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The effect of the toxin vulculic acid produced by Nimbya alternantherae, on the photosynthetic apparatus
of Alternanthera philoxeroides, was investigated via the photochemical activity and SDS-PAGE of protein
on thylakoid membranes, fast chlorophyll a fluorescence transient measurements and the JIP-test. The
electron transport rate of photosystem II (PSII), non-cyclic photophosphorylation activity, as well as the
activity of chloroplast ATPase and Rubisco reduced significantly after vulculic acid treatment. Vulculic
acid affected the OeJeIeP fluorescence induction kinetics, showing an increase of the parameters FV/FO,
VK and VJ and a decrease of FO, FM, PIABS, 4Po, jEo, 4Eo, 4Ro, dRo and PItotal. In addition, it significantly
decreased the amounts of major photosystem I (PSI) and PSII proteins. It is concluded that vulculic acid is
a photosynthetic inhibitor with multiple action sites. The main targets are the light harvesting complex
(LHC) and the oxygen evolving complex (OEC) on the PSII donor side. Vulculic acid blocks electron
transport beyond QA and on the PSI acceptor side by digesting major PSI and PSII proteins.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Alligator weed (Alternanthera philoxeroides) is a noxious weed
with worldwide distribution and a major invader of both aquatic
and terrestrial habitats in China. Nimbya alternantherae is a patho-
genic fungus causing foliar and stem necrosis of Alligator weed [1].
The fungus is a potential biological control agent since it can rapidly
cause leaf-drop of the weed [1,2], and its filtrates inhibit the radicle
growth of sorghum [3], attributed to a phytotoxin, 2-acetyl-3,4-
dihydroxy-5-methoxyphenyl-acetic acid (vulculic acid, Fig. 1) [4].
Vulculic acid was isolated first from the metabolites of Penicillium
sp., and showed inhibition activity to the pollen germination of
black pine (Pinus thunbergii) with growth inhibition up to 85%
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at10 mg mL�1 [5]. The toxin (50e100 mg mL�1) is non-host-specific
and can quickly kill the seedlings of Alligator weed [6]. However,
the mode of action of vulculic acid still remains unknown.

The previous investigations showed that vulculic acid increased
cell membrane permeability and enhanced lipid peroxidation [7],
and induced digestion of chloroplast membrane and distortion of
chloroplast lamellae in the leaf tissue of Alligator weed [8]. We also
found that the net photosynthetic rate, stomatal conductance and
transpiration rate of Alligator weed leaf decrease after toxin treat-
ment (data not published). Data suggest that vulculic acid is
a photosynthetic inhibitor.

Photosynthesis, i.e. light-dependent reactions and light-
independent reactions are studied by two phases. The light is cat-
alyzed in thylakoid membranes, where the electron transport chain
and Hþ-ATPase are imbibed for electron flow and ATP formation.
The thylakoid membrane contains four major polypeptide com-
plexes. The PSII complex consists of a reaction center, the antenna
chlorophyll proteins. PSI complex contains a reaction center and its
antenna chlorophyll proteins. The intersystem electron transport is
catalyzed by Cytb6f and connected with two mobile electron car-
riers (PQ and Plastocyanin) and CFoeCF1 complex. Photosynthesis is
initiated by the absorption of light energy by the chlorophylls of
both photosystems (PSI and PSII). Excitation energy is then trans-
ferred to the reaction centers P680 in PSII and P700 in PSI. P680 and

Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
mailto:chenshg@njau.edu.cn
mailto:sc768@cornell.edu
www.sciencedirect.com/science/journal/09819428
http://www.elsevier.com/locate/plaphy
http://dx.doi.org/10.1016/j.plaphy.2013.01.013
http://dx.doi.org/10.1016/j.plaphy.2013.01.013
http://dx.doi.org/10.1016/j.plaphy.2013.01.013


COOH

CH3

H

HO

H3CO

OOH

6

7

8

9 10

1

2

3

4

5

Fig. 1. The structure of vulculic acid. The molecular formula is C11H12O6 with molecular
weight of 240 g mol�1.
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Fig. 2. The electron transfer rate of Alligator weed chloroplasts after treatment with
different concentration of vulculic acid. The electron transfer rate was determined after
the samples were treated for 30 min. Data are mean values � SE. PSI and PSII electron
transfer rate of control is 191.85 � 5.45, 19.98 � 0.56 mmol O2 mg�1 Chl h�1 (100%),
respectively. Different letters indicate values significantly different between treat-
ments (P < 0.05) according to Duncan’s multiple range test (SSR).
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Fig. 3. The photophosphorylation rate of Alligator weed chloroplasts after treatment
with different concentrations of vulculic acid. The photophosphorylation rate was
determined after the samples were treated for 30 min. Data are mean values � SE.
Different letters indicate values significantly different between treatments (P < 0.05)
according to Duncan’s multiple range test (SSR).
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P700 occur as P680
þ and Pheo� in PSII, and P700

þ and A0 and FeB in
PSI. And electron flow and proton translocation reactions, water
splitting enzyme donates electrons to the chain and yields protons
and molecular oxygen. From Pheo�, the electron is transported to
the first stable quinone electron acceptor QA and then to the second
electron acceptor QB, further to the plastoquinone pool (PQ) [9].
From PQH2, electrons are transferred via the cytochrome b6/f
complex (Cytb6f) to plastocyanin (PC). During this reaction two
protons from the PQH2 are liberated into the internal space of the
thylakoid. PC is the primary electron donor to P700

þ. From FeS� the
electron is transferred to soluble ferredoxin, and via ferredoxin
NADPþ reductase (FNR) to NADPþ. The protons which have been
accumulated in lumen side flow back to the stroma through the Hþ-
ATPase, which phosphorylates ADP to ATP [10]. In the light-inde-
pendent reactions occur carbon fixation, after and regeneration of
reduction reactions, and ribulose-1,5-bisphosphate (RuBP). Photo-
synthesis is targeted with different inhibitors at various levels of
the process [11e13].

To clarify the mechanism and localize the targets of action of
vulculic acid, in this study, the effect of vulculic acid on the pho-
tosystem of Alligator weed was investigated via the analysis of
photochemical activity, SDS-PAGE of protein on thylakoid mem-
branes, fast chlorophyll a fluorescence transients measurements
and the JIP-test.

2. Results

2.1. Effect of toxin on electron transfer reaction of thylakoid
membrane

By using different electron transfer inhibitors, electron donors
and electron acceptors, the PSI and PSII electron transfer activity
was assessed. The PSI electron transfer rate of toxin-treated thyla-
koid membranes of Alligator weed was not significantly lower than
that of the control except at the highest concentration, 0.208 mM,
the rate of PSI electron transport decreased 16% (Fig. 2). However, at
the same concentration of toxin the electron transfer rate of PSII
lowered by 48% (Fig. 2).

2.2. Effect of toxin on photophosphorylation and ATPase activity

Thylakoid membranes were kept in ice-bath for 30 min, the
cyclic or non-cyclic photophosphorylation rate was measured with
and without toxin. The results show that the cyclic photo-
phosphorylation rate was not significantly lower than control
except at 0.208mM the rate decreased by 7.5% (Fig. 3). However, the
non-cyclic photophosphorylation rate lowered by 42%, at 0.208mM
toxin (Fig. 3).

On the other hand, both Mg2þ-ATP and Ca2þ-ATP activities of
toxin-treated thylakoid membranes of Alligator weed were sig-
nificantly lower than that of the control. The activity of Mg2þ-
ATPase and Ca2þ-ATPase decreased by 41% and 39%, respectively, at
the highest concentration (0.208 mM of toxin) (Fig. 4).
2.3. Effect of toxin on the content of thylakoid membrane protein

The results show that there are no remarkable differences be-
tween the treatments of 0.021, 0.042, 0.104 mM toxin compared
with control in the thylakoid polypeptides. However, the contents
of major PSI and PSII proteins, including PSI core peptide PsaA/PsaB,
PSII core antenna chlorophyll-binding protein (CP43, CP47, CP29,
CP26 and CP24), light harvesting Chl a/beprotein complex (LHCII)
and OEC 33 kD, decreased significantly at 0.146 mM toxin (Fig. 5).
The bands near 66 kD disappeared, therefore PSII core peptide
LHCII trimer (LHCII*) and D1/D2 dimer were the polypeptides
degraded. The result indicates that the toxin can lead the digestion
of membrane proteins, especially PSII proteins.

2.4. Effect of toxin on activity of RuBisCo

The results show that both enzymes RuBP carboxylase and
oxygenase activities of toxin-treated extract of Alligator weed are
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Fig. 4. ATPase activity of Alligator weed chloroplasts after treatment with different
concentrations of vulculic acid. Data are mean values � SE. Different letters indicate
values significantly different between treatments (P < 0.05) according to Duncan’s
multiple range test (SSR).
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Fig. 6. RuBisCo activity of Alligator weed leaves after treatment with different con-
centrations of vulculic acid. (A) RuBP carboxylase activity; (B) RuBP oxygenase activity.
Data are mean values � SE. Different letters indicate values significantly different
between treatments (P < 0.01) according to Duncan’s multiple range test (SSR).
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lower than control (Fig. 6). The RuBP carboxylase activity declined
by 31.6% at 0.208 mM toxin treatment (Fig. 6A). The RuBP oxy-
genase activity also decreased by 36%by the same toxin concen-
tration (Fig. 6B).

2.5. Effect of toxin on fast Chl a fluorescence induction transient
OJIP curves

To search for the precise action site of vulculic acid in PSII, fast
Chl a fluorescence rise transients OJIP [14,15]of leaf discs of
A. philoxeroides treated with the toxin were determined. Fig. 7
shows fluorescence transient curves of control, toxin- and DCMU
(3-(3,4-dichlorophenyl)-1,1-dimethyl-urea)-treated leaves. The
toxin- and DCMU-treated leaves exhibited different transient
curves compared to control. At 2 ms the ‘J’ step, the fluorescence
intensity of DCMU-treated leaves was significantly higher than the
toxin-treated leaves and control (Fig. 7A and B). With increasing
treatment time of toxin exposure, the J stepmoved to the P level. At
0.5 mM vulculic acid treatment for 48 h, the FJ was so closer to the
FM maximum value that the OJ phase had become the main part of
the OJIP transient and the step-I disappeared. With increasing
incubation time, the relative variable fluorescence at the J-step, VJ,
increased by 10% (6 h), 22% (12 h), 45% (24 h), 55% (36 h) and
64% (48 h) as compared with the control (as 100%, VJ ¼ 0.51). The
initial relative slope of the fluorescence rise from FO to FJ showed
a time-dependent rise, suggesting that the toxin blocked electron
Fig. 5. SDS-PAGE analyses of thylakoid membrane protein from Alligator weed after
treatment with vulculic acid for 30 min. Seeing from left to right, M and 1e7, repre-
sents different treatment: marker (M); control (1); ddH2O (2); phosphate buffer (3);
0.021 mM (4), 0.042 mM (5), 0.104 mM (6) and 0.146 mM (7) toxin. PsaA/PsaB indicate
PSI core peptide; CP43, CP47, CP29, CP26 and CP24 indicate PSII core antenna
chlorophyll-binding protein; LHCII, 33 kD; LHCII* and D1/D2 indicate light harvesting
Chl a/beprotein complex, oxygen evolving complex 33 kD, LHCII trimer and D1/D2
dimer, respectively; FP indicate carotenoid.
transport rate from QA to QB resulting in QA
� accumulation. The

‘thermal phase’ (JeIeP) of the fluorescence rise showed no signif-
icant difference among different treatments, due to closure of PSII
reaction centers at high light intensity [16].

The difference kineticsWOJ ¼ (Ft � FO)/(FJ � FO) was also plotted
in the 0e2 ms time range. Significant change in the amplitude of
the K-band (at 300 ms) was observed with 0.5 mM toxin (Fig. 7C),
the result indicates that vulculic acid interacted and inhibited at
OEC level. This hypothesis was further supported by appearance of
K-step, and VK, increased by 18% (6 h), 29% (12 h), 68% (24 h), 79%
(36 h) and 79% (48 h) as compared with the control (VK ¼ 0.28). In
Fig. 7D, the relative variable fluorescence WOI ¼ (Ft � FO)/
(FI � FO)(WOI > 1) is presented in a linear time scale from 30 ms (I-
step) to 330ms (P-step), which corresponds to the reductions of PSI
to NADPþ. The effects of the toxin on WOI value showed a time-
dependent decrease. These results indicate that vulculic acid has
a distinct effect on electron flow at the PSI acceptor side.

2.6. JIP-test

Each OJIP transient can be analyzed according to the equations
of JIP-test [14]. In the radar plot (Fig. 8), the maximum yield of
primary photochemistry (4Po ¼ TR0/ABS) values had no significant
difference up to 12 h incubation of toxin as compared with DCMU
andwater treatment. But by further increasing the incubation time,
the 4Po of the toxin treatment decreased. In contrast to 4Po, the
probability that a trapped exciton moves an electron into the
electron transport chain beyond QA (jEo ¼ ET0/TR0), as well as the
quantum yield for electron transport (4Eo ¼ 4Po$jEo) decreased
strongly as a function of the incubation time with 0.5 mM toxin.



Fig. 7. Chlorophyll fluorescence rise kinetics of Alligator weed leves after treatment with vulculic acid. OJIP curves of leaf discs incubated under dark with 0.5 mM toxin solution or
0.2 mM DCMU or distilled water at room temperature for indicated times were detected using Handy PEA. (A) Relative variable fluorescence (V) from raw data; (B) relative variable
fluorescence between FO and FM: Vt ¼ (Ft � FO)/(FM � FO) (the top figures); DVt ¼ D(Ft � FO)/(FM � FO) (the bottom figures); (C) relative variable fluorescence between FO and FJ:
WOJ ¼ (Ft � FO)/(FJ e FO); (D) relative variable fluorescence between FO and FI: WOI ¼ (Ft � FO)/(FI e FO).
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These results indicate that the toxin inhibited the primary light
reaction and the redox reactions after QA due to interruption of
electron flow from QA

� toward PSI.
The performance index PIABS is used to quantify the PSII

behavior. It’s clear that the average of PIABS declined sharply by
further increasing the time of treatment (Fig. 8). When leaves were
incubated with toxin for 48 h, PIABS decreased to around 0.8% than
control, almost the same as a DCMU-treated leaf. This indicates that
the most important determinant of the loss of PSII structure and
function is the decline of quantum yield for PSII electron transport
due to blockage of electron transfer beyond QA.

The performance index, PItotal, measuring the performance upto
the reduction of PSI end electron acceptors (RE), is the most sen-
sitive parameter of the JIP-test because it incorporates several
electron transport steps: 4Po ¼ TR0/ABS, jEo ¼ ET0/TR0, gRC ¼ ChlRC/
Chltotal and dRo ¼ RE0/ET0. The PItotal decreased by 99.8% (Fig. 8).
Moreover, the quantum yield for reduction of end electron accep-
tors at the PSI acceptor side (4Ro) and the probability that an
electron is transported from the reduced intersystem electron ac-
ceptors to final electron acceptors of PSI (dRo) decreased greatly,
indicating that the toxin has interacting effect at the PSI acceptor
side. The toxin treatment had an effect on the IP phase (Fig. 7D),
which is related to electron transfer through PSI and the reduction
of a traffic jam of electrons caused by a transient block at the
acceptor side of PSI due to the inactivation of FNR [17].

The initial fluorescence FO when all RCs were open decreased by
32% up to48 h treatment in 0.5 mM toxin. However, the maximal
fluorescence intensity FM value, declined by 80% at the same in-
cubation time and toxin concentration (Fig. 8). The results indicate
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that the toxin affected the structure and function of the LHC of PSII.
Moreover, the ratio of FV/FO reduced by 88% at 48 h of toxin incu-
bation. It indicates that active QA reducing RCs were converted into
non-QA reducing heat sink centers.

3. Discussion

Vulculic acid is a polyketide, which has been found to inhibit
pollen germination of black pine [5]and affect the chloroplast ultra-
structure of Alligator weed [8]. Like tenuazonic acid [11,12] and the
tetramic acid derivative 3-AIPTA [13], here vulculic acid is also a PSII
inhibitor since it strongly blocks PSII electron transport (Fig. 2)
and non-cyclic photophosphorylation (Fig. 3). The photosynthetic
electron transport is coupled to a buildup of a thylakoid proton
gradient, which drives the synthesis of ATP from ADP and phos-
phate catalyzed by the chloroplast ATPase [18]. Vulculic acid
inhibited prominently the activity of chloroplast ATPase (Fig. 4).
Inhibition of ATPase activity will inevitably lead to blocking ATP
synthesis and ATP-hydrolysis. Precisely because vulculic acid in-
terrupts PSII electron flow and ATP synthesis, it is regarded as an
inhibitor of redox energy and binding energy conservation.

The enzyme ribulose-1,5-bisphosphate carboxylase oxygenase
(RuBisCo) is a key enzyme in light-independent reactions, involving
in the first major step of carbon fixation. In toxin-treated crude
enzyme extracts both carboxylase and oxygenase activities of
RuBisCo were lower significantly than that of control (Fig. 6). This
suggested that vulculic acid inhibited the activity of the enzyme,
disrupting the tricarboxylic acid cycle or photorespiration of Alli-
gator weed, and hence the efficiency of carbon assimilation
declined.

Fast Chl a fluorescence induction rise reveals a characteristic
OJIP polyphasic transient at room temperature when the transients
are plotted on a logarithmic time scale [19]. While there-oxidation
of QA

� is inhibited by stress (such as the presence of inhibitors), the
fluorescence transient rises from O (origin point) to P (fluorescence
peak) is markedly faster. During this O to J phase, mainly single-
turnover events with respect to QA reduction are occurring [20].
With longer duration of vulculic acid treatment, a strong increase of
the J level was the greatest change in fluorescence transients OJIP
(Fig. 7). An increase of the J step is usually interpreted as an evi-
dence for a large accumulation of the reduced form of QA ðQA

�Þ due
to a slowdown of electron transport beyond QA [19,20].

The J level is linked to the balance between efficiency and in
efficiency of the light-independent reactions after QA

� expressed
by jEo. Once inhibition of PSII electron flow beyond QA occurred,
the maximum quantumyield of PSII electron transport further than
QA

� (4Eo) would have a sharp decrease. The maximum quantum
yield of primary photochemistry, 4Po, reflects the efficiency of the
light reactions only [15,21]. In the case of vulculic acid treatment,
a sharp decline of jEo and 4Eo and the decrease of 4Po at increasing
incubation time (Fig. 8) indicate that vulculic acid inhibited both
the primary light reaction and the redox reaction after QA.

The performance index (PIABS) combines the responses due to
the photochemical and nonphotochemical properties as well as due
to the density of active reaction centers per chlorophyll absorption
as indicated by the symbol gRC [15,22]. Vulculic acid incubation can
cause an overall decrease of the PIABS values with the addition of
vulculic acid-treated time (Fig. 8). PIABS is composed of three in-
dependent components, gRC (the density of RC in the chlorophyll
domain), 4Po, and jEo [15,22]. A lowering of the PIABS values can be
attributed to the change of one, two, or three parameters. Vulculic
acid acts on jEo, 4Po, and gRC, but jEo is most sensitive (Fig. 8). We
concluded that the most direct factor of the decrease of PIABS is
a rapid lowering of the efficiency of the redox reaction of the
electron transport chain.
With the decline in initial fluorescence FO and maximal fluo-
rescence intensity FM as well as the ratio of FV/FO, combined with
the evidence that the effect of vulculic acid on the K-band reflecting
the OEC activity [15] (Fig. 7C and D), we propose that vulculic acid
affects the LHC and the OEC at the PSII donor side, which is different
from the classical inhibitor site of DCMU. The SDS-PAGE analysis of
thylakoid membrane proteins further indicated that the toxin could
lower the content of LHCII and OEC 33 kD (Fig. 5). The direct cause
of the decrease of LHC and OEC function might be the digestion of
the protein complexes.

Currentmodels of thefluorescenceOJIP transients show the J step
as corresponding to the concentrations of QA

�QB and QA
�QB

�

formed by electron transport from QA to QB, to I, the first shoulder in
the increase in concentration of QA

�QB
2�. The “P” peak coincides

with maximum concentrations of QA
2�QB

2� and PQH2 and the
reduction of the acceptor side of PSI, equivalent to the process of the
electron transportation from QB to PQ and further to PSI [23,24]. The
OJ phase is largely driven by primary photochemistry, where only
single-turnover QA reduction events are carried out. The JP phase is
dominated by the biochemical reaction,wheremultiple-turnover QA
reduction events are performed. The most important influence of
vulculic acid is onmultiple-turnover QA reduction events (Figs. 7 and
8). And the disappearance of D1/D2 dimer band in SDS-PAGE of the
thylakoid membrane protein (Fig. 5) indicated that the mode of ac-
tion of vulculic acid on D1 protein could be digestion of the protein.

The performance index, PItotal¼ PIABS$dRo/(1� dRo), incorporates
the maximal performance for electron transport from water to PQ
and PC per chlorophyll (PIABS) and the performance to reduce an
end electron acceptor at the PSI acceptor side [22]. A dramatically
decrease of PItotal not only resulted from the loss of PSII activity but
also from the damage of PSI structure and function. The IP phase is
related to electron transfer through PSI and the decrease of a traffic
jam of electrons caused by a transient block at the acceptor side of
PSI due to the inactivation of FNR [17]. A smaller IeP amplitude and
a lower 4Ro level (Figs. 7D and 8) indicate that longer incubation
times in vulculic acid can cause a loss of the structure and function
of PSI resulting from inhibiting electron donation and the reduction
of end electron acceptors on the PSI acceptor side.

Based on the above results, it is concluded that vulculic acid is
a photosystem inhibitor with several action sites, including elec-
tron transfer chain, chloroplast ATPase, and RuBisCo in light-
independent reactions. The main targets of the toxin are the LHC
and the OEC of PSII donor side, blocking electron transport beyond
QA and of PSI acceptor side by digesting major PSI and PSII proteins.
The formation of reactive oxygen species resulting from the inhi-
bition of the photosystems might be the key for why the toxin
destroys cell membranes leading to cell death. However, more
studies are needed to elucidate the action mode of vulculic acid.

4. Materials and methods

4.1. Plant materials

The plants of Alligator weed obtained from the campus of
Zhongkai University of Agriculture and Engineering in Guangzhou,
China, were grown for two months by rooting in Hoagl & Arnon
nutrition liquid in a greenhouse at 30/25 �C day/night tempera-
tures, under natural illumination and approximately70% relative
humidity. The fourth leaf from the top of each plant was used in
bioassay.

4.2. Toxin materials

Vulculic acid was isolated and purified from the culture filtrate
of N. alternantherae [4] by first transferring conidia from potato
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dextrose agar to 200 mL modified Fries broth in 500 mL conical
flasks, at 25 �C, 120 rpm for 7 d, and finally transferring mycelia to
another 200 mL modified Fries broth, at 28 �C, 200 rpm for 7 d.
Methanol was added into the filtrate at a volume ratio of 1/3
(methanol/filtrate, v/v), and the contents were mixed with a glass
rod, filtered with Whatman #1filter paper, and the solid mater was
washed with methanol 2e3 times. The filtrate was passed through
a column of macroporous resin DM-130 (Shandong Lukang Phar-
maceutical Group Co., Ltd., Jining, China), and the column eluted
with methanol. The methanol-diluted extraction was concentrated
by rotary evaporator under regular pressure at 60 �C, and the crude
product was then extracted with ethyl acetate. The ethyl acetate
extraction was dissolved with a mixture of benzene/acetone (1/1,
v/v) at 60 �C and filtered. After crystallizing and re-crystallizing in
an ice-bath for two to three times, the impure crystals were pu-
rified again by chromatography in a silicagel column, and eluted
with the same mixture of benzene/acetone (1:1). The eluent was
re-crystallized in the ice-bath, and finally HPLC was performed
until a white needle material, the purified toxin, was obtained. The
condition for HPLC was 250 mm � 4.6 mm C18 column, 20 mL
sample size, 1 mL min�1

flowrate of mobile phase, 208 nm UV
detection. Mobile phase was prepared by dissolving 0.58 g ethyl-
ene diamine-tetraacetic acid (EDTA), 1.18 g heptanesulfonate
sodium, 25 mL acetic acid and 5 mL triethylamine in 970 mL
double-distilled water, and regulating pH to 3.7 via acetic acid and
triethylamine. A 1000 mL of the solutionwas mixed with 140 mL of
methanol. The mixture then was filtered and ultra-sounded for
20 min.

4.3. Thylakoids treatment

The thylakoid was isolated using a method slightly modified
from Jursinic [25]. Leaf samples were homogenized in ice-cold
grinding medium containing 50 mM TriseHCl (pH 7.6), 0.4 mM
sucrose, 5 mM MgCl2, 15 mM NaCl, 5 mM vitamin C and 0.05%
bovine serum albumin (BSA). The homogenate was filtered through
two layers of miracloth and the filtrate was centrifuged at 500 g,
0 �C for 2 min and then the supernatant centrifuged at 4000 g, 0 �C
for 4 min. The chloroplast pellets were suspended in a low osmotic
medium containing 50 mM TriseHCl (pH7.6), 5 mM MgCl2, 15 mM
NaCl for washing and then the suspension was centrifuged at
10,000 g, 0 �C for 7min. The thylakoid pellets were re-suspended in
a small volume of the low osmotic medium and stored in liquid
nitrogen for later use. The chlorophyll concentration was analyzed
as described by Arnon [26].

Toxin dissolved in double-distilled water was added to thylakoid
suspensions to give final concentrations of 0.021, 0.042, 0.104, 0.146
and 0.208 mM, using double-distilled water as controls. The sam-
ples were used to analyze ATPase activity, or electron transfer rate
and photophosphorylation rate after being treated in ice-bath for
30 min. The inhibitory activities were calculated as the percent
inhibition compared to controls. The data were subjected to Anal-
ysis of Variance. Where significant treatment effects were found,
the means were separated by Duncan’s multiple range test at
p ¼ 0.05.

4.4. Electron transfer rate assay

Measurement of electron transfer rate of PSII and PSI electron
transport chain was performed by a method slightly modified from
Coombs et al. [27].

PSI reaction medium (2.0 mL) contained 50 mM HepeseKOH
buffer (7.6), 50 mM methyl viologen, 5 mM NH4Cl, 2 mM NaN3,
50 mM DCMU, 0.2 mM dichlorophenoleindophenol, 2 mM vitamin
C and thylakoid suspensions of 50 mg chlorophyll.
PSII reaction medium (2.0 mL) contained 50 mM HepeseKOH
buffer (7.6), 4 mM K3Fe(CN)6, 5 mM NH4Cl, 1 mM p-phenylenedi-
amine and thylakoid suspensions of 50 mg chlorophyll.

Oxygen evolution was measured by a Clark type oxygen elec-
trode (SG-6 oxygen detector, Hansatech, the U.K.) and the reaction
started by illumination at 1300 mmol m�2 s�1, 25 � 2 �C for 5 min.
The experiment was repeated three times.

4.5. Photophosphorylation activity assay

The measurement of the rate of cyclic and non-cyclic photo-
phosphorylation was carried out by a method slightly modified
from Li and Wei [28]. The reaction media contained a solution
[25 mM TriseHCl (pH7.8), 30 mM NaCl and 6 mM MgCl2] 0.4 mL,
5 mM ADPeNa2 0.2 mL, 0.06 mM phenazine methosulfate 0.2 mL
(for cyclic photophosphorylation) or 1 mM K3[Fe(CN)6] 0.2 mL (for
non-cyclic photophosphorylation), 8 mM KH2PO4 0.2 mL, treated
thylakoid suspensions of 75 mg chlorophyll and H2O 0.2 mL. All
reaction mixtures were conducted with illumination at
1300 mmol m�2 s�1, 20 �C for 8 min. The experiment was repeated
three times.

Measurement of chloroplastic ATPase activities was performed
by a method slightly modified from Huang [29]. Mg2þ-ATPase re-
action medium contained 0.25 M TriseHCl (pH 8.0) 0.1 ml, 0.05 M
MgCl2 0.1 mL, 0.5 M NaCl 0.1 mL, 0.5 mM phenazine methosulfate
0.1 mL, 0.05 M dithiothreitol 0.1 mL, H2O 0.3 mL and treated thy-
lakoid suspensions of 50 mg chlorophyll min in a 20 �C water-bath,
and then 0.1 mL of 50 mM ATP was added and incubated. The re-
action mixtures were illuminated under 1300 mmol m�2 s�1 light
for at 37 �C for 5 min. Finally 0.2 mL of 20% trichloroacetic acid was
added to stop the reaction. The Ca2þ-ATP reaction medium con-
tained 0.25M TriseHCl (pH 8.0) 0.1 mL, 20mM EDTA 0.1mL,10mM
ATP 0.1 mL, 0.1 M CaCl2 0.1 mL, 2 g L�1 trypsinase 0.1 mL, H2O
0.3mL and thylakoid suspensions of 50 mg chlorophyll. The reaction
mixtures were kept under 1300 mmol m�2 s�1 light for 5 min, put
into a 20 �Cwater-bath for 10min, and 0.1mL of 10 g L�1 BSA added
to stop the reaction. The experiment was repeated three times.

4.6. SDS-PAGE of thylakoid membrane

After being incubated for 30 min with vulculic acid and centri-
fuged, peptides from thylakoid membranes were analyzed by SDS-
PAGE in a system containing 6 M urea. After electrophoresis, the
gels were stained with Coomassie brilliant blue.

4.7. RuBisCo treatment

A crude extraction of RuBisCo was done using a method slightly
modified fromPerchorowiczet al. [30]. Leaf tissue (2.5 g)was ground
with 15 mL buffer [100 mM TriseHCl (pH7.6), 2 mM EDTA, 10 mM
MgCl2, 10 mM NaHCO3, 10 mM mercaptoethanol, 2% poly-
vinylpyrrolidone] in a glass mortar maintained at 0e4 �C. The ho-
mogenate was filtered through two layers of miracloth and the
filtrate was centrifuged at 15,000 g for 30 min at 4 �C. The protein
contents of sampleswere determined as described by Bradford [31].

Toxin dissolved in double-distilled water was added to the
rough enzyme extracts to give final concentrations of 0.021, 0.042,
0.104, 0.146 and 0.208 mM using double-distilled water as controls
with three repetitions per treatment. The samples were analyzed
for RuBisCo activity after mixing.

4.8. RuBisCo activity assay

The activity of RuBP carboxylase was measured via a method
slightly modified from Perchorowiczet al. [30]. The assay mixture
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contained a reagent [100 mM TriseHCl (pH 8.0), 10 mM MgCl2,
5 mM ATP, 5 mM dithiothreitol, 0.2 mM NADH and 0.1 mM EDTA]
1.7 mL, H2O 1.0 mL, 10 mM NaHCO3 0.1 mL, 5 U glyceraldehydes-3-
phosphate dehydrogenase/3-phosphoglyceratekinase 0.1 mL, and
treated crude enzyme extract 0.1 mL (0.4 mg protein). After
attaining full activation at 30 �C for 10 min and measuring OD1 at
340 nm, 1 mL 0.3 mM RuBP was added to start the reaction. The
reaction was stopped after 45 s by addition of 0.1 mL 4 M HCl, and
OD0 at 340 nm was measured. The inhibitory activities were cal-
culated as the percent inhibition compared to controls. The data
were subjected to Analysis of Variance. Where significant treat-
ment effects were found, the means were separated by Duncan’s
multiple range test at p ¼ 0.05.

For the activity of RuBP oxygenase, the assay mixture was in
saturation of the air and contained a solution [100 mM TriseHCl
(pH8.0), 20 mM MgCl2, 0.4 mM EDTA and 5 mM dithiothreitol]
2 mL and treated rough enzyme extracts 0.1 mL (0.4 mg protein).
After incubation at 25 �C for 10 min and measuring oxygen con-
sumption per minute (V1) by SG-6 oxygen detector, 0.1 mL of
0.3 mM RuBP was added to start the reaction and the variation of
oxygen consumption per minute (V0) was measured.

4.9. Measurements of fast chlorophyll a fluorescence transients and
the JIP-test

In recent years, fast Chl a fluorescence transients OJIP have
become a useful tool to investigate the conditions of the structure,
conformation and function of the overall photosynthetic appara-
tus. On a logarithmic time scale, the course of chlorophyll fluo-
rescence induction from FO to FM under continuous illumination
was divided into three phases by four points, which were ‘O’
(0 ms, origin point), ‘J’ (2 ms), ‘I’ (30 ms), and ‘P’ (200e500 ms),
respectively [14,15].

Whole plants of A. philoxeroides were dark-adapted for at least
1 h before the treatments. Subsequently, leaf discs of 9-mm
diameter were prepared and rinsed with distilled water, and
then submerged in a 0.5 mM toxin solution or 0.2 mM DCMU or
distilled water in complete darkness at room temperature. Chl
a fluorescence transient OJIP curves were measured at room
temperature with a plant efficiency analyzer (Handy PEA fluor-
ometer, Hansatech Instruments Ltd., King’s Lynn, UK) as described
by Strasser and Govindjee [19]. Chl fluorescence was induced by
1 s pulses of red light (650 nm, 3500 mmol m�2 s�1). The same
experiment was repeated at least 10 times. Raw fluorescence OJIP
transients were transferred with Handy PEA V1.30 software and
BiolyzerHP3 to a spreadsheet. The data were then analyzed using
equations of the JIP-test parameters. The JIP-test defines the
maximal (subscript “O”) energy fluxes in the energy cascade for
the events absorption (ABS), trapping (TR0), electron transport
(ET0) and reduction of end-electron acceptor of PSI (RE0). EC is
a pod of the reducible electron carriers. In this paper the following
original data were utilized: initial fluorescence FO was measured
at 20 ms since, at this time, all reaction centers (RCs) are open;
fluorescence intensity at 300 ms (K-step) was denoted as F300ms;
fluorescence intensity FJ was at 2 ms (J-step); fluorescence in-
tensity FI was at 30 ms (I-step); maximal fluorescence intensity FM
is equal to FP since the pulse was saturating. The ‘O to J’ phase
reflects the partial reduction and reoxidation of the quinone
electron acceptor QA in PSII. The higher the ‘J’ step implies that
electron transfer from QA to QB (secondary quinine electron
acceptor) is blocked [19]. PSII behavior was characterized on the
basis of several parameters derived from the OJIP-transients using
the following formulas [15]:

The relative variable fluorescence at J step denoted as VJ,
reflecting the fraction of QA

�=QAtotal:
VJ ¼ �
FJ � FO

��ðFM � FOÞ

The relative variable fluorescence at K step denoted as VK:

VK ¼ ðFK � FOÞ=ðFM � FOÞ

The flux ratios, probabilities or yields, for example the proba-
bility jEo that a trapped excitonmoves an electron into the electron
transport chain beyond QA

� is given as:

jEo ¼ ET0=TR0 ¼ 1� VJ

The maximum quantum yield of primary photochemistry, 4Po,
was defined as according to the general equation to express the
quantum yield of primary photochemistry:

4Po ¼ TR0=ABS ¼ 1� FO=FM

The maximum quantum yield of electron transport (4Eo) be-
tween PSII and PSI, was given as follows:

4Eo ¼ ET0=ABS ¼ 4Po$jEo ¼ ð1� FO=FMÞ$�1� VJ
�

The quantumyield for the reduction of end electron acceptors at
the PSI acceptor side: 4Ro ¼ 4Po$jEo$dRo ¼ RE0=ABS ¼
4Po$ð1� VIÞ. Since, dRo ¼ RE0/ET0 ¼ (1 � VI)/(1 � VJ). 4Ro expresses
the maximum quantum yield that an absorbed photon by PSII
transports an electron from water to the final electron acceptors
of PSI.

The performance indices PIABS and PItotal express performances
potentials for energy conservation at the sequential bifurcations
from photons absorbed by PSII to the reduction of intersystem
electron acceptors as PIABS and to the reduction of PSI end acceptors
as PItotal, respectively. They can be calculated as follows [22]:

PIABS ¼ ½gRC=ð1 � gRCÞ�$½4Po=ð1� 4PoÞ�$½jEo=ð1� jEoÞ�

PItotal ¼ PIABS$dRo=ð1� dRoÞ
¼ ½gRC=ð1� gRCÞ�$½4Po=ð1� 4PoÞ�$½jEo=ð1� jEoÞ

� �$ dRo=ð 1� dRoÞ

where g is the fraction of reaction center chlorophyll of PSII (ChlRC)
per total chlorophyll of PSII (ChlRC þ ChlAntenna), therefore gRC/
(1 � gRC) ¼ ChlRC/ChlAntenna ¼ RC/ABS. Expressed in experimental
fluorescence terms RC/ABS¼ RC/TR0. TR0/ABS¼ (M0/VJ). (1� FO/FM)
where M0 is the slope at time wzero of the relative variable fluo-
rescence between FO and FM. The maximal slope is M0 h (DV/Dt)0,
and where V ¼ (Ft � FO)/(FM � FO).
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