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Aluminum (Al) toxicity limits crop yield in acidic soil
through affecting diverse metabolic processes, especially
photosynthesis. The aim of this work was to examine the
effect of Al on photosynthetic electron transport in vivo as
determined by chlorophyll fluorescence and delayed fluor-
escence of tobacco leaves. Results showed that Al treatment
inhibited the photosynthetic rate and electron transfer, and
decreased photosystem (PS) Il photochemical activity in a
time- and concentration-dependent manner, which could
not be obviously alleviated by the addition of the reactive
oxygen species (ROS) scavenger ascorbic acid (AsA). These
results suggested that photosynthetic electron transfer
chain components, especially PSIl, might be directly
damaged by Al instead of in an ROS-dependent manner.
Furthermore, the fluorescence imaging and biochemical
analysis exhibited that Al, after entering the cells, could ac-
cumulate in the chloroplasts, which paralleled the decreased
content of Fe in the chloroplast. The changes in the chloro-
phyll fluorescence decay curve, the delayed fluorescence
decay curve and the chlorophyll fluorescence parameters
indicated that Al, through interacting with or replacing
the non-heme iron between Q4 and Qg, caused the inhib-
ition of electron transfer between Q4 and Qjg, resulting in
PSIl photochemical damage and inhibition of the photosyn-
thetic rate. In summary, our results characterized the target
site of Al phytotoxicity in photosynthetic electron transport,
providing new insight into the mechanism of Al phytotoxi-
city-induced chloroplast dysfunction and photosynthetic
damage.
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Abbreviations: AAS, atomic absorption spectroscopy; Al,
Aluminum; AsA, ascorbic acid; DCF, dichlorodihydrofluores-
cein; DF, delayed fluorescence; ETR, relative rate of
photosynthetic electron transport; H,DCFDA, 2/,7'-dichloro-
dihydrofluorescein diacetate; LCSM, laser confocal scanning
microscope; PAR, photosynthetically active radiation; PMS,
phenazine methosulfate; Pn, net photosynthetic rate; PS,

photosystem; ROS, reactive oxygen species; SPCM, single-
photon counting module.

Introduction =

Aluminum (Al), as a non-essential metal widespread in the
environment, is known to be toxic to humans as well as
plants, causing damage to not only the root that is always
exposed to Al but also to the aerial part of plants. A number
of intracellular targets of Al have been identified, including the
plasma membrane, mitochondria, peroxisomes and chloro-
plasts (Akaya and Takenaka 2001; Yamamoto et al. 2002;
Chen et al. 2005; Li and Xing 2011). Its toxicity has been recog-
nized as one of the major factors that limit crop production
on acid soil through negatively affecting the nutrient uptake
and diverse metabolic processes, especially photosynthesis
(Moustakas et al. 1995; Ono et al. 1995; Chen et al. 2005;
Mihailovic et al. 2008). Previous findings suggest that Al stress
causes retarded growth and subsequent wilt by inducing
chlorophyll degradation and decreasing the net photosynthetic
rate (Pn) (Akaya and Takenaka 2001; Chen et al. 2005). It has
also been found that Al decreases the amount of Rubisco acti-
vase and the B-subunit of the Rubisco subunit-binding protein
in an oxidative burst-dependent manner (Moustakas et al.
1995; Akaya and Takenaka 2001).

Photosystem (PS) Il, as the most sensitive component of the
photosynthetic apparatus, is considered to play key roles in the
photosynthetic response to environmental perturbations (Lu
and Zhang 2000; Appenroth et al. 2001; Lu et al. 2003; Farage
et al. 2006; Van Heerden et al. 2007; Ehlert and Hincha 2008;
Zhao et al. 2008). Within the PSIl complex, several targets have
been suggested to be sensitive to various stresses and stimuli,
including the residues of D1 protein (Sanakis et al. 1997; Wodala
et al. 2008) and the non-heme iron (ll) between Q, and Qg
binding sites (Diner and Petrouleas 1990; Wodala et al. 2008).
D1 protein is considered to be the PSII reaction center and has
been shown to be sensitive to environmental stress conditions:
various unfavorable conditions, such as drought, nutrient
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deficiency, heat, chemical stress, ozone fumigation as well as
UV-B and visible light stresses, can influence the turnover of D1
protein (Giardi et al. 1997; Putty-Reddy et al. 2005). The ter-
minal electron acceptor in PSIl is the linear QaFe’ Qg complex,
which can accept the electron from the PSII reaction center.
The rate of electron transfer between the two quinones
(Qa and Qg) depends on the coordinative properties of the
non-heme iron () that, under normal circumstances, forms
coordinate covalent bonds with four His residues provided by
the D1 and D2 reaction center subunits (Petrouleas and Diner
1990; Kern et al. 2005; Wodala et al. 2008). The herbicide DCMU
can bind to Qg, and other small molecules such as NO, CN™ and
fluoride anions can reversibly bind to the non-heme iron
(1) (Goussias et al. 2002), to inhibit the linear electron transfer.
Previous studies have associated Al stress with an impaired PSII,
including a reduction in the PSII electron transport rate and the
closure of PSIlI reaction centers (Chen et al. 2005; Jiang et al.
2008). Though PSII has been recognized as an important site of
action for Al, how PSII photochemical activity is affected by Al
has not been thoroughly studied.

The aim of this work is to investigate the mechanism of how
Al affects PSIlI photochemical activity and to characterize the
target site of Al in the photosynthetic electron transport chain,
in order to provide new insight into the mechanism of Al
phytotoxicity-induced chloroplast dysfunction and photosyn-
thetic damage.

Results

Treatment with Al leads to decreased
photosynthetic capacity in tobacco leaves

Previous studies by our group demonstrate that delayed fluor-
escence (DF) and altered Pn values can accurately reflect
photosynthetic damage under adverse stresses (Zhang and
Xing 2008). DF, which is mainly emitted from PSII through in-
verse photochemical reactions, is an intrinsic label of the effi-
ciency of charge separation at P680 (Zhang and Xing 2008). Pn,
which is quantified by measuring rates of CO, consumption,
can reflect the efficiency of CO, fixation (Wang et al. 2007).
Hence, DF and Pn values were measured under Al treatment.
The results showed that both DF and Pn exhibited a time- and
concentration-dependent decrease (Fig. 1A, B), indicating the
induction of photosynthetic damage by Al.

As parallel experiments, the electron transport capacity was
investigated under Al stress. Light-response curves were mea-
sured to determine the relative electron transport rate (ETR). In
Fig. 2, the light-response curves of ETR were compared for
leaves treated with different concentrations of Al at the indi-
cated times. With photosynthetically active radiation (PAR)
ranging from 0 to 900 umol quanta m~2 s, the ETR values
of leaves treated with different concentrations of Al (0.1 mM,
0.5mM and 1 mM) all decreased comparing with the untreated
control at 4, 8 and 12 h, and the decline was exhibited in a
concentration- and time-dependent manner (Fig. 2A-C).
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Fig. 1 Quantitative analysis of photosynthetic damage induced by Al.
(A) Changes of DF in a time- and concentration-dependent manner.
(B) Changes of Pn in a time- and concentration-dependent manner.
Data are means + SD of six independent experiments. Asterisks indi-
cate a significant difference from the control at P < 0.05 by t-test.

While our results support the finding that Al has concentra-
tion- and time-dependent effects on photosynthesis, they
reveal the importance of a certain ‘light pressure’ for the assess-
ment of differences in the photosynthetic electron transport
capacity between control and treated leaves, as well as between
the samples treated with different Al concentrations. At PAR
values <50 umol quanta m~* s~ ', under which the electron
flow was limited by the light, there was almost no difference in
ETR values between untreated and treated leaves, as well as
between leaves treated with different Al concentrations.
Moreover, with increasing PAR values, differences in the ETR
values between the control and treated samples became in-
creasingly evident (Fig. 2).

Changes of PSIl and PSI activities under Al
treatment

Chloroplasts are capable of light-induced charge separation,
electron transfer from PSIl to PSI, water photolysis and
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Fig. 2 Effects of Al on light-response curves of the relative photosyn-
thetic electron transport rate (ETR). Leaves treated with Al were
analyzed at 4 h (A), 8h (B) and 12 h (C). Data are means = SD of six
independent experiments.

oxygen evolution. Hence, the effects of Al treatment on the
activities of the two PSs were investigated using an oxygen
electrode. Our results showed that under Al stress PSII activity
exhibited a time- and concentration-dependent decrease, while
PSI activity exhibited no obvious changes (Fig. 3A, B). At 8 h of
0.5mM Al treatment, PSII activity decreased by about 33 + 6%
(P < 0.05) compared with that of control samples, and then
decreased by about 69+8% (P<0.05) at 12h of 0.5mM
Al treatment (Fig. 3A). For further confirmation, altered
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photophosphorylation rates were detected under Al treatment.
Non-cyclic photophosphorylation requires that both of the two
PSs are excited. The electron transport pathway of non-cyclic
photophosphorylation is that an electron derived from water
photolysis transfers through PSI, PSIl and a succession of elec-
tron carriers before it transfers to NADP™, which is eventually
reduced to NADPH (Huang et al. 2008). Cyclic photophosphor-
ylation occurs when only PSI is excited but PSII is not. During
cyclic photophosphorylation, no photolysis of water occurs and
therefore no reduced NADPH is produced (Huang et al. 2008).
Our data showed that Al treatment apparently decreased the
rate of non-cyclic photophosphorylation in a time- and con-
centration-dependent manner, but exerted no obvious effect
on the rate of cyclic photophosphorylation (Fig. 3C, D), sug-
gesting that Al treatment might mainly damage PSII activity.
These results indicate that compared with PSI, PSIl was the
sensitive and major site damaged by Al toxicity in the photo-
synthetic electron transfer chain.

Characterization of PSIl photochemical damage
caused by Al treatment

In order to further characterize the mechanism of photosyn-
thetic dysfunction caused by Al, the photochemical activity of
PSII was investigated using chlorophyll fluorescence. The fluor-
escence parameters Fv/Fm (the maximum PSIl quantum yield)
and Y (Il) (the effective PSIl quantum yield), which represent
the capacity for the photon energy absorbed by PSIl to be
utilized in photochemistry under dark- and light-adapted con-
ditions, respectively (Chaerle and Van Der Straeten 2000; Baker
and Rosenqvist 2004), were analyzed with Al-treated tobacco
leaves. Distinct effects of different concentrations of Al on both
of the two parameters were obvious in the treatment period of
12 h (Figs. 3E, F, STA). At 4 h, changes in the photosynthetic
parameters began to occur in leaves treated with 0.5 or 1T mM Al
in contrast to those exposed to 0.1 mM Al, in which no changes
could be detected. After 6-h treatment, all samples exhibited
obvious changes in the false images of Fv/Fm and Y (ll), but the
degree and area differed according to the Al concentration
(0.1-1 mM) (Fig. STA). To statistically evaluate the data derived
from the imaging experiments, the fluorescence parameters of
leaves incubated with three different amounts of Al (0.1 mM,
0.5mM and 1 mM) were assessed every 2 h during the treated
period of 12 h. The results showed that the decrease in Fv/Fm
was time and concentration dependent. As shown in Fig. 3E,
Fv/Fm of leaves exposed to 0.1 mM Al did not vary from the
levels expected for plants under non-stressed conditions
(~0.800) until late in the course of treatment, in which a
slight decline (to 0.650~0.700) was measured. However,
under 0.5 or TmM Al treatment, after showing a slight decrease
for 4 h, Fv/Fm began to show a sudden and rapid decline to low
levels (0.500~0.600) over an 8-h period. On the other hand, Y
(1) levels under growth illumination conditions also showed a
time- and concentration-dependent decrease under Al treat-
ment (Fig. 3F). After exposure to all three concentrations of Al,
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Fig. 3 Analysis of PSIl and PSI activities under Al treatment. (A, B) Measurement of PSIl and PSI electron transport activities using oxygen
electrode. (C, D) Effect of Al treatment on the cyclic and non-cyclic photophosphorylation. (E) Quantitative analysis of time- and
concentration-dependent changes of maximum PSIl quantum yield Fv/Fm under Al treatment. (F) Quantitative analysis of time- and
concentration-dependent effective PSIl quantum yield Y (Il) under Al treatment. Data are means=+SD of six independent experiments.
Asterisks indicate a significant difference from the control at P < 0.05 by t-test.

values of Y (ll) exhibited a time-dependent decrease from 2 to
12 h, but the magnitude and speed of the decline were greater
with increased concentrations of Al treatment (Fig. 3F).
The decrease of Y (Il) appeared to precede the decline in Fv/
Fm: often Y (I1) fell to <50% of normal levels before the changes
in Fv/Fm were noted, which is consistent with previous reports
(Bonfig et al. 2006). Hence, the chlorophyll fluorescence

experiments further demonstrated that PSIl was the sensitive
and major damage target of Al toxicity.

Al-induced PSII photochemical damage is ROS
independent

ROS generation occurs in different cellular compartments and
plays crucial roles in stress response (Apel and Hirt 2004).
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Therefore, the double-staining technique was exploited to
monitor intracellular ROS localization under a laser confocal
scanning microscope (LCSM) at the single-cell level in vivo
using 2,7'-dichlorodihydrofluorescein diacetate (H,DCFDA)
staining. H,DCFDA is a non-fluorescent compound that can
readily enter cells. Once inside cells, the acetate is cleaved by
endogenous esterases. The acetate-free, reduced form of H,DCF
is trapped inside the cells and can be oxidized by H,O, to form
DCF, a highly fluorescent compound (Li and Xing 2011). The
data showed that bright DCF fluorescence was colocalized in
cytoplasmic areas in which mitochondria were present, and
could be detected at 10-20 min after treatment with 0.5 mM
Al in the protoplasts double-stained with DCF and the mito-
chondria-specific probe MitoTracker Red CMXRos (Fig. 4A).
At 30 min of treatment, the accumulated DCF fluorescence
in the protoplasts largely occurred in the regions where chloro-
plasts were located and could be abolished by pretreatment
with the ROS scavenger ascorbic acid (AsA) (Fig. 4A).
Moreover, measurement of the DCF fluorescence intensity in
isolated chloroplasts under 0.5 mM Al treatment indicated that
chloroplasts were sources of Al-induced ROS production
(Fig. 4B).

To establish whether the Al-induced photosynthetic
damage was ROS dependent, the natural antioxidant AsA
was used. As shown in Fig. 5, pre-incubation with AsA failed
to alleviate the apparent decrease in DF and Fv/Fm values
under Al stress (P < 0.05), while the decline in DF and Fv/Fm
values were effectively inhibited by pretreatment with
Lumogallion, which can chelate Al ions (P > 0.05; Fig. 5A, B).
These results suggest that photosynthetic electron transfer
chain components, especially PSIl, might be directly damaged
by Al instead of in an ROS-dependent manner.

Detection of Al accumulation in chloroplasts
after Al treatment

In order to monitor whether Al accumulated in chloroplasts,
the fluorescent probe Lumogallion, which emits green fluores-
cence after chelation with Al ions (Silva et al. 2000; Babourina
and Rengel 2009), was used. The imaging results showed that
with the extension of the treatment time the green fluores-
cence gradually increased (Fig. 6A, B). During 5-15 min after
Al treatment, the fluorescence was colocalized in the cytoplasm
and at 30 min the accumulated Lumogallion fluorescence in the
protoplasts largely occurred in the regions where chloroplasts
were located (Fig. 6A).

For further confirmation, the Al content in the chloroplast
proteins isolated from 0.5mM Al-treated leaves was deter-
mined by atomic absorption spectroscopy (AAS). The data
showed that after 6 and 12 h of treatment, the Al content in
the chloroplast proteins was obviously increased (P < 0.05);
notably, the Fe content in the chloroplast proteins exhibited
a gradual decline instead (P < 0.05; Fig. 7). These results indi-
cate that Al ions entered and localized in the chloroplasts, and
might interact with Fe ions in chloroplast proteins.

Effect of Al on photosynthetic electron transport
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Fig. 4 Intracellular ROS production and localization in protoplasts
after Al treatment. (A) Protoplasts were treated with Al for the indi-
cated time period, double-stained with H,DCFDA (at the final con-
centration of 5pM) and MitoTracker Red CMXRos (at the final
concentration of 100 nM), and observed by a laser scanning confocal
microscope as described in Materials and Methods section. Scale
bars = 10 pm. (B) Measurement of ROS production in isolated chloro-
plasts under Al treatment. Data are means + SD of six independent
experiments. Asterisks indicate a significant difference from the con-
trol at P < 0.05 by t-test. Before Al treatment, protoplasts or isolated
chloroplasts were pretreated with AsA at the final concentration of
1mM for 60 min.

Effects of Al treatment on the donor and
acceptor sides of PSII

The above experiments demonstrated that PSIl is the sensitive
and major damage site of Al in the photosynthetic electron
transfer chain; hence, we further characterized the inhibitory
effect of Al on the donor and acceptor sides of electron transfer.
PSIl donor-side activity was evaluated by oxygen evolution in
the presence of silicomolybdate, which acted as an artificial
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Chloroplast Lumogallion  Overlay B

electron acceptor. PSIl acceptor-side activity was estimated by
the rate of electron flow from DPC to DCIP. The results showed
that 0.5 mM Al treatment exerted no obvious inhibition on the
PSII donor side (P > 0.05; Fig. 8A), but obviously inhibited the
activity of the PSIl acceptor side (P < 0.05; Fig. 8B), which could
be alleviated by pretreatment with the Al-chelating reagent
Lumogallion, but could not be alleviated by addition of the
ROS scavenger AsA (Fig. 8B). The data implied that the
acceptor side was damaged more severely than the donor
side under Al stress.
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Fig. 7 Determination of Al and Fe contents in isolated chloroplast
proteins by AAS. Chloroplast proteins were isolated after different
time lengths of 0.5mM Al treatment, and the contents of Al and Fe
were determined by AAS as described in the Materials and Methods
section. Data are means+SD of three independent experiments.
Asterisks indicate a significant difference from the control at
P < 0.05 by t-test.
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Fig. 6 Imaging and subcellular location of Al in Al-treated tobacco protoplasts. (A) The fluorescence imaging of Lumogallion and chloroplast
autofluorescence in tobacco protoplasts after Al treatment. After 0.5 mM Al treatment, protoplasts were stained with Lumogallion at the final
concentration of 100 LM for 60 min. Scale bars = 10 um. (B) Intensity of Lumogallion fluorescence shown in (A). Data are means + SD of three
independent experiments. Asterisks indicate a significant difference from the control at P < 0.05 by t-test.
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significant difference from the control at P < 0.05 by t-test.

Al treatment inhibits electron transfer
between Q, and Qg

To further investigate the inhibitory effect of Al on the accepter
side of PSII electron transfer, we measured the state of QA and
Qg in Al-treated leaves. Flash-induced chlorophyll fluorescence
decay kinetics is a portable, effective and non-invasive method
to investigate the function of the PSIl acceptor side (Huang
et al. 2008; Wodala et al. 2008; Cai et al. 2010). Hence, the
chlorophyll fluorescence decay curves were measured to reflect
the Qa~ reoxidation kinetics in Al-treated tobacco leaves.
A short saturating light pulse reduced Q,, causing a rapid in-
crease in the fluorescence yield, followed by decay in the sub-
sequent dark period due to Q5 reoxidation. The curves from
untreated samples were characterized by a fast (approximately
176 ps), medium (approximately 2.6 ms) and slow (approxi-
mately 4.4s) phase (Fig. 9; Table 1). In Al-treated leaves, the
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amplitude values of the fast (a;) and middle (a,) phases were
both decreased. Treatment with 0.5 mM Al decreased the amp-
litude values of the fast phase (a;) from 73% to 66% at 6 h and
to 51% at 12 h. Similarly, the amplitude values of the middle
phase (a,) following 0.5 mM Al treatment were decreased from
21% to 14% at 6h and to 12% at 12 h (Table 1). Instead, the
amplitude values of the slow phase (a;) were increased in
Al-treated leaves. The amplitude values of the slow phase (as)
following 0.5 mM Al treatment were increased from 6% to 20%
at 6h and to 37% at 12 h (Table 1). Furthermore, in the fast
phase, 0.5 mM Al decreased the time constants (t;) to 135 and
96 s at 6 and 12 h, respectively, and in the middle phase the
time constants (T,) increased to 3.1 and 4.5ms at 6 and 12 h,
respectively (Table 1). These results suggested the Al-induced
inhibition of electron transfer between Q4 and Qg. Moreover,
the inhibition could be alleviated by pretreatment with
the Al-chelating reagent Lumogallion, but could not be
alleviated by addition of the ROS scavenger AsA (Fig. 9A, B;
Table 1).

In the DF decay curve, the fast phase (<500 ms) is propor-
tional to the Q,~ amount and the slow phase (>500 ms) is
proportional to the Qz~ amount. The inhibition of electron
transfer between Qu and Qg, on the one hand, can cause the
accumulation of e at the site of Qa and increase the Qa~
amount, to enhance the fast phase and decay the DF intensity
more rapidly; on the other hand, it can cause the amount of
Qg™ to decrease, resulting in the lower level of the slow phase
(Li et al. 2007). Our results showed that at 6 and 12 h of Al
treatment, the fast phase of the DF decay curve was enhanced
and the slow phase was lower (Fig. 10A), indicating the inhib-
ition of electron transfer between Q4 and Qg. Moreover, the
inhibition could be alleviated by pretreatment with the
Al-chelating reagent Lumogallion (Fig. 10B), but could not be
alleviated by addition of the ROS scavenger AsA (Fig. 10C).

For further confirmation, the effect of Al treatment on spe-
cific chlorophyll fluorescence parameters that can reflect the
state of Qa and Qg was investigated. The steady-state qP and
the variable fluorescence Fv can reflect the state of Qa: lower
values of qP are proportional to higher amounts of Qa~
(Wodala et al. 2008) and higher values of Fv are proportional
to higher amounts of Q5~ (Zhang et al. 2003), both indicating
the inhibition of electron transfer between Q4 and Qg. The data
exhibited that qP values underwent a time- and concentration-
dependent decrease (Figs. 11A, S1B), while the Fv values went
through a time- and concentration-dependent increase
(Figs. 11B, S1C). Also, their changes could be alleviated by
pretreatment with the Al-chelating reagent Lumogallion, but
could not be alleviated by addition of the ROS scavenger AsA
(Fig. 11C, D). These results were in good correlation with the
measurement of chlorophyll fluorescence decay kinetics and DF
decay kinetics, implicating the accumulation of the reduced
form of the electron accepter Q5 . Notably, pretreatment
experiments suggested that the accumulation of Q,~ might
be directly caused by Al instead of in an ROS-dependent
manner.
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Fig. 9 Effect of Al on chlorophyll fluorescence decay kinetics. Measurements were carried out on leaves with or without Lumogallion or AsA
pretreatment at 6 h (A) and 12 h (B) under Al stress. Before 0.5 mM Al treatment, leaves were pretreated with AsA at the final concentration of
1mM or Lumogallion at the final concentration of 100 pM for 60 min. Curves were normalized to the same amplitude and each trace is the

average of five measurements.

Table 1 Decay kinetics parameters of flash-induced variable fluorescence in tobacco leaves under Al treatment

Treatment Fast phase t; (a;) Middle phase t, (a,) Slow phase t; (a3)
Control 176 =12 us (73%) 26+ 1.1ms (21%) 44+13s (6%)
0.5mM Al, 6h 135£9 s (66%) 3.1£09ms (14%) 33+ 1.1s (20%)

0.5mM Al, 12h 96+ 11ps (51%)
Pre-treatment with Lumogallion
0.5mM Al, 6h
0.5mM Al, 12h
Pre-treatment with AsA
0.5mM Al, 6h

0.5mM Al, 12h

171+ 10 us (74%)
168 9 s (72%)

132+ 8 pus (63%)
98+ 13 s (51%)

45+12ms (12%) 28+08s (37%)

2.8+0.6ms (22%)
29+0.5ms (23%)

43115 (4%)
36+06s (5%)

28+09ms (15%)
41+13ms (15%)

34+12s (22%)
31+10s (34%)

Measurements were performed on leaf discs, as in Fig. 9, that were incubated for 6 or 12 h under 120 umol quanta m™

% s~ " white light in distilled water (control) or

solutions containing 0.5mM Al, and then dark adapted for 15 min. Exponential analyses yielded triphasic kinetics with different half-life (t) and amplitudes (a). Mean

values +SD were calculated from five measurements.

Effects of Al treatment on steady-state NPQ

The rate of the light-dependent acidification of the lumen de-
pends on the rate of electron transport and also on the activity
of ATP synthase (Wodala et al. 2008). The Al-derived inhibition
of the linear electron transport of PSII should reduce proton
accumulation in the lumen, which would then cause a decrease
in NPQ via the energy-dependent quenching (qE) component.
Al treatment decreased the steady-state NPQ, as well as qE and
photoinhibitory quenching components in a concentration-
dependent manner, and this effect was eliminated by pretreat-
ment with Lumogallion instead of AsA (Fig. S2).

Discussion I

Our current work investigated the mechanism of how PSII
photochemical activity was affected by Al and characterized

the target site of Al in photosynthetic electron transport,
providing new insight into the mechanism of Al phytotoxi-
city-induced chloroplast dysfunction and photosynthetic
damage.

Al toxicity is a major factor limiting crop productivity in acid
soils, through causing photosynthetic damage including
pigment degradation, carbon assimilation inhibition and dec-
reased photosynthetic electron transport (Akaya and Takenaka
2001; Chen et al. 2005; Mihailovic et al. 2008). Our present
results showed that values of both DF and Pn exhibited a
time- and concentration-dependent decrease (Fig. 1), and
the electron transport capacity was inhibited by Al treatment
as well (Fig. 2), indicating the photosynthetic damage induced
by Al. In the photosynthetic electron transport chain, PSIl is a
complex that catalyses electron transfer from water to plasto-
quinone, a diffusible molecule that connects PSII to the next
component in the chain. It is well known that PSIl is most
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Fig. 10 Changes of the DF decay curve of tobacco leaves after
Al treatment. (A) Time-dependent change of the DF decay curve
under 0.5mM Al treatment. (B) Effect of Lumogallion on the
Al-induced change of the DF decay curve. (C) Effect of AsA on the
Al-induced change of the DF decay curve. Before 0.5mM Al treat-
ment, leaves were pretreated with AsA at the final concentration of
1 mM or Lumogallion at the final concentration of 100 tM for 60 min.
The DF decay curve was obtained according to the Materials and
Methods section. Results are from a single analysis, representative of
three independent experiments that yielded similar results.

sensitive to environmental stresses and it is considered to play
key roles in the response of photosynthesis to environmental
perturbations, including Al phytotoxicity (Lu et al. 2003; Chen
et al. 2005; Farage et al. 2006; Ehlert and Hincha 2008; Jiang et al.
2008; Zhao et al. 2008). Our results measuring PS activities and
photophosphorylation rates showed that Al treatment caused

Effect of Al on photosynthetic electron transport PCP

PLANT & CELL PHYSIOLOGY

much more severe damage to PSIl than to PSI (Fig. 3A-D),
suggesting that PSIl was the sensitive and major target of Al
toxicity. As the photosynthetic machinery is demonstrated to
be regulated at the levels of the reaction center, energy absorp-
tion, energy dissipation, excitation energy trapping and elec-
tron transport under adverse environments (Samuilov et al.
2003; Tanaka and Tanaka 2006), our investigation of the max-
imum (Fv/Fm) and operating (Y (Il)) efficiencies of PSIl demon-
strated the damage to the PSII photochemical capacity induced
by Al (Fig. 3E, F; Fig. STA). As no 'light pressure’ was applied, a
decrease of Fv/Fm cannot reflect any downstream limitation in
the photosynthetic electron transport, e.g. in the Calvin—
Benson cycle. Therefore, it must reflect inhibition in the
direct vicinity of the PSII reaction centers or be due to second-
ary damage caused by photoinhibition, which is known to affect
PSII centers (Bonfig et al. 2006; Berger et al. 2007). As described
in previous work by Kramer et al. (2004), the Imaging-PAM
Chlorophyll Fluorometer allows the assessment of Y (ll), Y
(NPQ) and Y (NO), which add up to unity. While both Y
(NO) and Y (NPQ) reflect fractions of excitation energy being
lost as heat, high Y (NO) values in contrast to high Y (NPQ)
values are indicative of irreversible damage (Kanazawa and
Kramer 2002; Kramer et al. 2004). The data of Fig. S3 clearly
illustrate that Y (NO) increased at the cost of Y (Il) and Y (NPQ)
as Al stress progressed (Fig. $3), indicating irreversible damage
to PSII. Our results further demonstrated that the acceptor side
of PSIl was damaged more severely than the donor side under
Al stress (Fig. 8). This work characterized a concentration- and
time-dependent decrease of PSII activity, especially the ac-
ceptor side under Al stress, validating and further advancing
previous knowledge of Al-induced photosynthetic damage
(Jiang et al. 2008).

In the study of adverse stresses, ROS have been recognized as
playing crucial roles both in animal and plant cells (Simon et al.
2000; Van Breusegem and Dat 2006). As the specific organelle
that is responsible for energy capture in plants, chloroplasts, on
the one hand, are the prime site of ROS production; on the
other hand, they are the sensitive targets of ROS attack, and
may generate intermediate signals involved in plant stress re-
sponses and programmed cell death (Vitaly et al. 2003; Baier
and Dietz 2005; Tanaka and Tanaka 2006). In our experiments, a
quick burst of ROS formation occurred in Al-treated proto-
plasts and the ROS generated from chloroplasts were demon-
strated to be involved in the oxidative burst induced by
Al (Fig. 4). However, the pretreatment experiments with AsA
and Lumogallion indicated that the decrease in the photosyn-
thetic capacity and the damage to PSII might be directly caused
by Al instead of in an ROS-dependent manner (Figs. 5, 8).
Furthermore, we found that after entering the cells, Al accu-
mulated in the chloroplasts, resulting in the decreased Fe con-
tent of chloroplast proteins (Figs. 6, 7), leading us to investigate
the mechanism of how Al ion affects chloroplast function.

Al and Fe ions have highly similar chemical characteristics,
and in some cases Al can replace Fe in Fe-containing proteins
and Fe transporters (Fleming and Joshi 1987; Cannata-Andia
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Fig. 11 Changes of the chlorophyll fluorescence parameter qP and Fv under Al treatment. (A, B) Quantitative analysis of the time- and
concentration-dependent changes of gP and Fv under Al treatment. (C, D) Effects of Lumogallion and AsA on the changes of qP and Fv
induced by Al. After pretreatment with Lumogallion (100 uM) or AsA (1 mM), respectively, for 60 min, leaves were treated with 0.5 mM Al, and
the chlorophyll fluorescence parameters gP (C) and Fv (D) were measured at the indicated times. Data are means = SD of six independent
experiments. Asterisks indicate a significant difference from the control at P < 0.05 by t-test.

1996). As previously described, Al, through replacing one of the
Fe ions or being present in addition to the Fe ions, can directly
interact with Fe-S proteins to cause the decreased activities of
complex | and Ill in the mitochondrial electron transport chain,
resulting in the subsequent mitochondrial oxidative burst
(Panda et al. 2008; Li and Xing 2011). On the acceptor side of
PSII electron transport, non-heme iron is present in the linear
QaFe’* Qg complex. The non-heme iron (Il) forms coordinate
covalent bonds with four His residues provided by the D1 and
D2 reaction center subunits, and control the rate of electron
transfer between Qu and Qg (Petrouleas and Diner 1990; Kern
etal. 2005; Wodala et al. 2008). Our DF fluorescence and chloro-
phyll fluorescence experiments showed a decreased rate of elec-
tron transport between QA and Qg upon Al treatment, which
could not be alleviated by eliminating ROS (Figs. 9-11, Table
1). These results provide strong in vivo evidence in support of
the competitive interaction or replacement of non-heme iron
with Al, causing inhibition of the electron transport between
Qa and Qg (Fig. 12B). The rate of light-dependent acidification
of the lumen depends on the rate of electron transport and also
on the activity of ATP synthase (Wodala et al. 2008). Our results
show that the Al-derived inhibition of linear electron transport
of PSII reduced the proton accumulation in the lumen and

caused a decrease in the steady-state NPQ via the qE compo-
nent, providing circumstantial evidence for the inhibition of
electron transport between Q4 and Qg induced by Al stress
(Fig. S2).

In conclusion, according to our experimental results, a
potential cascade of events during Al-induced photosynthetic
damage is proposed (Fig. 12): Al, after entering cells, accumu-
lates in the chloroplasts, reacts with or replaces the non-heme
iron between the Qa and Qg binding sites, and blocks PSII
electron transport, resulting in PSIl photochemical damage
and the inhibition of photosynthesis. Our work detected the
inhibition of the photosynthetic rate and the damage to PSII
activity, characterized the target site of Al phytotoxicity in the
photosynthetic electron transport chain, providing new insight
into the mechanism of Al phytotoxicity-induced chloroplast
dysfunction and photosynthetic damage.

Materials and Methods =

Plant material and chemical reagents

Tobacco seedlings (Nicotiana tabacum L. cv.) used for all
experiments were grown in soil culture in a growth chamber
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(model E7/2; Conviron, Winnipeg, Canada) with a
16-h light photoperiod (120 umol quanta m~> s ') and
a relative humidity of 75/80% at 23/21°C (light/dark) for 4
weeks.

H,DCFDA and MitoTracker Red CMXRos were obtained
from Molecular Probes (Eugene, OR, USA). Lumogallion was
obtained from TCl (Shanghai, China). AsA was purchased
from Sigma-Aldrich (Shanghai, China).

Al application

To treat tobacco leaves, entire leaves detached from 4-week-old
seedlings were immersed in MS solution (pH 4.5) in the pres-
ence or absence of different concentrations of Al with or with-
out the pretreatment of AsA or Lumogallion. To treat tobacco
protoplasts, AICl; solutions (pH 4.5) at the indicated concen-
trations were added to 100 pl of protoplast suspension in
96-well plates and incubated for the required time at room
temperature.

Treatment with AsA and Lumogallion

Before Al treatment, the tobacco leaves were pre-incubated
with AsA or Lumogallion for 60 min in MS solution. AsA was
used at a final concentration of TmM and Lumogallion was
used at a final concentration of 100 uM.

Pn measurement

The Pn of the leaves of 4-week-old tobacco seedlings was mea-
sured using a commercially available system (LI-6400; LI-COR,
Inc, Lincoln, NE, USA) equipped with a 6400-15 Chamber

(1.0 cm in diameter) and artificial illumination (irradiated by a
modulated tungsten lamp) (Zhang and Xing 2008). The Pn of
the leaves treated with Al was determined in a leaf chamber
with a CO, concentration of 400 ppm after the leaves in the leaf
cuvette were irradiated with a saturated irradiation of
1000 umol quanta m~> s~ for about 15 min. The relative hu-
midity and temperature of the leaf cuvette were about 85% and
22°C, respectively.

Photochemical efficiency measurement

The photochemical efficiency of the leaves detached from
4-week-old tobacco seedlings was quantified by measuring
chlorophyll DF. The DF of chloroplasts, which is mainly emitted
from PSII through inverse photochemical reactions, is an intrin-
sic label of the efficiency of charge separation at P680. The DF of
intact leaves from tobacco seedlings was recorded with a
custom-built DF detection system. The technical details of
the system are described in our previous studies (Wang et al.
2007; Zhang and Xing 2008). Here, a brief summary of the
measurement process is presented. After Pn measurement,
the leaves were placed inside the system’s chambers to
dark-adapt for 5 min before the irradiation source was turned
on. After a 0.2 s illumination period (400 pmol quantam™2s™")
and a 0.26 s delay period, DF from the samples was collected by
an independent optical fiber bundle and transmitted to corres-
ponding ultra-high-sensitive single-photon counting modules
[SPCMs (MP963, Perkin-Elmer, Wiesbaden, Germany)] with a
wavelength detection range of 185-850 nm. The output signals,
which had been amplified and discriminated by the

Plant Cell Physiol. 53(7): 1295-1309 (2012) doi:10.1093/pcp/pcs076 (© The Author 2012.

1305




PCP -

PLANT & CELL PHYSIOLOGY

SPCMs, were further processed by a digital signal processor
(TMS320C6416) or a computer to obtain the DF decay
curve. The DF intensity, which was integrated from 0.26 to
5.26 s under the DF decay curve, was presented as counts per -
second (cps). The DF intensity was obtained by integration
between 0.26 and 5.26s in the DF decay dynamics curve.
The data collection started at 0.26s upon completion of the
light irradiation and lasted for 5s, because the DF signal was
stable at 0.26 s and decreased to nearly zero at 5.26s. The DF
intensity of seven independent replicates was simultaneously
measured by opening seven channels of the multichannel
biosensor. All measurements were performed in the dark
at 25°C.

Imaging and measurement of chlorophyll
fluorescence parameters

A portable version of an Imaging-PAM Chlorophyll
Fluorometer (PAM-MINI, Walz, Effeltrich, Germany) connected
to a computer with data acquisition software (ImagingWin
v2.0 m, Walz) was used. The experimental procedures followed
those reported previously (Schreiber 2004; Bonfig et al. 2006;
Wodala et al. 2008). After Al treatment, leaves were dark
adapted for >15 min for precise determination of the minimal
and maximal fluorescence levels in the dark (Fo and Fm, re-
spectively). Fm was obtained by exposing the leaf sample to a
high intensity (8,000 imol quanta m ™~ s~ ') short pulse (0.8 s).
The maximum PSII quantum yield (Fv/Fm) was automatically
calculated by the ImagingWin software (Walz). Maximum
fluorescence values in the light-adapted state (Fm’) were deter-
mined at the end of a 30-min actinic light illumination with
130 umol quanta m™> s~ ', After switching the actinic light off,
far-red light was applied to determine the minimal level of
fluorescence at steady state (Fo). The effective PSIl quantum
yield [Y (11)] was automatically derived by the ImagingWin soft-
ware (Walz). At a known flux of incident PAR, the ETR was
calculated. The effective PSII quantum yields of regulated
non-photochemical energy dissipation, Y (NPQ), and non-
regulated energy dissipation, Y (NO), which were complemen-
tary with the photochemical quantum yield [Y (II) + Y (NPQ) +
Y (NO) = 1] were calculated by the ImagingWin software.
Steady-state qP [(Fm’' — Fs)/Fm’ — Fo’] was automatically
calculated by the ImagingWin software (Walz). Fs was the
steady-state fluorescence yield during actinic illumination.
Steady-state NPQ was calculated as: NPQ = (Fm - Fm')/Fm’.
The relaxation kinetics of steady-state NPQ was monitored by
applying saturating pulses with 60-s intervals from the end of
the 30-min actinic illumination period to determine the qE
component of NPQ. qE relaxed in the first 5 min of the dark
relaxation period and was calculated as: qE = Fm/Fm’ — Fm/
Fm”, where Fm” is the maximum fluorescence yield in the
fifth min of dark relaxation subsequent to the illumination
period. Images of the fluorescence parameters were displayed
with the help of a false color code, ranging from 0.000 (black) to
1.000 (purple).

Measurement of chlorophyll fluorescence decay
kinetics

The decay of chlorophyll a fluorescence yield after a
single-turnover flash was measured with a double-modulation
fluorescence fluorometer (model FL-200, Photon Systems
Instruments, Brno, Czech Republic) (Trtilek et al. 1997; Cai
et al. 2010). The instrument contained red LEDs for both actinic
(20 ps) and measuring (2.5 ps) flashes, and was used in the time
range of 100 ps to 100s. With this type of measurement, it is
important to avoid distortion of the relaxation kinetics due to
the actinic effect of measuring flashes. This was carefully
checked and the intensity of the measuring flashes was set at
a value low enough to avoid a reduction of Q4 in the presence
of DCMU.

Measurement of PSI and PSII activities

The photosynthetic electron transport activities were deter-
mined as described previously (Yang et al. 2008; Cai et al.
2010). At the indicated time after Al treatment, the fully
expanded leaves were harvested and homogenized in a
medium containing 04M sucrose and 50mM Tricine
(pH 7.6). The homogenate was filtrated through 16 layers of
gauze and the filtrate was then centrifuged at 500 x g for 3 min
to remove large debris. The supernatant was further centri-
fuged at 3,000 x g for 10 min. The pellet was washed twice
with buffer (50 mM Tricine, 10mM NaCl, 5mM MgCl,,
pH 7.6) at 10,000 x g for 10 min. The resulting washed pellet
of thylakoid membranes was resuspended in the same buffer for
measuring the electron transport activities. The electron trans-
port activities in the thylakoid membranes were measured with
a Clark-type oxygen electrode (Hansatech, King's Lynn, Norfolk,
UK) suspended in the medium (0.4 M sucrose, 50 mM Tricine,
10 mM NaCl, 5 mM MgCl,, pH 7.6) under growth light intensity
(120 umol quanta m 2 s~ ). PSI electron transport activity was
measured with 10 mM methylamine, 10 uM DCMU, 1mM
sodium azide, 500 M DCIP, 2mM sodium ascorbate and
1mM methyl viologen. PSII electron transport activity was
determined using 1mM phenyl-p-benzoquinone as the elec-
tron acceptor.

Assay of cyclic and non-cyclic
photophosphorylation rates

The photophosphorylation activity of chloroplasts was assayed
by using the luciferin-luciferase method to measure the
amount of ATP synthesized within 2min at a saturating
irradiance of about 1,500 umol quanta m~> s~ ' and 25°C, as
previously described (Huang et al. 2008). Cyclic pho-
tophosphorylation activity was determined in 1 cm? of reaction
mixture containing 50 mM Tricine-KOH (pH 8.0), 2 mM MgCl,,
1mM ADP, 5 mM phosphate (Pi), 0.05 mM phenazine metho-
sulfate (PMS) and chloroplasts containing about 10ug of
chlorophyll. Non-cyclic photophosphorylation activity was
assayed similarly to cyclic photophosphorylation, except that
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PMS was replaced by TmM FeCy. The reactions were stopped
by placing the test tubes into boiling water for 3 min.

Measurement of the acceptor-side and donor-side
activities of PSII

The activity of the PSIl acceptor side was assayed according to
the method of Huang et al. 2008. The rate of PSIl photoreduc-
tion of DCIP with the addition of the artificial electron donor
DPC was measured photometrically (AA580, 129 mM ™~ 'cm™")
at 25°C in a medium containing 130 mM NacCl, 30 pM DCIP,
50 mM CaCl, and 50 mM MES-NaOH (pH 6.0). The concentra-
tion of DPC was 150 LM and the concentration of chloroplasts
isolated from tobacco leaves was equivalent to 10 pg chloro-
phyll ml~". Actinic light was provided by an incandescent lamp
combined with a heat-absorbing filter and a red cut-off filter.

The activity of the PSIl donor side was measured in assay
buffer [5 mM MgCl,, 10 mM NaCl, 330 mM sorbitol, 20 mM
Tricine (pH 7.6), 2mM CaCl,, 5 mM NH,CI] with silicomolyb-
date, which acted as an artificial electron acceptor, using a
Clark-type oxygen electrode (Hansatech, King’s Lynn, Norfolk,
UK) at 25°C (Kim et al. 2007). The concentration of silicomo-
lybdate was 0.19 mM and the concentration of chloroplasts
isolated from tobacco leaves was equivalent to 10 pg chloro-
phyll ml~".

Fluorescence imaging of confocal microscopy

All microscopic observations were performed using a Zeiss
LCSM (LSM510/ConfoCor2, Carl-Zeiss, Jena, Germany). The
H,DCFDA (at the final concentration of 5uM) and
Lumogallion (at the final concentration of 100 M) signals
were visualized with excitation at 488 nm and emission at
500—550 nm using a band-pass filter. Chloroplast autofluores-
cence (488-nm excitation) was visualized at 650 nm with a
long-pass filter. The MitoTracker Red CMXRos (at the final
concentration of 100 nM) signal was visualized in another de-
tection channel using 543-nm excitation from a He-Ne laser
and a 565-615-nm band-pass filter.

Isolation of tobacco mesophyll protoplasts

Small leaf strips (0.5-1mm) in the enzyme solution including
cellulase R10 and macerozyme R10 (Yakult Honsha, Tokyo,
Japan) were vacuum infiltrated for about 30 min and then
incubated in dark for 3 h. After filtration through a 75-um
nylon mesh, the crude protoplast filtrates were sedimented
by centrifugation for 3 min at 100g. The purified protoplasts
were suspended in W5 solution (154 mM NacCl, 125 mM CaCl,,
5mM KCl, 5mM glucose, 1.5mM MES-KOH, pH 5.6) and
counted in a hematocytometer.

Isolation of chloroplasts from tobacco leaves

The isolated protoplasts were suspended in 2ml of 0.05M
Tricine-NaOH buffer (pH 7.5) containing 0.5M sucrose and
0.1% BSA, and then were ruptured through a syringe
(0.5 x 4cm, Termo). The ruptured protoplast preparations
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(0.5 ml) were directly layered on top of 15 ml of the linear su-
crose gradient (35-60%, w/w) dissolved in 0.02 M Tricine-
NaOH buffer (pH 7.5) and run at 24,000 rpm for 3h at 4°C
using a Beckman-Spinco SW 25-3 rotor. At the end of the
run, 0.5-ml fractions were collected.

Measurement of ROS production in isolated
chloroplasts

After incubation with 5puM H,DCFDA for 30min,
isolated chloroplasts (0.5mg ml~") were treated with Al and
the DCF fluorescence intensity was measured with an LS55
Luminescence Spectrophotometer (PerkinElmer, UK) at room
temperature. The values at 525 nm were used to determine the
fluorescence intensity of DCF.

Determination of metal ion content by AAS

The samples of chloroplasts isolated from Al-treated leaves
were digested with acids, and the concentrations of Al and Fe
were determined using an atomic absorption spectrophotom-
eter with a graphite furnace atomizer (model Z-9000; Hitachi,
Tokyo).

Statistical analysis

All assays were repeated independently for a minimum of three
times. Data are presented as the mean =+ SD. Statistical analysis
was performed using the Student’s paired t-test. Differences
were considered statistically significant at P < 0.05.

Supplementary data |

Supplementary data are available at PCP online.
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