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Abstract The knowledge of the effects of Sb(V) on the
physiological characteristics of cyanobacteria was still lim-
ited. In the present study, responses of photosystem I and II
(PST and PSII), cyclic electron flow (CEF), and interphoto-
system electron transport of Microcystis aeruginosa to
5-100 mg/l Sb(V) were synchronously measured using the
Dual-PAM-100. 5 mg/1 Sb (V) significantly inhibited PSII
activity, but had no significant effects on PSI activity. At
higher concentrations of Sb(V), the quantum yield and
electron transport of PSI were less affected compared to
PSII. The ratio of Y(II)/¥(I) significantly decreased with
increasing Sb(V) concentration. It decreased from 0.7 for
control to 0.4 for 100 mg/l Sb(V)-treated cells, indicating
that the change of the distribution of quantum yields between
two photosystems and more serious inhibition of PSII under
stress of Sb(V) compared to PSI. CEF was activated asso-
ciated with the inhibition of linear electron flow after expo-
sure to Sb(V). The contribution of Y(CEF) to the quantum
yield and activity of PSI increased with increasing
Sb(V) concentrations. The cyclic electron transport rate
made a significant contribution to electron transport rate of
PSI, especially at high Sb(V) concentration (100 mg/l) and
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high illumination (above 555 pumol photons/m*/s). The
stimulation of CEF was essential for the higher tolerance of
PSI than PSII to Sb(V).

Introduction

Antimony (Sb) is a trace element widely distributed in the
lithosphere [26]. Sb is not the essential element required
for biological metabolism and is potentially toxic even at
low concentrations [28]. Due to its toxicity and ubiqui-
tously present in the environment, Sb is considered as a
global contaminant [30]. Sb is widely used in various
industries and daily life, including production of opto-
electronic devices [3], coloring matter, brake lining, and
flame retardant [28]. Sb pollution has become a growing
environmental concern since large amount of Sb has been
released into the environment during its utilization.

There have sufficient evidence proved that Sb,O; was
carcinogenic [12]. But the knowledge about toxicity of Sb to
plants and microorganisms was still limited. A few studies
suggested that Sb had adverse influences on growth and
chlorophyll synthesis of plants [7, 21]. Since Sb is found to be
widespread in aquatic environment [19], it has significant
meaning to evaluate the toxicity of Sb to aquatic organisms.
Antimony is present mainly as Sb(V) in the aqueous extract-
able fraction [26]. So the effects of Sb(V) on the physiological
characteristics of cyanobacteria need to be addressed.

Limited studies showed that both Sb(III) and Sb(V) could
inhibit oxygen evolution and photosystem II (PSII) activities
of cyanobacteria [33, 35]. However, the effects of Sb on the
activities and electron transport of photosystem I (PSI) were
still unclear. In most cases, effects of heavy metals on PSII or
PSI were studied separately although simultaneous measure-
ments of activities of PSI and PSII after exposure to heavy
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metals are necessary, which could provide more accurate
information about effects of heavy metals on photosynthetic
apparatus [34]. In addition, a few recent studies reported the
stimulation of cyclic electron flow (CEF) around PSI under
stress and its important role in photoprotection and photo-
synthesis [9, 10, 34]. Whether Sb exposure could stimulate
CEF around PSI and effect of Sb on CEF are unknown.

In the present study, Microcystis aeruginosa was used to
detect the effects of Sb(V) on PSII and PSI activities.
M. aeruginosa has often been used as a model microbial
species for examining effects of contaminants on photo-
synthesis [33, 36]. The aim of this work was to detect
responses of quantum yields of energy conversion in PSI
and PSII and CEF, and the changes of electron transport
between two photosystems and CEF at various concentra-
tions of Sb(V) and increasing illumination.

Materials and Methods
Culture of Microcystis aeruginosa

Microcystis aeruginosa (FACHB-905) was purchased from
Freshwater Algae Culture Collection of Institute of Hydrobiol-
ogy, Chinese Academy of Sciences (Wuhan, China). The cells
were cultured in BG-11 medium [29]. All the cultures were
carried out at 25 °C under 30 pmol photons/m?/s with a 12:12 h
light: dark cycle. The growth of cultures was monitored daily by
testing optical density at 680 nm (ODggp) with a UV2800 spec-
trophotometer (Unico, Shanghai, China). The cells in exponential
growth phase were harvested for further experiments.

Sb(V) Treatments

Sb(V) was applied in the form of analytical-grade potassium
pyroantimonate (Aladdin Reagent Database Inc., Shanghai,
China). The M. aeruginosa cells were cultured in 50-ml
flasks with 25 ml of BG-11 medium containing various
concentrations (0, 5, 50, and 100 mg/l) of Sb(V). High
concentrations of Sb(V) up to 100 mg/l were set for evalu-
ation of its toxicity because Sb in polluted surface water near
a Sb mine is 24.02—42.03 mg/l [7]. Each treatment was
quadruplicated. The samples with 0 mg/l Sb(V) were used as
control. All treatments were run under the same culture
condition as described above. Measurements were carried
out at 72 h after onset of Sb(V) treatments.

Measurement
Application of the Dual-PAM-100 System

PSIT and PSI activities were measured in the mode of
cyanobacteria using a dual-wavelength pulse-amplitude-
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modulated fluorescence monitoring system (Dual-PAM-
100, Heinz Walz GmbH, Effeltrich, Germany). The Dual-
PAM-100 system can detect P700" absorbance changes
and chlorophyll a fluorescence at the same time [5, 22, 31].
The sample was injected into the DUAL-K25 quartz
glass cuvette, which was then sandwiched between the
emitter head and detector head of the system. Each sample
was dark adapted for 5 min, and then saturation pulse and
actinic light were applied according to the measurement
routine. Parameters were automatically calculated by the
Dual-PAM-100 software during the measurement [22].

Fluorescence and P700" Signal After Dark Adaptation

P700" absorbance changes and chlorophyll a fluorescence
were detected after the cells were dark adapted. Saturation
Pulse method was used to detect the maximal change in
P700" signal and the maximum fluorescence [14, 22]. The
minimal fluorescence after dark adaptation (F)) was mea-
sured by a light at low intensity. A saturating pulse at an
irradiance of 10,000 pmol photons/m*/s was then applied
for 300 ms to detect the maximum fluorescence (F,,). P700
redox state was measured as change in P700" signal with a
dual-wavelength (830/875 nm) unit. The maximal change
in P700™ signal (P,,) was determined through application
of a saturation pulse after far-red pre-illumination for 10 s
according to the methods of Klughammer and Schreiber
[14, 16].

Rapid Light Curves (RLCs)

After the determination of Fy, F,,, and P, rapid light
response curves (RLCs) of quantum yields and electron
transport rates were performed with the routine program of
the Dual-PAM-100 software. During the RLC mode, the
actinic light was applied at each photosynthetic active
radiation (PAR, which was measured as the photosynthetic
photon flux density) for 30 s with increasing intensities (30,
46, 77, 119, 150, 240, 363, 555, 849, and 1,311 pmol
photons/m?/s) to conduct the rapid light response reaction.
After each period of actinic light, a saturating pulse was
applied to determine the maximum fluorescence signal
(F!) and maximum P700™ signal (P,) under actinic light.
P! was defined in analogy to the fluorescence parameter
F/ and determined similarly to P, but without far-red
illumination [10].

The quantum yields of PSI and PSII were detected in the
RLC mode and calculated automatically from the fluores-
cence and P700" signals using the Dual-PAM software.
The quantum yields of energy conversion in PSI were
calculated according to Klughammer and Schreiber [16]
and Wang et al. [29]:
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Y(1) = (P, — P)/Pn (1)
Y(ND) = (P = Py)/Pn 2)
Y(NA) = (P~ Py)/Pa (3)

where Y(I) was effective photochemical quantum yield of
PSI, Y(ND) was the quantum yield of non-photochemical
energy dissipation in PSI reaction centers due to donor-side
limitation, and Y(NA) was the quantum yield of non-pho-
tochemical energy dissipation of PSI reaction centers due
to acceptor side limitation. P was the P700" signal recor-
ded just before a saturation pulse. Then, a saturation pulse
was applied to determine the maximum P700" signal under
actinic light (P!). The minimum level of the P700™ signal
(Py) was tested at a 1 s dark interval after each saturation
pulse. The signals P and P), were determined referring to
Py.

The quantum yields of energy conversion in PSII were
calculated according to the method of Kramer et al. [16],
and transformed into the following simpler equations [15,
31]:

Y() = (F, - F)/F, (4)
Y(NPQ) = F/F,, = F/Fn (5)
Y(NO) = F/Fp, (6)

where Y(II) was the effective photochemical quantum yield
of PSII, Y(NPQ) was the quantum yield of light-induced
non-photochemical fluorescence quenching, and Y(NO)
was the quantum yield of non-light-induced non-photo-
chemical fluorescence quenching.

The quantum yield of CEF was calculated from the
difference between Y(I) and Y(II) [9]:

Y(CEF) = Y(I) — Y(II). (7)

The ratios of Y(CEF)/Y(I), Y(II)/Y(I), and Y(CEF)/Y(II)
after exposure to various concentrations of Sb(V) were also
calculated. These parameters were used to show the change
of the distribution of quantum yields between two photo-
systems and the change of the ratio of quantum yield of
CEF to that of linear electron flow (LEF) [4, 9].

Electron transport rates in PSI and PSII, i.e.,
ETR(I) and ETR(II), were calculated and recorded by the
Dual-PAM software [31, 34]. Descriptive parameters of
ETR(I) and ETR(I) during the light response reaction
were derived from the RLCs. The following parameters
were automatically calculated by the Dual-PAM-100
software according to the exponential function [13, 23]: «,
the initial slope of RLCs of ETR(I) or ETR(II), reflecting
the photon-capturing efficiency [20]; ETR,,.x, the maxi-
mal electron transport rates in PSI or PSII; and [y, the
index of light adaptation of PSI or PSII, which was cal-
culated as ETR,,,/a.

The cyclic electron transport rate was calculated as
ETR(I) — ETR(II) [10], which was used to investigate
whether CEF was stimulated and its physiological role
under Sb(V) and high light stress.

Statistics

Means and standard error (SE) were calculated for each
treatment (n = 4). Analysis of Variance (one-way
ANOVA) was performed to detect the significance of dif-
ferences between different treatments. Significant differ-
ence was determined by Duncan’s multiple range test
(DMRT, P < 0.05).

Results

Effects of Sb(V) on Quantum Yields of PSI, PSII
and CEF

The RLCs of Y(I), Y(II), and Y(CEF) were recorded after
the cells were exposed to various concentrations of
Sb(V) for 72 h (Fig. 1). Y(I), Y{I), and Y(CEF) decreased
with increasing PAR from 30, 46, 77, 119, 150, 240, 363,
555, 849 to 1,311 umol photons/mzls (Fig. 1). Both
Y(I) and Y(II) decreased with increasing Sb(V) concentra-
tion. The differences of Y(II) were significantly different
between different treatments during the entire light
response reaction. The difference of Y(II) between different
treatments was larger than that of Y(I). Y(CEF) gradually
showed differences between different treatments as the
PAR intensity increased. Y(CEF) increased with increasing
Sb(V) concentration.

Changes of the Ratios of Y(CEF)/Y(I), Y(II)/
Y(I) and Y(CEF)/Y(II)

The ratios of Y(CEF)/Y(I) and Y(CEF)/Y(Il) increased with
increasing Sb(V) concentration. Y(CEF)/Y(II) increased
from 0.3 for control to 1.5 for 100 mg/l Sb(V) treatment.
On the other hand, Y(II)/Y(I) significantly decreased with
increasing Sb(V) concentration. It decreased from 0.7 for
the control to 0.4 for the cells treated with 100 mg/l
Sb(V) (Fig. 2). When the cells were exposed to 100 mg/1
Sb(V), Y(CEF) contributed to most part of Y(I), with an
increase of Y(CEF)/Y(I) to 0.6 and a decrease of Y(II)/
Y() to 0.4.

Quantum Yields of Energy Conversion in PSI and PSII
Quantum yields of energy conversion in two photosystems

were recorded after the last procedure of illumination at the
highest intensity (1,311 pmol photons/m?/s) during the
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Fig. 1 Quantum yields of the two photosystems and cyclic electron
flow (CEF) after exposure to various concentrations of Sb(V) for 72 h.
Data were detected during the rapid light response reaction, where PAR
was increasing gradually as 30,46, 77, 119, 150, 240, 363, 555, 849, and
1,311 (umol/m?/s). The photochemical quantum yield of a PSI, b PSII,
and ¢ CEF. Data were presented as mean = SE (n = 4)

rapid light response reaction (Table 1). Y(I) decreased with
increasing Sb(V) concentration and were significantly low
when the cells were treated with 50 mg/l Sb(V). Y(ND)
increased with increasing Sb(V) concentration and were
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Fig. 2 The changes of the ratios of Y(CEF)/Y(I), Y(I1I)/Y(I), and
Y(CEF)/Y(Il) after exposure to various concentrations of Sb(V) for
72 h. Y(CEF)/Y(I) and Y(II)/Y(I) indicated the contribution of cyclic
electron flow (CEF) and linear electron flow (LEF) to the yield of PSI.
Y(CEF)/Y(Il) indicated the ratio of quantum yield of CEF to LEF.
Data were recorded after the last procedure of illumination at the
highest intensity (1,311 pmol/mz/s) during the rapid light response
reaction. Data were presented as mean £+ SE (n = 4)

significantly high when the cells were treated with 100 mg/1
of Sb(V). Sb(V) treatment had more serious effects on Y(II)
and Y(NO) than on other parameters. Y(II) decreased sig-
nificantly with the increase of Sb(V) concentration, and
showed significant differences between each treatment
(P < 0.05, DMRT). Y(NO) increased significantly as the
Sb(V) concentration increased, and Y(NO) was signifi-
cantly higher for the cells exposed to Sb(V) compared to
control (P < 0.05, DMRT). Y(NA) and Y(NPQ) showed no
significant differences between different treatments.

Effects of Sb(V) on RLCs of PSI, PSII and CEF

The RLCs of ETR(I) and ETR(II) dropped with increasing
Sb(V) concentration after 72 h of treatment (Fig. 3). The
amplitudes of the whole RLCs of ETR(I) were higher than
that of ETR(II). RLCs of ETR(I) slightly decreased with
increasing concentration of Sb(V) and significantly
decreased at 50 and 100 mg/l Sb(V). The RLCs of ETR(II)
decreased more than that of ETR(I) due to Sb(V) treatment.
ETR(I) of the Sb(V)-treated cells were significantly lower
compared to the control.

Descriptive parameters of the RLCs of ETR(I) and
ETR(II) showed more information about light response of
PSI and PSII under Sb(V) stress (Table 2). I, o, and
ETR,ax of the RLCs of ETR(I) did not show significant
difference under treatments at <5 mg/l Sb(V). I, and
ETR,ax of the RLCs of ETR(I) decreased with increasing
Sb(V) concentration and significantly decreased at 50 and
100 mg/l1 Sb(V) compared to control (P < 0.05, DMRT).
o of the RLCs of ETR(I) increased at 50 mg/l Sb(V).
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Table 1 The complementary quantum yields of energy conversion in PSI and PSII after exposure to various concentrations of Sb(V) for 72 h

Sb(V) concentration (mg/l) Quantum yields in PSI

Quantum yields in PSII

Y(@) Y(ND)

Y(NA)

YD)

Y(NO)

Y(NPQ)

0.166 £ 0.008" 0.828 + 0.011°

5 0.161 &+ 0.003*  0.821 £ 0.013"
50 0.132 + 0.009° 0.847 + 0.015*°
100 0.145 & 0.005* ®  0.875 £ 0.010°

0.013 £ 0.009*
0.018 £+ 0.012*
0.023 £ 0.010"
0.002 £ 0.002"

0.122 + 0.002*
0.092 + 0.002°
0.084 + 0.001¢
0.059 + 0.001¢

0.825 + 0.005°
0.862 + 0.006"
0.875 + 0.006™°
0.894 =+ 0.009°

0.050 £ 0.003*
0.048 + 0.003"
0.040 £ 0.005"
0.050 £ 0.084"

Data were recorded after the last procedure of illumination at the highest intensity (1,311 pumol photons/m?/s) during the rapid light response
reaction, where PAR was increasing gradually as 30, 46, 77, 119, 150, 240, 363, 555, 849, and 1,311 (umol photons/mzls)

a b ¢ d Data were mean + SE (n = 4), and data followed by different letters in the same column are significantly different (P < 0.05, DMRT)
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Fig. 3 The rapid light curves (RLCs) of ETR(I) (a) and ETR(I)
(b) after exposure to various concentrations of Sb(V) for 72 h. Data
were detected through the light response reaction, where PAR was
increasing gradually as 30, 46, 77, 119, 150, 240, 363, 555, 849, and
1,311 (umol/mzls). Data were presented as mean + SE (n = 4). The
fitting curves according to Platt et al. [23] were also shown in the
graphs

o and ETR .« of the RLCs of ETR(II) were lower than
those of ETR() under various concentrations of
Sb(V) treatments and decreased with increasing

Sb(V) concentration. « of the RLCs of ETR(I) were sig-
nificantly lower at 100 mg/l Sb(V) compared to control
(P < 0.05, DMRT). I and ETR,,,,« of the RLCs of ETR(II)
decreased significantly with increasing Sb(V) concentra-
tion. There were significant differences between each
treatment (P < 0.05, DMRT).

Rapid light curves of cyclic electron transport rate
generally increased with increase of the illumination. CEF
from the RLCs of cells treated with Sb(V) were higher than
control (Fig. 4). The differences became significant with
increasing illumination. CEF of the cells exposed to
Sb(V) was significantly higher at light intensity above
849 pmol photons/m?/s compared to control (Fig. 4).

Discussion

In the present study, toxic effects of Sb(V) on the PSI and
PSII activities of M. aeruginosa were examined. The
quantum yields and electron transport rates of PSI, PSII,
and CEF under Sb(V) treatment were analyzed.

Toxicity of Sb to organisms is a growing concern. Some
recent studies have improved the knowledge of toxicity of Sb
to the growth and photosynthesis of plants or microorgan-
isms. Sb in the growth media could lead to the suppression of
leaf and root biomass production [21, 26]. High concentra-
tions of Sb could induce toxic symptoms such as chlorosis
and leaf necrosis in sunflower and maize [32]. A few recent
studies show that both Sb(III) and Sb(V) are toxic to pho-
tosynthetic apparatus of cyanobacteria. 1.0 to 10.0 mg/l
Sb(III), in the form of antimony potassium tartrate, inhibits
O, evolution, and both the donor and the acceptor sides of
PSII of Synechocystis sp. Exposure to Sb(III) led to inhibi-
tion of PSII activities and electron transport from Qj to
Qg/Qg, accumulation of Pggy™ and increases in the propor-
tion of PSIIx and PSIIg [35]. Comparatively, Sb(V) in the
form of potassium pyroantimonate has less toxicity to
M. aeruginosa. Sb(V) at 50 mg/l or higher concentrations
inhibits the electron transport on the donor side of PSII and
reduces the density of reaction centers [33]. In the present
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Table 2 Descriptive parameters of the light response of ETR(I) and ETR(II)

Sb(V) concentration ~ Parameters of the light response of PSI

Parameters of the light response of PSII

mg/1

(mg/h I (nmol photons/ o (e” /photon) ETRax (umol e/ I (umol photons/ o (e”/photon) ETRax (tmol e/
m2/s) m-/s) m2/s) m-/s)
207.7 + 10.1° 0.438 £ 0.010° 90.7 + 2.8° 366.1 + 8.8° 0.199 £ 0.001* 72.8 + 1.3°

5 190.6 + 9.3° 0.440 £+ 0.011° 83.6 + 2.4*° 2737 £ 7.8° 0.197 £ 0.001* 54.0 + 1.4°

50 155.4 + 9.6° 0.494 £ 0.014* 76.3 + 2.8"¢ 245.6 + 4.0° 0.204 £ 0.002* 50.1 + 0.6°

100 158.1 + 6.8° 0.456 + 0.008° 72.0 + 2.1° 187.3 + 4.1¢ 0.191 + 0.003°> 35.8 + 0.6°

Data were derived by fitting the RLCs to the exponential function referring to Platt et al. [23]. The measurements were carried out after exposure

to various concentrations of Sb(V) for 72 h

b e d Data were mean & SE (n = 4), and data followed by different letters in the same column are significantly different (P < 0.05, DMRT)

60
—— control
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Fig. 4 Cyclic electron transport rate after exposure to various
concentrations of Sb(V) for 72 h. Data were detected during the
light response reaction, where PAR was increasing gradually as 30,
46, 77, 119, 150, 240, 363, 555, 849, and 1,311 (umol/m?/s). Data
were presented as mean £+ SE (n = 4)

study, Y(II) decreased significantly with increasing Sb(V)
concentration with significant differences between each
treatment (Fig. 1; Table 1). Y(NO) increased significantly as
Sb(V) concentration increased, and Y(NO) was significantly
higher for cells exposed to Sb(V) compared to control
(Table 1). Y(NO) is a good indicator of PSII damage, which
reflects the fraction of energy that is passively dissipated in
the form of heat and fluorescence [9, 31]. The decrease of
Y(II) and the increase of Y(NO) indicate the damage to PSII
centers after Sb(V) exposure, which was in accordance with
previous study [33].

The quantum yields in PSI showed higher tolerance to
Sb(V) than PSII, indicated by the less decrease of Y(I) in
the whole RLCs than that of PSII (Fig. 1; Table 1). Change
of quantum yield distribution between the photosystems
and the relation of CEF and LEF could be derived from the
change of Y(CEF)/Y(), Y(II)/YI), and Y(CEF)/Y(Il)
(Fig. 2). Although both Y(I) and Y(II) decreased after the
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cells were exposed to various concentrations of Sb(V), the
significant decrease of Y(II) caused the decrease of the ratio
of Y(II)/Y(I). The decrease of the ratio of Y(II)/Y(I) with
increasing Sb(V) concentration showed imbalanced distri-
bution of quantum yields between the photosystems, sug-
gesting that Sb(V) has more serious inhibition of PSII than
PSI. The increase of Y(CEF)/Y(II) under Sb(V) treatment
indicates the activation of CEF and inhibition of LEF. The
contribution of Y(CEF) to the quantum yield and activity of
PSI increased with increasing Sb(V) concentration (Fig. 2).

Some studies test the effects of heavy metals on PSI and
suggest that PSI is less sensitive to heavy metals than PSII
[2, 27]. Wang et al. [34] investigated the effects of Cr(VI)
on the activities of PSI and PSII simultaneously and found
that Cr(VI) showed more inhibition of PSII than PSI. The
less sensitivity of PSI to heavy metals was also indicated
by the less decrease of Y(I) and ETR(I) under Sb(V) treat-
ment in the present study.

Y(I) began to show significant decrease when the cells
were treated with >50 mg/l Sb(V) compared to control,
which was associated with the increase of Y(ND). Y(ND)
was the quantum yield of energy dissipation due to donor-
side limitations of PSI, and the Y(ND) enhanced with the
damage to PSII [9]. Huang et al. [10] also suggested that
activation of CEF and inhibition of LEF decreased the
fraction of PSII electron acceptors that were reduced and
then increased the value of Y(ND). Activation of CEF and
inhibition of LEF, and the increase of Y(ND) under
Sb(V) treatment were also observed in the present study.

The activation of CEF caused increasing contribution of
Y(CEF) to Y(I) (Fig. 2). Similarly, cyclic electron transport
made big contribution to electron transport of PSI when the
cells were exposed to Sb(V). It was shown by the increase
of cyclic electron transport rate after Sb(V) treatment and
the values of ETR(I), especially at high Sb(V) concentra-
tion (100 mg/l) and high illumination (above 555 pmol
photons/m2/s) (Figs. 3, 4). The enhancement of the con-
tribution of CEF to the quantum yield of PSI was important
for the less sensitivity of PSI to Sb(V) treatment, similar to
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the results of M. aeruginosa exposed to Cr(VI) stress [34].
The stimulation of CEF led to less change of descriptive
parameters of the light response of ETR(I) than ETR(II),
such as the photon-capturing efficiency () and the light
saturation coefficient (). Sb(V) also caused less decrease
of ETR .« of PSI than that of PSII. These results confirmed
that the stimulation of CEF was essential for the less sen-
sitivity and the protection of PSI under stress of Sb(V) and
other stresses [6, 9].

Cyclic electron flow has essential functions in both
photoprotection and photosynthesis [18, 25]. CEF is very
sensitive to photosystem interference induced by chemicals
and that the PGRS5 pathway is very critical for regulation
[24]. CET can balance the ATP/NADPH production ratio to
protect photosystems under environmental stress by induc-
ing non-photochemical quenching (qN) to dissipate exces-
sive absorbed light energy [10, 11, 25]. In the present study,
the cells treated with Sb(V) could still maintain their Y(NPQ)
(Table 1), which might benefit from the activation of CEF.

In the present study, Sb was applied at higher concen-
trations than those found in normal surface water, but
comparable to Sb levels in wastewater and surface water
near the mining area [7]. The concentrations of Sb in
wastewater, river waters, and polluted well water near the
Xikuangshan Sb mine in Hunan Province of China are
1.33-21.79, 0.063-0.037, and 24.02-42.03 mg/l, respec-
tively [7]. Sb in topsoil near this mine is up to 5,045 mg/kg
[8]. In the present study, treatments with Sb at concentra-
tion up to 100 mg/1 can be used to provide the data on the
acute toxicity of Sb to the activities of two photosystems of
M. aeruginosa. The activities of two photosystems and the
physiological characteristics of CEF were detected simul-
taneously. The lowest Sb (V) concentration (5 mg/l) used
in the experiment significantly inhibited PSII activity, but
had no significant effects on PSI activity. At higher con-
centrations of Sb(V) in the present study, the quantum yield
and electron transport of PSI were less affected than those
of PSII. These results indicated that PSII was a sensitive
site to heavy metals as suggested by previous studies [1,
33], while PSI was less sensitive. Sb(V) led to imbalanced
distribution of quantum yields between two photosystems
and more serious inhibition of photochemistry quantum
yield of PSII than PSI. The results also showed the acti-
vation of CEF and inhibition of LEF under Sb(V) treat-
ment. The enhancement of the contribution of CEF to the
quantum yield of PSI was important for the less sensitivity
of PSI to Sb(V) treatment. The stimulation of CEF
increased the tolerance of PSI to Sb(V).
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