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cyanobacteria Microcystis aeruginosa

L. LI*,**,+, X.L. PAN*, and G.J. MU**

State Key Laboratory of Desert and Oasis Ecology, Xinjiang Institute of Ecology and Geography, Chinese Academy 
of Sciences, Urumqi 830011, China*

Cele National Station of Observation and Research for Desert-Grassland Ecosystems, Cele 848300, China**

Abstract

Effects of potassium permanganate (KMnO4) on PSII of Mycrocystis aeruginosa were investigated by measuring 
the chlorophyll fluorescence in vivo. KMnO4 exposure reduced the rate of oxygen evolution and cell growth. High 
concentration of KMnO4 (10 mg L−1) decreased the fast phase and increased the slow phase of QA

− reoxidation kinetics. 
Electron transport after QA was blocked, resulting in a considerable amount of QA

− reoxidation being performed  
via S2(QAQB)− charge recombination. KMnO4 decreased the density of the active photosynthetic reaction centers and the 
maximum quantum yield for primary photochemistry and inhibited electron transport, which resulted in a decline of the 
performance of PSII activity and caused an increase in dissipated energy flux per reaction center and antenna size. Our 
results suggest that both the donor side and the acceptor on the phase of QA

− to QB to PQ of PSII in M. aeruginosa were 
targets of KMnO4 toxicity.
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Introduction

Cyanobacterial blooms have occurred in various water 
sources and are a global problem (de Figueiredo et al. 
2004). Cyanobacteria rapidly increase in cell concentration 
and produce dissolved algal organic matter (Zhang et al. 
2010), which causes serious water-quality issues, such 
as oxygen depletion, odors, and toxins in the drinking 
water supply. Microcystis aeruginosa is one of the most 
harmful cyanobacteria, which can introduce bad tastes and 
odors into the water, in addition to a wide range of toxins 
(Načeradská et al. 2017). Microcystin, a toxic metabolite 
secreted by M. aeruginosa, was reported to be associated 
with a series of health risks (Zhou et al. 2016). Therefore, 
in recent years, increasing research has focused on the 
regulation and removal of M. aeruginosa from water (Fujii 
et al. 2014, Geada et al. 2017, Načeradská et al. 2017).

Potassium permanganate is a chemical compound 
widely used in aquaculture for the control and removal 
of parasites (França et al. 2011) and in the prevention of 
diseases caused by bacteria and fungi (Subramanya et al. 
2018). Moreover, KMnO4 is often used as a preoxidant to 

improve algae removal and as an algaecide to inactivate 
algae in the drinking water treatment industry (Chen 
and Yeh 2005, Rodríguez et al. 2008). KMnO4 has also 
been shown to be able to degrade toxins by producing 
physiological stress within the algae cell (Lam et al. 1995). 
Previous reports have shown that KMnO4 can damage the 
cell membrane, impair cellular integrity (Fan et al. 2013), 
inhibit the production of pigments (Al-Hussieny et al. 
2017), and destroy the photosynthetic apparatus (Ou et al. 
2012).

Photosystem II (PSII) is an important part of photo- 
synthetic apparatus and is thought to be the primary 
component that is inhibited by a wide range of environ-
mental stresses (Jiang et al. 2008). PSII consists of 
complicated and delicate processes, including oxygen 
evolution, antenna capture, and electron delivery. Any 
variation in the target sites can easily disrupt the transfer 
of energy and activity of the system. The donor-side 
capacity of PSII, especially oxygen-evolving complex 
(OEC), is the most susceptible component of PSII to heat 
stress, which causes the inhibition of electron donation to 
the secondary electron donor, the tyrosine Z (YZ) under 
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high temperature (Pshybytko et al. 2008, Xu et al. 2014). 
Mg and Ca deficiency was found to produce the specific 
decrease in electron donation by OEC (Kalaji et al. 2014). 
Electron transfer after the primary electron acceptor QA

− 
on the acceptor side of PSII is known to be inhibited in 
the presence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea 
(DCMU) (Strasser et al. 2004). The analysis of metal-
induced alterations in the fluorescence parameters of coral 
symbionts suggested that the primary targets of metal (Cu, 
Zn, Cd, and Pb) toxicity were the processes downstream 
of PSII rather than the photochemistry of PSII (Kuzminov 
et al. 2013). Lead was shown to induce an alteration of 
antenna heterogeneity and increase QB nonreducing 
reaction centers (Dao and Beardall 2016). Generally, both 
the donor and acceptor sides in PSII have the potential to be 
inhibited by a wide range of chemicals (Jiang et al. 2008, 
Ou et al. 2012, Wang et al. 2012) and some environmental 
factors (Jedmowski et al. 2014, Li et al. 2014).

PSII is extremely sensitive, and, as such, oxidative 
stress can easily disturb electron transfer and energy allo-
cation, destroying the photosynthetic apparatuses (Zhang et 
al. 2019). Cyanobacteria are autotrophic microorganisms 
that occupy the lower trophic levels within the food 
chain. Photosynthesis is the principal mode of energy 
metabolism in cyanobacteria, similar to plants and algae. 
Qiao et al. (2017) reported that KMnO4 oxidation destroys 
the photosynthetic systems in M. aeruginosa, inhibiting 
energy transfer and trapping the capacity of PSII, which was 
measured by the stable chlorophyll (Chl) a fluorescence. 
However, little is known about the target sites and intrinsic 
mechanisms of the photosynthetic inactivation induced by 
KMnO4. This study investigated the effects of KMnO4 on 
the activity of PSII, including oxygen evolution, fast-rise 
curves, and QA

− reoxidation kinetics, in M. aeruginosa 
by in vivo Chl a fluorescence transient measurements to 
determine the target sites of KMnO4.

Materials and methods

Cultivation and treatment of cyanobacteria: M. aerugi-
nosa (FACHB-905; Fresh Water Algae Culture Collection 
of the Institute of Hydrobiology, Chinese Academy 
of Sciences) was cultured in BG-11 growth medium. 
Exponentially grown cells were diluted with fresh medium 
to achieve test samples at approx. 5 μg(Chl a) mL−1 for 
fluorescence measurement and cultured in 10 × 10 mm 
plastic cuvettes at a volume of 3.5 mL each. Analytical 
grade potassium permanganate (KMnO4) was prepared 
and diluted to the desired concentrations; 0.5 mL of 
deionized water or KMnO4 at different concentrations was 
added to the sample cuvettes to achieve the final chemical 
concentrations of 0, 0.1, 1, 5, and 10 mg L−1. A sample 
without KMnO4 was used as the control. All samples were 
cultured at 25°C with the illumination at approximately 
25 μmol(photon) m−2 s−1 with a 12-h light-dark cycle. 
The growth of M. aeruginosa cells was determined by 
measuring the optical density at 680 nm (OD680) with a 
spectrophotometer (UV2800, Unico, Shanghai, China) 
after incubation with KMnO4 for 12 h. 

Oxygen evolution: Cells were harvested during the 
exponential growth phase. The rate of oxygen evolution 
was measured at 25°C using a Clark-type oxygen electrode 
(Oxygraph, Hansatech Instruments Ltd., King's Lynn, 
Norfolk, England). Three mL of the sample were added 
into the reaction cuvette for 5 min with the illumination at 
about 500 μmol(photon) m−2 s−1.

Chl fluorescence: All the samples were dark-adapted for 
1 min before each test. Chl fluorescence measurements 
were recorded using a dual modulation kinetic fluorometer 
FL 3500 (Photon System Instruments, Czech Republic)  
12 h after the treatment.

A polyphasic fluorescence rise curve was found when 
dark-adapted oxygenic organisms were illuminated with 
high-intensity actinic light. The polyphasic fluorescence 
induction curve includes four steps from ‘origin’ (O) 
through two ‘inflections’ (J and I), and then to a ‘peak’ 
fluorescence level (P). The following data were directly 
obtained from the fast-rise kinetic curves: F0, the initial 
fluorescence at 20 μs; F300μs, FJ, and FI were the fluorescence 
intensities at 300 μs, 2 ms (J-step), and 30 ms (I-step); Fm, 
the maximum fluorescence at P-step. Selected parameters 
were calculated from the above original data according to 
JIP-test (see Appendix, Strasser et al. 2004). 

Analysis of the fluorescence relaxation kinetics attri-
buted to forward and back electron transfer was performed 
according to Vass et al. (1999). The QA

− reoxidation 
kinetics were recorded after a single-turnover flash with 
the duration of 30 μs and intensity of 2,500 μmol(photon) 
m−2 s−1 in the 200-μs to 60-ms time range. The QA

− reoxi-
dation kinetics data were collected with eight data points 
per decade. In order to calculate their half-times of decay, 
the kinetics curves were fitted to the following three-
component exponential function according to Vass et al. 
(1999):

F(t) – F0 = A1 exp (–t/T1) + A2 exp (–t/T2) + A3 exp (–t/T3)

where F(t) is the variable fluorescence yield at time t; F0 is 
the fluorescence level before the flash; A1, A2, and A3 are 
the amplitudes of the fluorescence relaxation phase; T1, T2, 
and T3 are the rate constants. 

The S-state test was carried out to determine the contri-
bution of inactive PSII reaction centers (PSIIX). The OEC 
generates oxygen after a series of oxidations through four 
intermediate states (S0 → S4). The S-state test discriminates 
the four states by short actinic light flashes. PSIIX centers 
are estimated by the difference between the fluorescence 
level after the fourth flash and F0 because the fluorescence 
decay after the fourth flash is controlled almost entirely by 
inactive centers (Lavergne and Leci 1993). The proportion 
of PSIIX were calculated as 100 × (F4/F0 – 1), where F4 
is the fluorescence level 110 ms after the fourth flash  
(Li et al. 2010).

Statistical analysis: All of the treatments were repeated 
three times. A one-way analysis of variance (ANOVA) was 
performed to compare the mean differences between the 
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KMnO4 treatment and the control. The values of PSIIX 
were arcsine transformed before statistical analysis to 
ensure homogeneity of variance. Post Hoc Tests used 
Student-Newman-Keuls test (S-N-K test) at 5% level. The 
statistical analysis was performed using SPSS program 
(13.0).

Results

Growth and oxygen evolution: The growth of M. aerugi-
nosa under different concentrations of KMnO4 was 
measured by the OD680 (Fig. 1A). The OD680 of the cell 
suspension decreased significantly as the concentration of 
KMnO4 increased. A low concentration of KMnO4 (0.01 
mg L−1) had no effect on cell growth. However, when the 
KMnO4 concentration exceeded 0.1 mg L−1, the growth 
of M. aeruginosa was inhibited. The OD680 of the culture 
treated with 10 mg L−1 of KMnO4 was 17% lower than the 
OD680 of the control culture.

The photosynthetic oxygen evolution of M. aeruginosa 
was also significantly inhibited by KMnO4 at 12-h post-
treatment. The oxygen-evolution rate decreased as the 
KMnO4 concentration increased, showing a negative 
linear relation. The value was almost 50% of the control 
in cultures treated with 10 mg L−1 of KMnO4 for 12 h  
(Fig. 1B).

Fast fluorescence rise: The effects of KMnO4 on the fast- 
rise fluorescence of M. aeruginosa were remarkably 

concentration-dependent (Fig. 2). The fast-rise fluores-
cence curves were gradually paralleled by a decrease in 
photosynthesis; however, the J-P phase had a flat trend 
due to the decline of FJ and Fm with the increasing KMnO4 
concentration. The curve at 10 mg(KMnO4) L−1 treatment 
decreased rapidly from F0 to Fm, indicating a significant 
decrease as compared to other curves.

A series of parameters derived from the analysis of 
KMnO4 on M. aeruginosa cultures via the JIP test were 
displayed as a percentage of the control M. aeruginosa 
culture (Fig. 3). The KMnO4 treatments resulted in a 
decrease of Fv, RC/CS0, φE0, ψ0, PIabs, and ET0/RC, and an 
increase in φD0, ABS/RC, and DI0/RC. The φP0 and TR0/RC 
did not show a significant difference between the KMnO4 

treatments and control. A high concentration of KMnO4 
(> 1 mg L−1) dramatically inhibited PIabs, φE0, ψ0, and  
ET0/RC. The 10 mg(KMnO4) L−1-treated group displayed 
PIabs, φE0, ψ0, and ET0/RC values that were 3.1, 4.6, 5.2, and 
5.5% of the control, respectively.

Fig. 1. The OD680 (A) and photosynthetic oxygen evolution (B) 
of Microcystis aeruginosa treated with different concentrations 
of KMnO4 for 12 h. Values represent the mean ± SE of five 
independent measurements. Bars indicate standard errors. 
Different letters show significant difference between treatments 
(p=0.05).

Fig. 2. The fluorescence transient of the Microcystis aeruginosa 
control and KMnO4 groups (0.1, 1, 5, and 10 mg L−1) after 12 h 
of treatment. Each value is the mean of three replicates. Before 
the measurements, all samples were dark-adapted for 1 min. The 
x-axis was plotted on a logarithmic time scale (0.01 ms to 1s).

Fig. 3. A radar plot depicting changes in chlorophyll a fluorescence 
transient parameters in Microcystis aeruginosa after treating with 
different KMnO4 concentrations for 12 h. Data show the mean of 
three replicates.
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QA
− reoxidation kinetics: The QA

− reoxidation kinetic 
curves (Fig. 4) showed the changes in the fluorescence 
decay of M. aeruginosa after a single-turnover flash after 
treatment with various KMnO4 concentrations for 12 h. 
The amplitude of the Fv decreased as the concentration of 
KMnO4 increased, but the decay trends retarded. The QA

− 

reoxidation kinetic curves were fitted by the triexponential 
equation. Related parameters were obtained and are 
exhibited in Table 1. The reoxidation kinetics of both the 
control and KMnO4-treated samples were dominated by 
the fast phase (63.1–91.7%).

The QA
− reoxidation was not affected by low KMnO4 

concentrations below 0.1 mg L−1. However, a slight rise in 
the fast phase and a slight decline in the slow phase were 
observed at 0.1 mg(KMnO4) L−1 as compared to the control. 
High concentrations of KMnO4 (> 0.1 mg L−1) caused the 
fast phase to decrease significantly and the slow phase 
to increase significantly. At 10 mg(KMnO4) L−1, the fast 
phase decreased by 26.2%, while the slow phase increased 
by 476%, as compared with the control. Compared to the 
other phases, the amplitude of the middle phase showed a 
slight change but was not significantly different between 
the control and KMnO4-treatment groups (Table. 1).

The time constant of the fast phase (T1) significantly 
increased as the KMnO4 concentration increased, and the 
value for 10 mg(KMnO4) L−1 was 2.4 times that of the 
control. Treatment with 10 mg(KMnO4) L−1 increased 
significantly at the time constant of the middle phase (T2), 

but the other KMnO4 treatments had no effect on T2. The 
time constant of the slow phase (T3) was not significantly 
different between the control and KMnO4 treatment 
groups.

Inactive PSII (PSIIX) centers: The fluorescence decay 
induced by a series of single-turnover flashes can be 
exhibited through the performance of PSII RCs. High 
concentrations of KMnO4 (> 1 mg L−1) increased the 
fluorescence intensity in the fourth flash (Fig. 5A).  
The number of PSIIX centers increased significantly as  
the KMnO4 concentration increased (Fig. 5B). The 
proportion of PSIIX centers was 13.7% in the control and 
increased to 24.2 and 23.6% in 1 and 5 mg(KMnO4) L−1-
treated groups, respectively, despite a slight drop with  
0.1 mg(KMnO4) L−1 treatment. When the cells were incu-
bated with 10 mg(KMnO4) L−1, the percentage of PSIIX 

centers was 2.3 times (32.1%) that of the control.

Discussion

In the present study, we demonstrated that KMnO4 inhibits 
the growth, photosynthetic oxygen evolution, and PSII 
activity of M. aeruginosa. These responses were derived 
from the function of the donor and acceptor side of PSII by 
a series of in vivo Chl a fluorescence tests. 

The cell concentration of M. aeruginosa decreased as 
the KMnO4 concentration increased. Furthermore, cell 
growth was significantly inhibited by high (> 0.1 mg L−1) 
KMnO4 concentrations, whereas low concentrations had 
no effect on cell growth. M. aeruginosa showed tolerance 
to low concentrations of KMnO4, which was consistent 
with previous findings regarding the exposure of M. aeru-
ginosa to arsenic (Wang et al. 2012) and N-phenyl-1-
naphthylamine (Cheng et al. 2017). 

Oxygen evolution was more sensitive to KMnO4 
treatment than cell growth and PSII activity. The value 
of the OEC was reduced almost by half, but the cell 
suspension concentration decreased only 17% compared 
to the control after 12 h of 10 mg(KMnO4) L−1 treatment, 
which is consistent with some reports regarding herbicides 
(Wang et al. 2012). This implies that the OEC is a 
sensitive target to KMnO4 exposure. Oxygen evolution 
is closely associated with photosynthesis, particularly 
proton gradient, ATP synthesis, and electron transport 
processes (Zhang et al. 2019). Therefore, negative effects 

Fig. 4. The QA
− reoxidation of Microcystis aeruginosa in the 

single flash after treatment with different KMnO4 concentrations 
for 12 h. Each value is the mean of three replicates. The x-axis 
was plotted on a logarithmic time scale.

Table 1. QA
− reoxidation of fluorescence decay kinetics of Microcystis aeruginosa cells after 12 h of KMnO4 treatments. A1, A2, and 

A3 were the amplitudes, and T1, T2, and T3 were the time constants. Data were means ± SE (n = 3). Different letters show significant 
difference (p=0.05). 

KMnO4 [mg L−1] Fast phase Middle phase Slow phase
A1 [%] T1 [μs] A2 [%] T2 [ms] A3 [%] T3 [s]

0 85.5 ± 0.81a    567 ± 20   9.92 ± 0.27     4.15 ± 0.21   4.56 ± 0.59a 2.51 ± 0.23
0.1 86.7 ± 0.97a    536 ± 17   9.63 ± 0.49     4.11 ± 0.10   3.70 ± 0.50a 2.94 ± 0.21
1 75.8 ± 1.80b    793 ± 42 11.60 ± 0.16     5.82 ± 0.42 12.56 ± 1.91b 1.78 ± 0.06
5 74.2 ± 2.04b    817 ± 22 12.45 ± 0.70     5.80 ± 0.22 13.32 ± 1.36b 1.92 ± 0.10
10 63.1 ± 0.98c 1,364 ± 130 10.53 ± 1.51 113.77 ± 99.37 26.34 ± 1.92c 1.90 ± 0.21
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after KMnO4 exposure indicated that high concentrations 
of KMnO4 impaired not only PSII but also other parts of 
photosynthetic apparatus.

Chl a fluorescence emitted by PSII can serve as a probe 
to monitor the steps of excitation energy transformation 
(Strasser 1997). On the fast-rise fluorescence curves, 
KMnO4 remarkably decreased the fluorescence intensity at 
J-I-P steps. This decrease was explained as the inhibition 
of the electron transport at the donor side of PSII, which 
resulted in the accumulation of P680

+ (Govindjee 1995, 
Wang et al. 2012). This was confirmed by the inhibitory 
effects of KMnO4 on oxygen evolution on the donor side 
of PSII, which was due to the functional deregulation of 
the water-splitting system (Strasser 1997). KMnO4 also 
decreased RC/CS0, which was in accordance with the 
increase of PSIIX centers. The decrease in RC/CS0 indicated 
the change of QA-reducing PSII RCs, which resulted in the 
inactivation of RCs or the formation of non-QA-reducing 
RCs (Strasser et al. 2004). Thus, the increase of ABS/RC 
may result from the decrease of RC/CS0, which does not 
mean an increase in the antenna size of PSII RC of LHC 
complexes but an increase in the apparent antenna size 
(Strasser et al. 2004). More energy was dissipated due to 
the increased inactivation of RCs, which was supported by 
the increase in DI0/RC (Markou et al. 2017). 

The JIP test analysis also showed that KMnO4 inhibited 
the electron transport of M. aeruginosa on the acceptor 
side. Decreased Fv resulted from decreased Fm as compared 
to F0, which indicated inhibition of the electron transport 
on the acceptor side after QA (Jiang et al. 2008). This was 
confirmed by decreased φE0 and ψ0 values. The increased 
φD0 and DI0/RC resulted in more dissipated energy and a 
substantial decrease in the PIabs. Indeed, electron transport 
on the acceptor side has been shown to be inhibited by 
various types of stress, such as heavy metals (Pan et al. 
2009a), antibiotics (Pan et al. 2009b), and herbicides 
(Eullaffroy et al. 2009).

QA
− reoxidation kinetics can be used to test both the 

donor- and the acceptor-side reactions of PSII (Volgusheva 
et al. 2013). Dark-adapted sample produces a high 
fluorescence yield from F0 to Fm after a saturating single-
turnover flash. Subsequently, fluorescence decay within 
seconds exhibits the three major phases (Vass et al. 1999). 

A fast phase in hundreds of microseconds indicates the QA
− 

reoxidation by QB in the PSII centers, where PQ is bound 
to the QB

− site in the dark-adapted state. A middle phase in 
a few milliseconds is typical for PSII complexes, where 
QA

− reoxidation is limited by the diffusion of PQ molecules 
to an empty QB-site. A slow phase in a few seconds to tens 
of seconds reflects the charge recombination from the 
S2QA

− state of water oxidation to the S1QA state (Cao and 
Govindjee 1990) and can also detect the donor side of PSII 
(Vass et al. 1999, Mamedov et al. 2000). In the present 
study, it was clear that the fast phase was in the majority  
(> 60%) in all treatments, indicating that QA

− reoxidation 
was induced by electron transfer from QA

− to QB/QB
−. 

However, the dominant activity was gradually decreased 
as the KMnO4 concentration increased. The slow phase, 
which was small in proportion, showed a rising trend as the 
concentration of KMnO4 increased, with a constant middle 
phase. Thus, higher concentrations of KMnO4 decreased 
the fast phase and increased the slow phase. This means that 
KMnO4 exposure enhanced the contribution of S2(QAQB)− 
charge recombination to QA

− reoxidation, while electron 
transfer from QA

− to QB/QB
− was severely blocked. QA

− was 
mostly oxidized with the process. Similar responses were 
observed under UV-B Radiation (Volgusheva et al. 2013) 
and lead exposure (Dao and Beardall 2016). 

KMnO4 oxidation was harmful to the oxygenic photo- 
synthetic systems. A PSII stable fluorescence test showed 
that high concentrations of KMnO4 inhibited cell growth 
and decreased typical photosynthetic parameters, including 
the effective quantum yield and photosynthetic efficiency 
of both Anabaena spiroides (Qiao et al. 2017) and  
M. aeruginosa (Ou et al. 2012). In the present study, 
we investigated the effects of KMnO4 exposure on the 
activity of PSII by analyzing the oxygen evolution, fast 
fluorescence transient, QA

− reoxidation kinetics, and S-state 
test of PSIIX centers. The results showed that KMnO4 
exposure changed the antenna size and increased the RCs 
that became inactive or formed non-QA-reducing RCs. 
Oxidation damaged the photosynthetic electron transport 
chain on the donor side, inhibiting oxygen evolution. The 
acceptor side, especially on the phase of QA

− to QB to PQ, 
was the acting site of KMnO4 oxidation, resulting in the 
decline of photosynthetic efficiency.

Fig. 5. The S-state (A) and percen- 
tage of PIIx (B) in Microcystis 
aeruginosa after treatment with 
different KMnO4 concentrations 
for 12 h. Each value is the mean 
of three replicates. Bars indicate 
standard error. Different letters 
show significant difference 
(p=0.05).
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Appendix. Formulae and terms used in the JIP-test for the analysis of the fluorescence transient O-J-I-P (Strasser et al. 2004).

Formulae and terms Explanations

VJ = (F2ms – F0)/(Fm – F0) Relative variable fluorescence at the J-step
M0 = 4 (F300μs – F0)/(Fm – F0) Approximated initial slope of the fluorescence transient
ABS/CS0 = F0 Absorption flux per CS0, approximated by F0

ABS/RC = M0 (1/VJ) (1/φP0) Absorption flux per RC
TR0/RC = M0 (1/VJ) Trapped energy flux per RC (at t = 0)
ET0/RC = M0 (1/VJ) ψ0 Electron transport flux per RC (at t = 0)
DI0/RC = (ABS/RC) – (TR0/RC) Dissipated energy flux per RC (at t = 0)
ψ0 = ET0/TR0 = (1 – VJ) Probability (at t = 0) that a trapped exciton moves an electron into 

the electron transport chain beyond QA
–

φP0 = TR0/ABS = [1– (F0/Fm)] Maximum quantum yield of primary photochemistry (at t = 0)
φE0 = ET0/ABS = [1– (F0/Fm)] ψ0 Quantum yield of electron transport (at t = 0)
φD0 = 1– φP0 = F0/Fm Quantum yield (at t = 0) of energy dissipation
RC/CS0 = φP0 (VJ/M0) (ABS/CS0) Density of RCs (QA-reducing PSII reaction centers)
PIabs = (RC/ABS) [φP0/(1 – φP0)] [ψ0/(1 – ψ0)] Performance index on absorption basis
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