as quickly as
possible to inactivate and prevent the degradation of
chloroplast by proteolytic enzymes. Chl was extracted in
chilled 80% acetone and estimated spectrophotometrically
[21].

Assay of FeCy Reduction Rate

The reduction rate of FeCy of the chloroplasts was
measured photometrically by following the absorbance
change at 420 nm, using a dual-beam spectrophotometer
(UV-3010, Hitachi Co., Japan). The above measurement
methods were described in Allen and Holmes [22].

Assay of Photophosphorylation Rate

PSP activity of chloroplasts was assayed by the luciferin—
luciferase method to measure the amount of ATP synthesized
within 2 min at saturating irradiance of about
1,500 umol m 2 s™' and 25°C according to Allnutt et al.
with some modification [23]. Cyclic-PSP (C-PSP) activity
was determined in 1 cm® of reaction mixture containing
50 mM tricine-KOH (pH 8.0), 2 mM MgCl,, 1 mM ADP,
5 mM phosphate (Pi), 0.05 mM phenazine methosulfate
(PMS), and the chloroplasts containing about 10 pg chloro-
phyll. Non-cyclic-PSP (NC-PSP) activity was assayed simi-
larly to C-PSP except that PMS was replaced by 1 mM FeCy
or methyl viologen (MV). By putting the test tubes for 3 min
into boiling water, the reactions were stopped.

Assay of the Activity of Mg”>'—ATPase and Ca*"~ATPase
Mg®*—ATPase on the thylakoid membranes was extracted
and assayed according to MoCarty's method [24]. Activated

solution, 0.6 ml, was added into 0.4 ml suspension of
chloroplasts (containing 50 uM Tris—HCI, pH 8.0; 50 uM
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NaCl; 5 uM MgCl,; 5 uM dithiothreitol), then activated it
with light of 500 umol m™? s ' for 6 min in room
temperature. About 0.5 ml reaction solution (containing
50 uM Tris—HCI, pH 8.0; 5 uM MgCl,; 20 uM ATP) was
added into 0.5 ml activated suspension of the chloroplasts
above and incubated at 37°C for 10 min, then 0.1 ml 20%
trichloroacetic acid (TCA) was added to stop the reaction.
The inorganic phosphorus content was determined by
Ames's method [24].

Ca**~ATPase was extracted from maize chloroplasts
according to Li's method [25] and assayed with the method
of Shi et al. [26]. About 100 ul of Ca*'—ATPase samples
was mixed with 1 ml of reaction buffer (50 mM Tris—HCI,
5 mM ATP, 5 mM CaCl,, 25% CH3;0H, 20 mM NacCl,
pH 8.8) and incubated at 37°C for 2 min. The reaction was
stopped by adding 0.2 ml 20% TCA, and the inorganic
phosphorus content was determined by Ames's method
[27].

Statistical Analysis

Each biochemical indicator was replicated five times. All
data were expressed as mean + standard deviation (SD) and
were analyzed by an analysis of variance (ANOVA). If
significance was found in ANOVA, group means were
compared using Student's ¢ test. Differences were considered
significant when p<0.05.

Results
Chl Fluorescence Measurements

Chl fluorescence not only can reflect the photosynthetic
primary reaction process, such as light energy absorption,
excitation energy transfer, photochemical reaction, but also
relates to the processes of photosynthetic electron transport,
proton gradient establishment, carbon dioxide fixation, and

so on. We detected Chl fluorescence parameters of maize
seedlings under various culture conditions; the results are
listed in Table 1. It can be see that Fv/Fm in the Mn-
deprived maize seedlings was decreased by 21.39%, as
compared to the control, and added Ce made it recover
back to 98.40% of the control level. The quantum yields of
PSIL, PSI (Y(II), and Y(I)) in the Mn-deprived seedlings
decreased significantly by 14.98% and 7.61% as compared
to the control; added Ce relieved the damage by 8.37% and
6.37% reduction, respectively, compared with the control.
The electron transport rates of PSII (ETR(II)) and PSI (ETR
(I)) of Mn-deprived maize seedlings were 16.66% and
12.90% lower than those of the control. After Ce treatment,
those were decreased by 9.73% and 7.47%. The photo-
chemical quenching (qP) of maize seedlings grown in the
Mn-deprived Hoagland's media decreased by 18.54%, and
added Ce promoted qP wvalue. Conversely, the non-
photochemical quenching (qN) grown in the Mn-deprived
Hoagland's media increased obviously by 40.88% com-
pared with the control, and that of the added Ce group
increased by 13.63%. In terms of Ce-added Mn-present
maize seedlings, the values of Y(II), Y(I), ETR(I), and gqP
were increased respectively by 11.89%, 11.48%, 6.22%,
and 10.49%, while qN was decreased by 6.93%, and the
values of Fv/Fm and ETR(II) showed no significant
increase.

FeCy Reduction Rate of Chloroplasts

To further confirm changes of electron transport rate caused
by Mn deficiency and added Ce, we detected the FeCy
reduction rate of chloroplasts. As shown in Fig. 1, the FeCy
reduction rate from Mn-deprived maize seedlings decreased
by 54.44%, as compared to those of the control. However,
added Ce alleviated the inhibition of Mn deprivation,
making the upper indices decreased by 11.21% compared
with that of the control. Additionally, Ce enhanced
significantly the FeCy reduction rate of maize grown in

Table 1 Effects of Ce on Chl fluorescenes of maize chloroplast under Mn deprivation

Culture 1 2 3 4

Fv/Fm 0.784+0.004 0.754+0.002 0.732+0.005* 0.736+0.004*
Y(IT) 0.227+0.010 0.254+0.003** 0.193+0.006** 0.208-+0.002*
YD) 0.565+0.003 0.582+0.004 0.522+0.007* 0.529+0.006*
ETR(II) 47.90+1.800 53.40+0.880%* 39.924+1.376%* 43.24+0.872*
ETR(I) 115.54+£2.232 122.73+2.546* 100.64+2.448%%* 106.91+2.548%*
qP 0.410+0.024 0.453+0.015%* 0.334+0.009** 0.343+0.014%*
gN 0.433+0.017 0.0403+0.009%* 0.610+0.054** 0.492+0.009%**

Lines marked with a star or double stars were different from Hoagland's solution in that panel at the 5% or 1% confidence level, respectively.
Values represent means+SD, n=>5

1 Hoagland's solution (control), 2 Hoagland's solution+Ce, 3 Mn-deprived Hoagland's solution, 4 Mn-deprived Hoagland's solution+Ce
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Fig. 1 Effects of Ce on electron transport of maize chloroplast under
Mn deprivation. / Hoagland's solution (control), 2 Hoagland's
solution+Ce, 3 Mn-deprived Hoagland's solution, 4 Mn-deprived
Hoagland's solution+Ce. Bars marked with double stars were
different from Hoagland's solution in that panel at the 1% confidence
level. Values represent means + SD, n=5

Mn-present Hoagland's media. Indeed, Mn deficiency and
added Ce did affect electron transport in the chloroplast.

PSP Rate of Chloroplasts

Adding NADP" and Hill oxidizing agent FeCy to the
reaction media makes the electron transport follow the non-
cyclic pathway, while by adding PMS, a cyclic electron
carrier, to the reaction media, the electron transport then
follows the cyclic pathway, without oxygen evolving and
NADP" reduction.

Figure 2 shows the NC-PSP (+ MV or FeCy) and C-PSP
(+ PMS) rates of Ce-treated chloroplasts grown in Mn-
present Hoagland's media and Mn-deprived Hoagland's
media were increased significantly. The NC-PSP (+ MV)
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Fig. 2 Effects of Ce on NC-PSP and C-PSP activity of maize
chloroplast under Mn deprivation. / Hoagland's solution (control), 2
Hoagland's solution+Ce, 3 Mn-deprived Hoagland's solution, 4 Mn-
deprived Hoagland's solution+Ce. Bars marked with single star or
double ones were different from Hoagland's solution in that panel at
the 5% or 1% confidence level, respectively. Values represent means +
SD, n=5

and C-PSP (+ PMS) rates of Ce-treated chloroplasts grown
in Mn-present Hoagland's media were elevated by 13.08%
and 15.58%, respectively, compared with those of the
control; Mn-deprived chloroplasts were significantly
inhibited by 50.33% and 37.14% reduction compared with
those of the control; after Ce addition, these two rates were
improved, showing 26.75% and 20.50% reduction com-
pared with those of the control. The results also revealed
that added Ce could improve both NC-PSP and C-PSP rates
and had more pronounced effect on the NC-PSP rate,
indicating the influence of added Ce on PSII was greater
than that of PSIL.

To determine the details about effects of added Ce on
PSII, dibromothymoquinone (DBMIB) and benzoquinone
(BQ) were used (Fig. 3) [9]. After adding DBMIB, which
blocked the electron transfer between the two photo-
systems, the NC-PSP (+ FeCy) rate of Mn-deprived maize
was inhibited significantly by 54.03% compared with the
control, and added Ce improved it by 30.26% reduction to
the control. Besides, Ce improved the NC-PSP rate of
maize seedlings grown in Mn-present Hoagland's media by
11.66%. Instead of FeCy, hydrophobic electron acceptor
was used as artificial electron acceptor, finding that NC-
PSP (+ FeCy) rate of Mn-deprived maize was decreased by
47.64%, and added Ce improved it by 30.26% reduction
compared to the control. Meanwhile, Ce increased the NC-
PSP rate of Mn-present maize seedlings by 22.67%,
indicating that added Ce could influence both of the two
photosystems positively.

Mg®"—ATPase and Ca®'—ATPase Activities of Chloroplasts

It is observed in Fig. 4 that the activities of Mg®'—ATPase and
Ca**—ATPase of Ce-treated groups grown in Mn-present
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Fig. 3 Effects of Ce on photophosphorylation activity of both PSII
and PSI maize chloroplast under Mn deprivation. / Hoagland's
solution (control), 2 Hoagland's solution+Ce, 3 Mn-deprived Hoag-
land's solution, 4 Mn-deprived Hoagland's solution+Ce. Bars marked
with single star or double ones were different from Hoagland's
solution in that panel at the 5% or 1% confidence level, respectively.
Values represent means + SD, n=>5
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Fig. 4 Effects of Ce on Mg>'—ATPase activity and Ca*'—ATPase
activity of maize chloroplast under Mn deprivation. / Hoagland's
solution (control), 2 Hoagland's solution+Ce, 3 Mn-deprived Hoag-
land's solution, 4 Mn-deprived Hoagland's solution+Ce. Bars marked
with double stars were different from Hoagland's solution in that panel
at the 1% confidence level. Values represent means + SD, n=5

Hoagland's media were increased only by 7.24% and
74.34% contrasted to those of the control. But under Mn-
deprived stress, the activities of Mg”*—ATPase and Ca®'—
ATPase were declined by 34.74% and 32.99%. Furthermore,
the two enzyme activities of Ce-treated groups grown in Mn-
deprived Hoagland's media were 28.63% and 36.54% higher
than those of Mn-deprived condition. It was apparently that
Mn deprivation exerted more inhibition on Mg*'—ATPase
activity than that of Ca®’’—ATPase, and Ca’’—ATPase
displayed more activity recovery since Ce was added.

Discussion

Mn is key to the electron transfer for its construction to the
structure of PSII (Mn4OCaCly cluster), where four
electrons are transferred to oxidative water. No other metal
ions have been found to date that can replace it according to
Dasgupa et al. [28]. Our previous work revealed that Mn
deprivation made light absorption, transmission, and oxy-
gen evolution of chloroplast damaged by spectral methods
[6], and resulted in extensive declines in PSP rate and key
enzymes of CO, assimilation [7]. In this paper, the electron
transport rate (FeCy reduction rate) (Fig. 1) from the Mn-
deprived maize seedlings decreased sharply, and the total
electron flow, involving both of the two photosystems, was
inhibited, indicating Mn deprivation had a significant
impact on the electron harvesting from the primary reaction
in PSII or PSI, thus reducing the conversion efficiency from
light energy to electric energy. However, added Ce may
relieve the inhibition of FeCy reduction rate and the
electron flow involving both PSII and PSI caused by Mn
deficiency, speculating that Ce might enter the chloroplast
and bind to PSII, then repaired the PSII damage caused by
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Mn deprivation. Moreover, added Ce could promote the
oxygen evolution and CO, assimilation [18]. Besides,
previous researches implied that Ce had the similar function
as Ca in the oxygen evolution center so that it could
accelerate the electronic transfer and oxygen evolution of
chloroplast of spinach grown in Ca**-deficient media [17].

The extent of Mn-deprived stress can be monitored by
measuring Fv/Fm of PSII. The dark-adapted value of Fv/
Fm reflects photosynthetic performance, and the potential
quantum efficiency of PSII [29] and values that are lower
than the optimal value of 0.83 indicate a decrease in PSII
efficiency [30, 31]. Fv/Fm value of Mn-deprived maize
seedlings was significantly decreased (Table 1), indicating
that Mn-deprived stress disturbed severely the photosyn-
thetic electron transport or damage to the thylakoid
structure in the donor side of PSII [32]. Furthermore, lower
Fv/Fm resulted in the significant reduction electron trans-
port rate (ETR II) of PSII caused by Mn-deprived stress. Y
(IT) is proportional to the product of qP and the efficiency
of excitation capture by open PSII centers, denoted as Fv/
Fm [33]. Coincident with Fv/Fm, lower Y(II) and qP were
observed in Mn-deprived maize seedlings, suggesting that
lower efficiency of photochemical energy conversion and
dissipation were associated with inhibition of PSII electron
transport. Related to heat dissipation and protect photosyn-
thesis, the non-photochemical quenching (qN) increases in
environments in which light energy absorption exceeds the
capacity for light utilization. qN value of Mn-deprived
maize seedlings was higher than that of the control, which
was coincident with the previous result of photosynthetic
pigments reduction under Mn deprivation [6, 7], indicating
a significant reduction of photosynthetic protection of Mn-
deprived maize seedlings. For PSI (P700), compared to the
control, the obvious reduction of Y(I) (PSI photochemical
efficiency) from the Mn-deprived maize seedlings was
observed, which then resulted in the reduction of PSI
electron transport rate (ETRI), suggesting that PSI function
was damaged by Mn-deprived stress. But the mechanisms
still need further study in the future. However, added Ce
could significantly relieve reduction of Fv/Fm, Y(II), Y(I),
ETR(II), and ETR(I) as well as qP caused by Mn
deprivation, while N was lower compared to those of the
control, suggesting that added Ce may improve the function
of PSI and PSII under Mn-deprived stress.

It is well established that photosynthetic plants convert
electron energy into ATP from ADP, and NADPH: In cyclic
electron flow, ATP synthesis is coupled to light-induced
electron flow in a closed system around PSI without the net
production of NADPH, whereas in non-cyclic electron
flow, oxygen, ATP, and a strong reductant, NADPH, are
simultaneously synthesized. Various demands for ATP
caused by variability of environmental conditions could
be compensated through establishment of ApH gradient by
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the cyclic electron transport. Our results showed that PSII
was more sensitive to both Mn deprivation and added
Ce than PSI (Figs. 2 and 3). Both NC-PSP and C-PSP
were decreased due to Mn deprivation, especially NC-PSP,
but added Ce significantly increased both NC-PSP and C-
PSP rates and had more pronounced effects on the NC-
PSP rate, indicating the influence of added Ce on PSII is
greater than that of PSI, which could be supported by our
previous work about the conspicuous effect of Ce on
oxygen evolution of Mn-deprived maize seedlings [18]),
since OEC (Mn4O4CaCl, cluster) is the core of PSIL
Besides, other REEs, such as La, Ce, Nd, and praseodymium
(Pr), had been demonstrated to accelerate oxygen-
evolving and hydrogen-evolving of photosynthesis, and
increase the concentration of chlorophyll protein com-
plexes and the activities of Hill reaction, Mg*'~ATPase,
and the rate of PSP in chloroplast of some plant species
[34, 35].

Photosynthesis is flexibility in meeting different
metabolic demands for ATP, which is probably required
for photosynthetic assimilation of CO, into carbohy-
drates and other cellular material, including macromole-
cules. Photosynthetic electron transport is coupled to ATP
synthesis. Mg®>*—ATPase and Ca*’~ATPase are the termi-
nal points of the whole PSP. According to our researches
(Fig. 4), the reduction of ATPase activities was significant,
particularly the Ca®>'—ATPase activity on the thylakoid
membrane caused by Mn deficiency. The enhancement of
photosynthesis was coupled with the increase of the
amount of ATP by spraying CeCls on the leaf of spinach
[17]. Added Ce made the activity of Ca>*~ATPase of Mn-
deprived maize recover to 91.99% of the control (Fig. 4),
which was of benefit to the improvement of CO,
assimilation of Mn-deprived maize. Chen and Pan et al.
added La and Pr to pot-cultured tobacco and spinach,
demonstrating that they could promote the cyclic and non-
cyclic PSP of chloroplasts, and improve the couple level
of chloroplasts and activate Mg?'—ATPase and Ca®'—
ATPase [36-38]. Huang et al. demonstrated that added Ce
decreased the inhibition of the activities of Mg*'—ATPase
and Ca>"—ATPase of Ca”*-deprived spinach chloroplasts
[17], which are coincident with our results. The results
indicated that added Ce could positively affect photophos-
phorylation by activating the photophosphorylation coupling
factor.

In conclusion, the results of the present study showed
that added Ce significantly decreased the inhibition of the
photochemical reaction of both PSII and PSI, including Fv/
Fm, Y(II), Y(I), ETR(I), ETR(I), qP, NC-PSP, and C-PSP,
in maize seedlings caused by Mn deprivation. Added Ce
might partly substitute for Mn and improve photosynthesis
under Mn-deficient conditions, but the mechanisms need
further study in the future.
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