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Cu®* Inhibits Photosystem II Activities but Enhances
Photosystem I Quantum Yield of Microcystis aeruginosa
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Abstract Responses of photosystem I and II activities of
Microcystis aeruginosa to various concentrations of Cu®"
were simultaneously examined using a Dual-PAM-100 fluo-
rometer. Cell growth and contents of chlorophyll a were
significantly inhibited by Cu”’. Photosystem II activity
[Y(IT)] and electron transport [TETR ., (IT)] were significantly
altered by Cu”". The quantum yield of photosystem II [¥(II)]
decreased by 29 % at 100 ug L' Cu®" compared to control.
On the contrary, photosystem I was stable under Cu®" stress
and showed an obvious increase of quantum yield [Y(I)] and
electron transport [TETR,.(I)] due to activation of cyclic
electron flow (CEF). Yield of cyclic electron flow [Y(CEF)]
was enhanced by 17 % at 100 pug L' Cu®" compared to
control. The contribution of linear electron flow to photosys-
tem I [Y(I)/Y(I)] decreased with increasing Cu®" concentra-
tion. Yield of cyclic electron flow [Y(CEF)] was negatively
correlated with the maximal photosystem II photochemical
efficiency (F,/Fy,). In summary, photosystem II was the major
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target sites of toxicity of Cu®*, while photosystem I activity
was enhanced under Cu®" stress.
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Introduction

Copper at low concentration is essential for many metabolic
processes in plants and microorganisms. Cu®" is an essential
element but high levels of Cu®" have toxic effects on organ-
isms. Cu®" is a strong inhibitor of photosynthesis in phyto-
plankton [1] and thus it has been frequently used as an
algaecide [2]. Cu®" (10 ug L") substantially reduced algal
biomass and chlorophyll content [3]. Exposure to elevated
concentrations of Cu?" can increase content of reactive oxy-
gen species [4—6] and the non-selective conductivity of cell
membrane and permeability of the plasmalemma [7]. Exten-
sive studies showed that photosystem II (PSII) is very sensi-
tive to Cu®" toxicity [8]. Cu®" influences the reaction centers
of PSII and decomposed the light-harvesting pigment chloro-
phyll a [9]. The oxidizing side [10] and water-splitting com-
plex of PSII [11] can be inhibited by Cu”*. Cu®" can inhibit
PSII photochemical activity and damage the structure and
composition of the thylakoid membrane. Both acceptor and
donor sides can become inhibitory sites of copper [12]. Nu-
merous studies show that there are is multiple Cu*"-inhibitory
sites associated with PSII-mediated electron transport [12].
Photosystem I (PSI) was found to be less sensitive than
PSII under various environmental stresses, including Cu**
stress [13—16]. It is commonly held that electron transport of
PSI of plant is less sensitive to toxicity of Cu”" than that of
PSII. For example, Ouzounidou [17] found that Cu**-stressed
Thlaspi leaves maintained an increased capacity for PSI-
driven electron flow. However, the available information of
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action mode of Cu®" to PSI is still very limited, and further
study is important for understanding effects of Cu>* on the
whole electron transport chain from PSII to PSI.

Chlorophyll a fluorescence technique has been proven to
be useful to study effects of environmental stresses on photo-
synthesis of algae or plant in vivo [13, 18, 19]. The Dual-
PAM-100 system (Heinz Walz, Germany) is powerful to
simultaneously probe responses and regulation mechanism
of PSI and PSII under various stresses [20—22]. In the present
study, effects of copper on the activities and electron transport
of PSI and PSII in Microcystis aeruginosa, one of the most
common freshwater cyanobacteria species, were examined.
The Dual-PAM-100 chlorophyll fluorometer was used to
study the toxic effects of copper on PSI and PSII activities
and the regulation mechanism between PSII and PSI in
M. aeruginosa.

Materials and Methods
Culture of M. aeruginosa

M. aeruginosa (FACHB-905) was obtained from the Institute
of Hydrobiology, Chinese Academy Sciences. The
cyanobacteria cells were cultivated in BG-11 medium [23] at
25 °C and 30 pmol photons m > s ! illumination with a 12/
12-h light/dark cycle. Cyanobacteria cells in the exponential
growth phase were transferred into 50 mL conical flasks for
copper treatments.

Cu®" Treatment

Copper (CuSO,4-5H,0) of analytical grade was dissolved in
distilled water. One milliliter of distilled water or various
concentrations of Cu”" solution was added into 24 mL of cell
suspension to obtain a series of final nominal Cu®" concen-
trations of 0, 10, 50, 75, and 100 pg L' The samples without
addition of Cu®" were used as control. The PSI and PSII
activities of the cyanobacteria cells after 12 h various treat-
ments were measured. At 24 h, the optical density of cell
suspension was recorded at 680 nm. Content of pigments of
cells untreated and treated with Cu”?* was determined by
spectroscopy.

Measurement of Quantum Yield of PSI and PSII

Quantum yield of PSI [¥(I)] and PSII [Y(II)] of M. aeruginosa
was measured simultaneously with a Dual-PAM-100 system
(Heinz Walz, Germany) [24]. All cyanobacteria cell samples
were dark-adapted for 15 min prior to measurement. F, the
minimum fluorescence, was detected by a measuring light at
low intensity. A saturating pulse (10,000 pumol
photons m 2 s~ ") was then applied to detect F,, (the maximum
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fluorescence after dark adaptation). PAM fluorometer only
records the part of the fluorescence induced from the probe
flash. Therefore, the PAM measures only the changes in the
quantum yield of fluorescence and not the absolute change in
fluorescence [25]. The maximal change of P700 signal (P,,)
was measured through application of a saturation pulse
(10,000 pmol photons m™> s ') after illumination of far-red
light for 10 s [26]. A saturating pulse with duration of 300 ms
was applied every 20 s after the onset of the actinic light to
determine the maximum fluorescence signal (£},") and maxi-
mum P700" signal (P,) under the actinic light (27 wumol
photons m > s~ '). The slow induction curve was recorded
for 120 s to achieve the steady state of the photosynthetic
apparatus, and then the actinic light was turned off. The data
derived after the final saturating pulse was used for analysis of
activities of PSI and PSII based on previously determined Fy,
F,, and Py, [27].

The quantum yields of PSI [Y(I)] and PSII [Y(II)] were
measured by saturating pulses during slow induction. Param-
eters were calculated automatically [26, 28]: Y(I)=(F,,'—F)/
F.', YNO)=F/F, YINPQ)=F/F,'—F/F [where Y(II) was
the effective photochemical quantum yield of PSII, Y(NO)
was the non-regulated energy dissipation, and Y(NPQ) was
regulated energy dissipation]; Y(I)=(P,,'—P)/Py, Y(ND)=
(P—Py)/ P, YINA)=(P—Pp')/ P, [Where Y(I) was the effec-
tive photochemical quantum yield of PSI, ¥(ND) was the
quantum yield of non-photochemical energy dissipation in
reaction centers due to PSI donor side limitation, and Y(NA)
was the quantum yield of non-photochemical energy dissipa-
tion of reaction centers due to PSI acceptor side limitation];
FJ/F,=(Fn—Fy)/Fy, the maximal PSII photochemical
efficiency.

Calculation of Cyclic Electron Flow and Linear Electron Flow

The quantum yield of cyclic electron flow [Y(CEF)] was the
difference between Y(I) and Y(II): Y(CEF)=Y(I)—Y({I) [16,
29]. (CEF)Y/Y(1), Y(IIyY({), and Y(CEF)/Y(Il) indicated the
contribution of cyclic electron flow (CEF) to Y(I), the contri-
bution of linear electron flow (LEF) to Y(I), and the ratio of the
quantum yield of CEF to LEF, respectively. The ratio of Y(II)/
Y(I) also provided information about the distribution of quan-
tum yield between two photosystems [27-30].

Measurement of Electron Transport of PSI and PSII

Electron transport rates (ETRs) of PSI and PSII, i.e., ETR(I)
and ETR(II), were recorded during the measurement of the
slow induction curve. Relative electron transport rates,
rETR(I) and rETR(I), were calculated automatically [31].
The responses of electron transport in PSI and PSII to increas-
ing PAR from 0 to 849 pmol photons m > s~ were recorded
as the Rapid Light Curves (RLCs). The following parameters
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of TETR ,ax(I) and rETR .« (IT) in light response reaction were
derived from the RLCs according to the exponential function
[32]: a, the initial slope of RLC of fETR(I) or rETR(II), which
reflected the quantum yield of PSI or PSII [33]; rETR,4x, the
maximal electron transport rates in PSI or PSII; [, the light
saturation of PSI or PSII, was calculated as rETR,,,,/c.
Photo-inhibition detected by RLCs provides the threshold of
irradiance a culture can tolerate and indicates at which light
intensities photo damage will occur [27, 34].

Measurement of Cell Growth

After exposure to various concentrations of Cu?" for 24 h, cell
growth of the M. aeruginosa was measured by recording the
optical density at 680 nm (ODggo) with a spectrophotometer
(UV2800, Unico, Shanghai, China).

Measurement of Content of Pigments

After 24 h exposure to Cu®*, cyanobacteria cells were har-
vested by centrifugation at 8,000 r min~ "' at 4 °C for 5 min.
The pigments of the cells were extracted with 96 % ethanol for
24 h at 4 °C in the dark followed by centrifugation at
8,000 r min~" and 4 °C for 5 min. Absorption of the superna-
tant was measured with a spectrophotometer (UV2800,
Unico, Shanghai, China). Contents of chlorophyll (Chl) a
and carotenoids were calculated according to Lichtenthaler
and Wellburn [35].

Statistical Analysis

The experiments were done in triplicate for all treatments.
Means and standard errors (S.E.) were calculated by the
software Origin 6.0. The statistical significance between con-
trol and Cu®*-treated samples were subjected to one-way
ANOVA (SPSS V16.0) with post hoc Fisher’s least significant
difference (LSD) test.

Results
Effects of Cu®" on Cell Growth

The M. aeruginosa cell growth showed a decreasing trend
with increasing Cu”* concentration (Fig. 1). There was signif-
icant difference between control and the treatments with var-
ious levels of Cu®" (F=7.242, p<0.01). The growth for cells
treated with 10 and 100 ug L' Cu®" was reduced by 10 and
13 % compared to control, respectively. Cell growth was
suppressed by 10 pg L' Cu®", but did not exhibit further
inhibition as Cu?" concentration increased from 10 to
100 ug L.
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Fig. 1 Growth of M. aeruginosa at various Cu®" concentrations
expressed as optical density at 680 nm (ODgg). Data were means=S.E.
(n=3, *p<0.05, **p<0.01)

Effects of Cu”" on Pigments Content

Effects of Cu”" on Chl a and carotenoids content in
M. aeruginosa were shown in Fig. 2. Chl a content was
affected at high Cu®" concentration (F=4.532, p<0.05). Only
75 and 100 pg L' Cu®" affected Chl a content. For example,
Chl a content decreased by 23 % at 75 ug L' Cu*" with
respect to control. Carotenoids content of M. aeruginosa was
not influenced 24 h after exposure to various concentrations of
Cu*" (F=0.327, p=0.853).

Effects of Cu®" on Quantum Yield of PSI and PSII

Quantum yield of PSI and PSII were significantly affected
after 12 h Cu®" exposure (Table 1). ¥(II) (quantum yield of
PSII) decreased, associated with an increase of Y(NO) (non-
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Fig. 2 Concentrations of Chl a and carotenoids of M. aeruginosa treated
with various concentrations of Cu®" for 24 h (n=3, *p<0.05, **p<0.01)
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Table 1 Changes of quantum yield of PSI and PSII of M. aeruginosa
under various concentration of Cu®" after 12 h exposure [¥(I), quantum
yield of PSI; Y(ND), donor side limitation of PSI; Y(NA), acceptor side

limitation of PSI; Y(II), quantum yield of PSII; ¥(NO), non-regulated
energy dissipation. *p<0.05 (ANOVA LSD test significance)]

Cu*’(ug L) () Y(ND) Y(NA) Y(Im) Y(NO) Y(NPQ)

0 0.880+0.032 0.000-£0.000 0.120+0.032 0.233+0.002 0.762+0.009 0.006+0.004
10 0.888+0.008 0.000+0.000 0.112+0.008 0.230+0.06 0.752+0.001 0.017+0.007
50 0.913+0.035 0.000+0.000 0.087+0.035 0.1924+0.001%* 0.785+0.009 0.022+0.009
75 0917+0.013 0.000+0.000 0.083+0.013 0.141+0.003* 0.846+0.004* 0.013+0.006
100 0.922+0.010 0.000+0.000 0.0784+0.010 0.166+0.023* 0.8214+0.023* 0.013+0.006

regulated energy dissipation), when Cu?" concentration in-
creased. When Cu®" concentration increased to 100 ug L™,
Y(II) decreased by 29 %, while Y(NO) increased by 8 %
compared to control (p<0.05). The maximal PSII photochem-
ical efficiency (F,/F,,) decreased with the increase of Cu”"
concentration (Fig. 3). F,/F,, for cells treated with 75 and
100 pg L™ Cu®" was only 73 and 75 % of control (p<0.05),
respectively. Interestingly, Y(I) (quantum yield of PSI) in-
creased with increasing Cu®" concentration. ¥(I) increased by
5 % at 100 pug L' cu* compared to control. Y(ND) (PSI
donor side limitation) was kept at zero for control and all Cu**
treatments. The value of PSI acceptor side limitation [Y(NA)]
dropped from 0.12 for control to 0.078 at 100 pug L' Cu*".

Effects of Cu** on Cyclic Electron Flow and Linear Electron
Flow

Y(CEF) of M. aeruginosa largely increased as Cu®* concen-
tration increased (Fig. 4a). Y(CEF) increased by 20 and 17 %
at 75 and 100 ug L' Cu®" with respect to control (p<0.01),
respectively. Y(CEF)/Y(I) and Y(CEF)/Y(1l) showed similar
change pattern to Y(CEF). Y(CEF)/Y(I) rose from 0.734 for
control to 0.821 for 100 ug L' Cu**-treated cells (p<0.01).
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Fig. 3 Effect of Cu*" at various concentrations on maximum efficiency
of PSII photochemistry (F\/Fy,) (n=3, ¥*p<0.05, **p<0.01)
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Y(CEF)/Y(Il) was enhanced by 71 % and Y(II)/¥(I) decreased
by 33 % at 100 ug L' Cu®" (p<0.01) (Fig. 4b). There is a
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Fig. 4 a Y(CEF) (the quantum yield of cyclic electron flow) of
M. aeruginosa exposed to various concentrations of Cu?" for 12 h. Data
were derived from the slow induction curves. Y(CEF) indicated the
difference of quantum yield between PSI and PSII [Y(CEF)=Y(I)—
Y] (n=3, *p<0.05, **p<0.01). b Ratios of Y(CEF)/¥(I), Y(CEF)/
Y(II), and Y(II)/Y(I) of M. aeruginosa exposed to various concentrations
of Cu?" for 12 h. These ratio were calculated from the value of ¥(I), Y(II), and
Y(CEF) after exposure to Cu®*. ¥(CEF)/Y(I) means the contribution of cyclic
electron flow (CEF) to the yield of PSI. The ratio of Y(II)/¥(I) indicated that
the distribution difference of quantum yield of PSII and PSI, and contribution
of linear electron flow (LEF) to PSI. Y(CEF)/Y(Il) means the ration of
quantum yield of CEF to that of LEF(n=3, *p<0.05, **p<0.01)
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significant negative linear correlation between Y(CEF)
and F,/F,, (p<0.001) (Fig. 5).

Effects of Cu”" on RLCs of rETR(I) and rETR(II)

To determine the response of the activities of electron trans-
port in PSI and PSII with increasing PAR, rapid light curve
was recorded (Fig. 6a, b) and derived parameters from RLCs
were calculated (Table 2). The RLCs of rETR(I) at 50 ug L'
Cu”" showed a slight increase while the RLCs of rETR(I) at
100 pg L' Cu** declined compared to control. The RLCs of
tETR(II) at 10 pg L™ Cu** declined significantly in the
amplitude compared to control. RLCs of rETR(II) showed a
significant decrease at higher illuminations while RLCs of
rETR(I) increased with increasing light intensity.

In derived parameters from RLCs, rETR . (II) significant-
ly decreased with increasing Cu** concentration (Table 2).
tETR ax(I1) at 100 ug L' Cu®* were only 62 % of control.
The values of (1) decreased significantly and was only 73 %
of control for samples treated with 100 ug L™ Cu®". Com-
pared to control, Z(IT) declined slightly at 50 pg L™ Cu®* but
decreased at 100 ug L™' Cu*". However, electron tranport of
PSI showed a different response pattern from that of PSI to
Cu”" exposure. rETR,.(I) increased obviously at 50 pg L™
Cu?" compared to control, but at elevated Cu®* it showed an
inhibition too. The values of a(I) presented a upward trend
after various Cu®" exposure.

Discussion
In the present study, effects of Cu®" on activities and electron
transport of PSI and PSII and the energy regulation mecha-

nism between PSI and PSII in M. aeruginosa were analyzed.
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Fig.5 The relationship between the yield of cyclic electron flow [Y(CEF)]

and maximum efficiency of PSII photochemistry (F\/Fy,,) (Correlation
coefficients=—0.837, p<0.001)
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Fig. 6 The rapid light curves (RLCs) of rETR(I) (a) and the RLCs of
rETR(II) (b). Data were detected through the light response reaction after
12 h exposure to 50 and 100 ug L' Cu®" and control. The RLCs of
rETR(I) and rETR(II) were recorded by the Dual-PAM system during the
light response reaction, where PAR increased from 0 to 830 pmol
photons m 2 s~'. All the data presented here were calculated from
triplication

It is well established that PSII is sensitive to heavy metal
stress [36]. In the present study, the decrease of Y(II) was
accompanied with an increase of ¥(NO) under Cu®" stress
(Table 1). The Y(NO) usually reflects the fraction of energy
that is passively dissipated in the form of heat and fluores-
cence mainly due to the closed PSII centers [24, 37]. Itis a
good indicator of PSII damage as shown in other studies [27,
37]. The results of the present study suggest that excessive
excitation energy cannot be efficiently dissipated into harm-
less heat [37] and indicate the photodamage of PSII under
Cu”" stress. The decrease of Y(II) reflects the inhibitory effect
of Cu”" on photochemical energy utilization of PSII, which is
further confirmed by the decrease of F,/F,,. The decrease of
F,/F, shows the decrease of the fraction of active PSII centers
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Table 2 Parameters («, the initial slope of RLC of ETR; rETR ., the
maximum electron transport rates; /i, the light saturation) of electron
transport of PSII and PSI derived from the rapid light curves (RLCs) of

electron transport rates in PSII [fETR(II)] and electron transport rates in
PSI[rETR(I)] under Cu®" stress. Data represent averages of three RLCs
means*S.E. (n=3, *p<0.05) (ANOVA LSD test significance)

Cu*" Parameters of RLCs of rETR(II) Parameters of RLCs of rTETR(I)
a(D) TETR pax(I) L(ID) a(l) TETRpax(1) L(1)
(ug LN (¢ photon™") (umol ¢ m2s ") (umol photon m 2 s~ ") (¢ photon") (umole m 2 s (umol photon m 2 s ")
0 0.10+0.00 23+1 220+8 0.37+0.02 70+4 189+3
10 0.11+0.01 22+1 214+25 0.48+0.01* 89+12 184+21
50 0.09+0.00 24+2 262+29 0.43+0.02 94+0* 220+8
75 0.07+£0.01* 14+0* 212+£22 0.46+0.03 72+9 159+26
100 0.07+0.00%* 14£2% 191£13 0.43+0.07 66+8 164+32

[38] or the inactivation of the PSII reaction centers. Blockage
of electron transport by Cu”" could also lead to a decrease of
F/F, [39]. The values of F,/F,, reflect the potential quantum
efficiency of PSII and are usually used as a sensitive indicator
of photosynthetic performance of higher plants and algae.
However, the F,/F, for cyanobacteria is usually
underestimated by the influence of cellular phycobiliprotein
level and state transitions, but if the carotenoids content is
constant, F\/F,, is still a useful parameter [40, 41]. In the
present study, the carotenoids content changed little for each
treatment (Fig. 2), which supported that the F\/F,, values
correlated well with changes of PSII function for
M. aeruginosa (Fig. 5).

Significant inhibition of PSII, cell growth, and Chl a syn-
thesis of M. aeruginosa was observed under stress of Cu*"
(Figs. 1 and 2). The inhibitory effects of Cu>* on photosyn-
thesis are associated with the decrease of Chl a content. These
results agreed with previous reports [5, 36]. The Cu-induced
chlorophyll loss was accompanied by a decreased photosyn-
thetic activity in Thlaspi leaves [17]. In the present study, Cu®"
exposure lead to a greater decrease of Chl a content than the
cell growth, which was related to the loss of the capacity for
photosynthesis or in the quantum yield of PSII [42]. However,
carotenoids content of M. aeruginosa was influenced little
under Cu®" stress. This was consistent with some previous
studies that carotenoid synthesis in stressed conditions was
not disturbed and even enhanced to provide photoprotection
of cyanobacteria [15]. It is still in controversial that if CuSO,
is an appropriate method for controlling algae. On one hand,
some studies showed that addition of copper sulfate to a
mature bloom could destroy the cyanobacteria cells but could
cause the release of toxins such as microcystin into the water
[43]. On the other hand, CuSO4 may decrease the mcyD
protein transcript abundance, which directly determines the
amount of substrate available for microcystin synthesis [6].
Thus, it needs further research to elucidate how CuSQOy, influ-
ence production of cyanobacterial toxins.

It is commonly held that PSI is less sensitive to copper than
PSII [36]. Ouzounidou [17] found that capacity for PSI-driven

@ Springer

energy storing electron flow of Thlaspi leaves increased under
Cu stress. A few studies showed that electron transport in PSI
was less sensitive to Cu®" than that in PSII [13, 17]. In the
present study, the slightly stimulating effects of Cu®" on
photosynthetic quantum yield and electron transport rate of
PSI was observed under 10-100 pg L™ Cu®" stress (Table 1),
which was consistent with a few previous studies that PSI was
usually more stable than PSII under stresses [16, 44], or PSI
activity was even stimulated under heavy metal stress [45].
Other studies showed that PSI was also inhibited by heavy
metals. Wodala et al. [46] reported that PSI photochemistry
was affected by Cu®" including the decrease of quantum effi-
ciency of PSI, the electron flow in the intersystem chain, and
the reduced number of electrons from stromal donors available
for PSI. The reported opposite results may be attributed to the
differences of the tested materials. In addition, high levles of
Cu”" may destroy PSI. The marginal increase of PSI activity in
the presence of various concentrations of Cu®" was associated
with the decrease of Y(NA) (Table 1). This implies that the
increase of quantum yield of PSI was relative to the decrease of
limitation of donor side of PSI. This further confirms that PSI is
much more tolerant to Cu®* treatment than PSII [17].

The light adaptability and maximal ETR of PSII were
obviously inhibited after exposure to Cu®" (Table 2,
Fig. 6a, b). tTETR,,, reflects the maximum photosynthetic
capacity. The change of TETR .« is attributed to the change
of the capacity of the electron transport chain or Calvin cycle
enzymes [47]. In the present study, the RLCs of rETR ,.x(I)
significantly dropped under Cu®" stress, implying that the
adaptability of electron transport in PSII is significantly re-
duced. Similarly, Zhou et al. [43] reported that rETR . of
PSII of M. aeruginosa significantly decreased under 2.5 uM
CuSO,. Cu®* (100 ug L") had slight inhibition of the RLCs
of TETR ,ax(I), which led to the slight decline of the RLC. The
light adaptability of PSII was lower than that of PSI for all
treatments, which is in agreement with some earlier studies
[44]. L.(T) of rETR,,.x(IT) and [ (I) of rETR . (I) were in-
creased at 10-50 ug L' Cu®" compared to control, indicating
that low concentrations of Cu*" increased the high light
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adaptability of M. aeruginosa. When Cu®>* concentration was
increased to 100 pg L', Cu®" toxicity triggered the photo-
inhibition of both PSI and PSII at light intensities lower than
unstressed condition. Similar results were also observed for
plants exposed to other heavy metals [16, 34, 46]. The similar
response pattern of rETR,.x(II) and rETR,,,;x(I) to (1) and
I(T) indicates that low concentration of Cu®" slightly stimulates
the maximal electron transport rate in both PSI and PSII, but
high concentration of Cu®" reduced the maximal electron trans-
port rate. & of RLC of tETR,,,x(I) or tETR ,,x(I) reflects the
quantum yield of PSI or PSII [33]. The present study showed
that a(II) in rETR,.x(II) decreased but a(I) in rETR (1)
increased after exposure to Cu®", which was in accordance with
the changes of quantum yield of PSII [Y(II)] and PSI [Y(T)].

CEF around PSI is essential for preventing damage by
dissipating excess photon energy [48]. CEF has been found
to be stimulated under some stressful conditions [49]. In the
present study, Y(CEF) under Cu®" stress increased significant-
ly (Fig. 4a). The increase of CEF implies the stimulation of the
protection mechanism for PSI [50] and PSII. In other words,
CEF can transfer electrons from PSI to PQ and protect PSII
through dissipation of excess energy and prevent acceptor side
limitation of PSI [48, 50]. Ouzounidou et al. [51] also found
that PSI was less inhibited under Cu”" stress, accompanied
with an increase of cyclic electron transport. It is generally
held that PSI electron transport is less sensitive to many
environmental stresses than PSII [13]. Y(CEF) was negatively
correlated with F,/F, in the present study (Fig. 5), suggesting
that the stimulation of CEF is positively correlated with the
extent of PSII photodamage, which was in consistent with the
report by Huang et al. [30]. Under environmental stress, the
stimulated CEF contributes to the buildup of a trans-thylakoid
membrane proton gradient which induces more synthesis of
ATP. More synthesized ATP could be used for the repair of
photodamaged PSII subunits [30, 52].

The increases of Y(CEF)/Y(I) and Y(CEF)/Y(Il) with in-
creasing Cu”* concentration (Fig. 4b) indicate the contribution
of CEF to counteracting the inhibitory effect of Cu®" on PSII
and PSI. On the contrary, Y(II)/Y(I) decreased with increasing
Cu*" concentration, which indicates the decrease of the con-
tribution of LEF to Y(I). Inhibition of LEF from PSII to PSI
could be useful for alleviating the damage to PSI [53] and
keeping the stability of PSI. The decrease of the ratio of Y(II)/
Y(I) with increasing Cu®>* concentration showed the imbal-
anced distribution of quantum yield between PSII and PSI
with more inhibition of PSII than PSI.

In conclusion, Cu®" treatment had significant inhibitory
effects on cell growth and Chl a synthesis of M. aeruginosa.
The activities and electron transport rate of PSII was signifi-
cantly suppressed by excess Cu?", while PSI quantum yield
was slightly increased due to activation of cyclic electron flow
around PSI. The stimulating effect of excess Cu®" on PSI
activity needs further study.
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