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Abstract: The effects of short-term treatment with phe-
nylurea (DCMU, isoproturon) and phenol-type (ioxynil) 
herbicides on the green alga Chlorella kessleri and the 
cyanobacterium Synechocystis salina with different 
organizations of photosystem II (PSII) were investigated 
using pulse amplitude modulated (PAM) chlorophyll 
fluorescence and photosynthetic oxygen evolution meas-
ured by polarographic oxygen electrodes (Clark-type 
and Joliot-type). The photosynthetic oxygen evolution 
showed stronger inhibition than the PSII photochemis-
try. The effects of the studied herbicides on both algal and 
cyanobacterial cells decreased in the following order: 
DCMU > isoproturon > ioxynil. Furthermore, we observed 
that the number of blocked PSII centers increased sig-
nificantly after DCMU treatment (204–250 times) and 
slightly after ioxynil treatment (19–35 times) in compari-
son with the control cells. This study suggests that the 
herbicides affect not only the acceptor side but also the 
donor side of PSII by modifications of the Mn cluster of 
the oxygen-evolving complex. We propose that one of 
the reasons for the different PSII inhibitions caused by 
herbicides is their influence, in different extents, on the 
kinetic parameters of the oxygen-evolving reactions (the 
initial S0 − S1 state distribution, the number of blocked 
centers SB, the turnover time of Si states, misses and 
double hits). The relationship between the herbicide-
induced inhibition and the changes in the kinetic para-
meters is discussed.

Keywords: Chlorella kessleri; herbicides; PAM chlorophyll 
fluorescence; photosynthetic oxygen evolution; Synecho-
cystis salina.

1  Introduction
The application of herbicides in agricultural practice 
leads to an increase of pollution levels in soil and water, 
causing environmental problems. Their high toxicity, even 
at low concentrations, is dangerous for all living organ-
isms. A number of herbicides with an agricultural impor-
tance are reported to act on photosystem II (PSII). They 
can be differentiated into two groups according to their 
chemical specification and inhibitory patterns: urea/tria-
zine and phenol-type herbicides [1]. PSII is a major mul-
tisubunit chlorophyll-protein complex embedded in the 
thylakoid membrane, which drives electron transfer from 
water to plastoquinone (PQ) to produce molecular oxygen 
and protons using energy derived from light [2–4]. The 
herbicides, affecting the functions of PSII, inhibit electron 
transfer from QA to QB due to the competition of herbicides 
with PQ binding to the exchangeable QB site in the PSII 
complex [5, 6]. An accumulation of reduced QA, as a result 
from blocking of the electron transfer from QA to QB, leads 
to an increase in the proportion of QB nonreducing centers 
and an influence of the PSII function. It is known that the 
phenylurea-type and phenol-type herbicides interact with 
different amino acid residues on the D1 protein of PSII [7].

Moreover, Ajlani et al. [8] have suggested that the phe-
nol-type herbicide ioxynil inhibits both the acceptor and the 
donor side of PSII. In addition, studies with mutants presup-
posed that asparagine 266, valine 249, phenylalanine 255 
and alanine 251 participate in the binding niche of ioxynil 
[8]. It has also been shown that the mutant of Synechocystis 
6714, in which asparagine at position 266 of the D1 protein 
is replaced with tyrosine, is resistant to ioxynil but not to 
the phenylurea herbicide DCMU [8]. Later studies on the 
double mutant of Synechocystis 6714  with additional sub-
stitution of serine by alanine at position 264 revealed that 
this mutant is insensitive to DCMU [9]. Therefore, all these 
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results have proposed different binding sites for different 
types of herbicides such as DCMU and ioxynil. It has also 
been demonstrated that the binding properties of the herbi-
cides DCMU and atrazine to the Synechocystis membranes 
are comparable with those of higher plant thylakoid mem-
branes, i.e. they act by binding to the D1 protein of PSII [10]. 
Another commonly used herbicide is isoproturon, which, 
similar to DCMU, inhibits PSII functions by binding to the QB 
site of D1 protein and leads to a decrease of the biomass in 
freshwater ecosystems [11]. Modeling and simulation of D1 
protein resistant to isoproturon indicates that the resistance 
is due to an alteration in the secondary structure near the 
binding site, resulting in loss of hydrogen bonds, hydropho-
bic interaction and complete loss of hydrophobic sites [12]. 
In addition, treatment with herbicides under illumination 
may induce oxidative damage, caused by the formation of 
singlet oxygen in the reaction center, which can lead to func-
tional and/or structural modification of the photosynthetic 
membranes [13, 14] as their effectiveness varies according to 
the environmental conditions [15].

It is well known that cyanobacteria and microalgae are 
very sensitive to PSII inhibitors [10, 16–21]. In addition, the 
effect of abiotic factors strongly depends on the organiza-
tion of the PSII complex [22]. Naber and van Rensen [11] 
have suggested that the differences in the inhibition of PSII 
functions by herbicides are related to a variation of the res-
idence time at D1 protein. It has also been proposed that 
phenol-type herbicide ioxynil binding into the QB niche 
produces a change of the D1 protein conformation and 
perturbs the donor side of PSII [8]. However, the mecha-
nisms of the PSII herbicide action on the photosynthetic 
apparatus are still not wholly understood [14]. The aim of 
the present study is to examine the effects of phenylurea 
(DCMU, isoproturon) and phenol-type (ioxynil) herbicides 
on the functional activity of the photosynthetic apparatus 
with different organization. For this purpose, we studied in 
more detail the kinetic parameters of the oxygen-evolving 
reactions and photochemistry of PSII in green alga Chlo-
rella kessleri and cyanobacterium Synechocystis salina. 
The effect of herbicides on the PSII photochemistry and 
the kinetic parameters of the oxygen-evolving reaction in 
both studied organisms as well as the herbicide-induced 
changes in these parameters are shown.

2  �Materials and methods

2.1  �Organisms and growth conditions

The mesophilic S. salina and C. kessleri were obtained 
from the Culture Collection of Autotrophic Organisms at 

the Institute of Botany, Academy of Sciences of the Czech 
Republic. Cells were cultivated as described previously 
by Apostolova et  al. [22]. The nutrient medium of Setlik 
modified by Georgiev et al. [23] was used for cultivation of 
C. kessleri. The twice-diluted medium of Pekárková et al. 
[24], with the addition of NaNO3 (1.26 g L− 1), NaHCO3 (3.0 g 
L− 1) and C10H14N2O8.2H2O (200 mg L− 1), was used for culti-
vation of S. salina. The strains were cultivated aseptically 
at 30 °C in 200 mL glass vessels, under continuous illumi-
nation of white light at an intensity of 80 μmol m− 2 s− 1 and 
aeration of 100 L m− 3 h− 1 of air enriched with 2% CO2. The 
growth of the culture was monitored by the measurement 
of the cell density by spectrophotometry. Cultures with an 
optical density of 0.7 at 760 nm in the exponential phase 
of growth were used in all measurements.

2.2  �Treatment with herbicides

The dark-adapted cells of S. salina and C. kessleri 
were treated in dim light for 20  min with DCMU (3-(3, 
4-dichlorophenyl)-1,1-dimethylurea), isoproturon (3-(4- 
isopropylphenyl)-1,1-dimethylurea) and ioxynil (4-hydroxy- 
3,5-diiodobenzonitrile) using various concentrations (0–
500 nM). The reagents are from Sigma-Aldrich. The viabil-
ity of the cells was checked before each treatment. For 
characterization of viability, we used the PAM parameter: 
Fv/Fm, which characterizes the primary photochemistry 
of PSII. Cells with Fv/Fm values of approximately 0.60 for 
the cyanobacterium and approximately 0.70 for the green 
alga were used. Herbicide stock solutions were prepared in 
ethanol at a concentration of 1 mM. Thus, the final concen-
tration of ethanol in the suspension was less than 1%, which 
would not have an effect on the herbicide binding affinity 
and would not influence the photosynthetic efficiency of 
the cells [25]. To compare the sensitivity of different para-
meters, we introduced the value RS50: relative sensitivity 
(RS), which represents the herbicide concentration causing 
a 50% decrease of the initial parameter value, i.e. control 
parameter value without herbicides. For each parameter, 
RS50 value was determined from the curve showing the 
relationship between the concentration of herbicide and the 
changes of the studied parameter (as presented in Figures 
1, 2, and 4). A smaller RS50 value means higher sensitivity 
to the herbicide of the respective parameter.

2.3  �PAM chlorophyll fluorescence

PAM chlorophyll fluorescence was measured with a 
fluorometer (model PAM 101–103, Heinz Walz, Effeltrich, 
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Germany) as described previously by Apostolova et  al. 
[22]. The cells were dark-adapted for 20 min on the elec-
trode. The minimum fluorescence yield (F0) was meas-
ured with very weak modulated light (0.02 μmol m− 2 
s− 1). The maximum fluorescence yield in dark-adapted 
(Fm) and in light-adapted (Fm′) states were measured 
by illuminating the sample with a saturating flash of 
2500 μmol m− 2 s− 1 (0.8  s) provided by a Schott lamp 
KL 1500 (Schott Glaswerke, Mainz, Germany). Actinic 
light illumination (150 μmol m− 2 s− 1) was provided by a 
second Schott lamp KL 1500 for the induction of pho-
tosynthesis. The steady state level Fs was estimated 
after 4 min of illumination with actinic light. The time 
interval between two consecutive flashes was 20  s. To 
assess the effect of the herbicides on the photosynthetic 
apparatus, the following parameters were calculated: 
the maximum ratio of quantum yields of photochemi-
cal to concurrent nonphotochemical processes in PSII, 
Fv/F0 = (Fm − F0)/F0 [26] and the effective quantum 
yield of the photochemical energy conversion in PSII, 
ΔF/Fm′ = (Fm′ − Fs)/Fm′ [27].

2.4  �Oxygen evolution measurements

The flash-induced oxygen yields and oxygen evolution 
under continuous illumination were measured using a 
custom-built polarographic oxygen rate electrode (Joliot-
type) as described by Zeinalov [28]. The cell suspension 
of 100 μL volume forming a thin layer (2  mm) on the 
platinum electrode was preilluminated with 25 flashes 
and then dark-adapted for 10 min before measurements. 
Oxygen flash yields were induced by saturating (4 J) and 
short (t1/2 = 10 μs) periodic flash sequences. The spacing 
between the flashes was 0.70 s. The initial oxygen burst 
was recorded during illumination with continuous white 
light (400 μmol photons m− 2 s− 1).

According to Kok’s model [29], the oxygen-evolving 
complex (OEC) goes through five intermediate states of 
the Mn cluster (S0 − S4) in the same PSII center for the pro-
duction of one oxygen molecule and protons. The oxygen 
evolution occurs during S4 → S0 transitions. The dark-
adapted photosynthetic apparatus contains more stable 
S0 and S1 states. It is supposed that the damping of oscil-
lations in flash-induced oxygen yields is due to the pres-
ence of misses (zero-step advances, α) and double-hits 
(double-step advances, β) [30]. The initial S0 − S1 state dis-
tribution in the dark, misses (α) and double hits (β) were 
determined by the least square deviations fitting to the 
theoretically calculated yields with the experimentally 
obtained oxygen flash yields.

For the assessment of the effect of herbicides on the 
oxygen evolution kinetics (under continuous illumination 
and flashes), we used the following parameters: A – the 
amplitude of the oxygen burst under continuous illumi-
nation; Y – the maximum amplitude of the flash-induced 
oxygen yields; S0 – the populations of PSII centers in the 
initial S0 state (S0 = 100 − S1); SB – the concentration of the 
blocked PSII centers; KD – the rate constant of excited 
Si states (i.e. the turnover time constant of the oxygen-
evolving centers); α – the misses and β – the double hits 
(for details, see Rashkov et  al. [18]). The parameters SB 
and KD are obtained using an extended kinetic version of 
Kok’s model [31, 32] on the base of the measurements by 
variation of the spacing between the flashes: 1.0, 0.70 and 
0.55 s. The studied parameters are appropriate indicators 
for a modification of Mn cluster of OEC due to alterations 
in the PSII complex [18, 33, 34].

2.5  �PSII-mediated electron transport

PSII-mediated electron transport was measured polaro-
graphically with a Clark-type electrode (Model DW1, 
Hansatech, Instruments Ltd., King’s Lynn, Norfolk, 
England) in a temperature-controlled cuvette at 22 °C, 
using saturated white (achromatic) light. The PSII activity 
was measured by the rate of oxygen evolution in the pres-
ence of exogenous electron acceptor 1,4-benzoquinone 
(BQ, Sigma-Aldrich). The cells were measured in cultiva-
tion medium with 0.4 mM BQ.

2.6  �Statistical analysis

The results are mean values from five to seven inde-
pendent experiments. The statistical differences among 
the means were determined using a two-tailed paired 
Student’s t-test. Values of p < 0.05  were considered as 
significant differences between the control and herbicide-
treated samples.

3  �Results

3.1  �PAM chlorophyll fluorescence 
measurements

To evaluate the effect of the different PSII herbicides on 
the green alga C. kessleri and the cyanobacterium S. salina, 
we calculated the following PAM chlorophyll fluorescence 
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ratios: Fv/F0 and ΔF/Fm′. It was observed that after treat-
ment with herbicides, these PAM parameters decreased 
with an increase of the herbicide concentration for both 
Synechocystis and Chlorella (Figure 1). In addition, it 
can be seen that the decrease of both ratios ΔF/Fm′ and 
Fv/F0 was less pronounced in the green alga than in the 
cyanobacterium (especially at low concentrations). The 
observed changes in the studied PAM chlorophyll fluores-
cence parameters were stronger for DCMU in comparison 
with isoproturon and ioxynil (Figure 1).

The calculated values for the parameter RS50, showing 
the concentration that causes 50% decrease of the initial 
value before the herbicide treatment, are given in Table 1. 
This parameter is a useful tool for comparing the effect of 
herbicides on different systems. As can be seen, the RS50 
values of DCMU for the Fv/F0 fluorescence ratio were sig-
nificantly higher for Chlorella than for Synechocystis cells 
(Table 1). For the other two tested herbicides (isoprotu-
ron and ioxynil), a 50% reduction in this ratio was not 
detected after treatment with herbicide concentrations of 
up to 500 nM. The effective quantum yield of photochem-
ical energy conversion in PSII (ΔF/Fm′) was inhibited in 
the following order: DCMU > isoproturon > ioxynil, as the 

cyanobacterial cells are more sensitive than algal cells 
(Table 1). RS50 values after treatment with up to 500 nM 
of ioxynil were not established, indicating the stronger 
effect of the phenylurea herbicides than the phenol-type 
herbicides.

3.2  �PSII-mediated electron transport

The influence of the different herbicides on oxygen evo-
lution in the presence of the exogenous electron accep-
tor BQ (PSII-mediated electron transport, H2O → BQ) is 
shown in Figure 2. Experimental results showed that 
DCMU most strongly inhibits oxygen evolution followed 
by isoproturon in both cyanobacterium and green algae, 
whereas ioxynil has the smallest effect. After treatment 
with the phenol-type herbicide ioxynil, 50% inhibition of 
PSII-mediated electron transport was not registered at the 
studied concentration interval (0–500 nM) (Table 1). Data 
clearly showed that Synechocystis cells are more strongly 
inhibited compared with Chlorella cells concerning the 
phenylurea and phenol-type herbicides studied (Figure 2; 
Table 1).

Figure 1: Effect of different concentrations of DCMU (●), isoproturon (○) and ioxynil ( ) on PAM chlorophyll fluorescence parameters of 
C. kessleri (A and C) and S. salina (B and D). Mean values ± SE were calculated from five to seven independent experiments.
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Table 1: The RS50 values for parameters of the photosynthetic oxygen evolution and the PAM chlorophyll fluorescence.

Parameter  
 
 

RS50 (nM)

DCMU 
 

Isoproturon 
 

Ioxynil

C. kessleri  S. salina C. kessleri  S. salina C. kessleri  S. salina

A   50.0 ± 4.1  58.8 ± 3.5  89.0 ± 4.3  94.3 ± 2.7  500.0 ± 2.0  385.7 ± 2.0
Y   27.5 ± 2.3  28.1 ± 2.5  41.8 ± 4.6  37.6 ± 3.0  498.6 ± 2.8  367.0 ± 3.4
PSII-ET   92.2 ± 2.6  50.5 ± 6.6  129.6 ± 1.5  109.5 ± 3.0  > 500  > 500
Fv/F0   409.0 ± 2.2  248.3 ± 2.4  > 500  > 500  > 500  > 500
∆F/Fm′   295.8 ± 2.2  168.8 ± 2.7  422.6 ± 3.9  228.2 ± 2.8  > 500  > 500

Mean values ± SE were calculated from five to seven independent experiments.

Figure 2: Effect of different concentrations of DCMU (●), isoproturon (○) and ioxynil ( ) on PSII-mediated electron transport (PSII-ET) 
of cells of C. kessleri (A) and S. salina (B). Mean values ± SE were calculated from five to seven independent experiments. The values for 
untreated cells were 220 ± 21 μmol O2 mg− 1 Chl a h− 1 and 420 ± 26 μmol O2 mg− 1 Chl a h− 1 for C. kessleri and S. salina, respectively.

3.3  �Photosynthetic oxygen evolution

The oxygen evolution of Synechocystis and Chlorella cells 
measured with an oxygen rate electrode (Joliot type) after 
giving flash sequences or continuous illumination is 
shown in Figure 3. It is seen that the flash-induced oxygen 
yields and the oxygen burst amplitude under continu-
ous illumination registered for algal cells are higher than 
those obtained from cyanobacterial cells (Figure 3). The 
maximum amplitude of the oxygen evolution observed 
after the third flash (Y) and the oxygen burst under contin-
uous illumination (A) were used to assess the effect of her-
bicides on oxygen production. The parameter A correlates 
with the number of the functionally active PSII reaction 
centers, i.e. the fast and slow operating centers, whereas 
the parameter Y mainly characterizes the fast operating 
centers [33, 34].

Treatment with the studied herbicides of algal and 
cyanobacterial cells led to an inhibition of the oxygen evo-
lution and consequently influences the parameters A and 
Y, which gradually decrease with increasing herbicide 
concentration (Figure 4). Comparison of the RS50 values 

for the studied parameters A and Y of the cyanobacte-
rium and the green alga showed that they have similar 
sensitivities to phenylurea herbicides, whereas toward 
ioxynil, the cyanobacterium is more sensitive than the 
green alga (Table 1). The data obtained also revealed that 
the sensitivity of S. salina and C. kessleri is much higher 
to phenylurea-type herbicides (DCMU and isoproturon) 
than to phenol-type herbicides (ioxynil). It can also be 
seen that the RS50 values decrease in the following order: 
ioxynil > isoproturon > DCMU (Table 1).

Calculated values (according to Kok’s model [29]) 
for the kinetic parameters of the initial dark distribution 
of the PSII centers in S0 and S1 states, misses and double 
hits before and after treatment with 100 nM herbicides 
of Chlorella and Synechocystis cells are given in Table 2. 
Data showed an increase of the PSII centers in the most 
reduced S0 state and of the misses (α) after the treatment 
with studied herbicides, which suggests an alteration in 
the OEC on the donor side. This observed increase was 
most pronounced for DCMU followed by isoproturon 
and ioxynil (Table 2). The herbicide treatment also led 
to an increase of double hits (β) in cyanobacterial cells, 
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whereas in algal cells, this parameter was changed only 
after treatment with DCMU.

Recently, an additional state SB was included in the 
new scheme, according to the extended kinetic version of 

Kok’s model, corresponding to the concentration of the 
blocked PSII centers [18, 31, 32]. The calculated values for 
SB (blocked or inactive PSII centers) and the rate constant 
of excited Si states KD (KD is defined as the turnover time 
constant of the oxygen-evolving centers for the release 
of one oxygen molecule [32]) are also shown for the algal 
and cyanobacterial cells in Table 2. Data demonstrated 
that the rate constant of the turnover time KD decreases in 
the herbicide-treated cells in comparison with the control 
cells (Table 2). Therefore, the PSII herbicides increase the 
turnover time of the oxygen-evolving centers, i.e. delayed 
the rate of oxygen evolution. As can be seen, this turnover 
time was higher for control Synechocystis cells than that 
for control Chlorella cells.

The number of blocked PSII centers (SB) calculated 
for control Chlorella cells (Table 2) was significantly 
smaller (SB = 0.0025 a.u.) than that for Synechocystis cells 
(SB = 0.0044 a.u.). It can also be seen that SB is increased 
approximately 250 and 86 times after treatment of Chlo-
rella cells with 100  nM DCMU and isoproturon, respec-
tively, whereas this increase was approximately 19 times 

Figure 4: Effect of different concentrations of DCMU (●), isoproturon (○) and ioxynil ( ) on the maximum oxygen flash yields (Y) and the 
amplitude of oxygen burst under continuous illumination (A) of C. kessleri (A and C) and S. salina (B and D). Mean values ± SE were calcu-
lated from five to seven independent experiments.

Figure 3: Flash-induced oxygen yields (A) and oxygen evolution 
under continuous illumination (B) of untreated cells of C. kessleri (1) 
and S. salina (2).
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after treatment with ioxynil (Table 2). Similarly, SB for 
Synechocystis cells increased approximately 204 and 124 
times after treatment with 100  nM DCMU and isoprotu-
ron, respectively, whereas after treatment with ioxynil this 
increase was approximately 35 times (Table 2).

4  �Discussion
It is known that phenylurea and phenol-type herbicides 
damage photosynthesis by blocking electron transfer on 
the PSII acceptor side due to herbicide binding with the 
D1 protein of the PSII complex [11, 21]. Our data showed 
that the PSII functions (oxygen evolution and photochem-
istry) were influenced to different degrees by herbicides, 
depending on their concentration and chemical struc-
ture. PAM fluorescence measurements demonstrated that 
the studied herbicides have a strong effect on Fv/F0 and 
ΔF/Fm′ ratios (Figure 1; Table 1). Stronger influence on 
the photochemical energy conversion in PSII (ΔF/Fm′) in 
comparison with Fv/F0 after the herbicide treatment could 
be a result from the interruption of the electron transport 
between the quinone electron acceptors QA and QB [5]. 
Stronger influence of DCMU on the ΔF/Fm′ ratio under 
long-term treatment has also been reported for tropical 
sea grasses [35].

The decline in effective quantum yield of the pho-
tochemical energy conversion in PSII (ΔF/Fm′) after 
herbicide treatment was accompanied by an inhibition 

of the photosynthetic oxygen evolution as well as the 
parameters of oxygen evolution (Y, flash-induced oxygen 
yields and A, oxygen burst amplitudes) displayed higher 
sensitivity in comparison with the widely used para-
meters of the chlorophyll fluorescence (Table  1). This is 
in accordance with previous suggestions by other authors 
[36]. Furthermore, experimental results clearly showed 
that the flash-induced oxygen yields (Y) are more sensi-
tive to phenylurea-type herbicides, as their RS50 values 
are between 1.8 and 2.5 times smaller than those for the 
oxygen burst amplitudes under continuous illumina-
tion (A) for both the cyanobacterium and the green alga 
(Table 1). This may suggest the effect of phenylurea her-
bicides predominantly on the fast-operated PSII centers, 
evolving oxygen by Kok’s mechanisms, as the effect is 
similar for Synechocystis and Chlorella cells. These data 
are in agreement with our earlier studies concerning the 
influence of DCMU and atrazine on Chlorella vulgaris and 
isolated thylakoid membranes from higher plants (see 
Rashkov et al. [18]).

Additionally, the present data shows an increase 
of the PSII centers in the most reduced S0 state after 
treatment with all the studied herbicides, which could 
be a result of a modification occurring in the OEC, i.e. 
alteration in the donor side of PSII as a consequence 
of the herbicide-binding on the acceptor side. These 
results supported the assumption of Ajlani et al. [8] that 
the herbicide ioxynil causes changes in the donor side 
of PSII induced by conformation of the D1 protein. In 
addition, this study revealed that the phenylurea her-
bicides also influence the donor side of PSII, increas-
ing the number of PSII centers in the most reduced S0 
state and the number of blocked centers SB (Table 2). 
Having this observation in mind, it could be proposed 
that the studied herbicides act as ADRY (acceleration of 
the deactivation reactions of the water-splitting enzyme 
system) reagents for the fast deactivation of the higher 
oxidized S-states in the dark [37, 38]. In addition to the 
well-known inhibitory effects of these herbicides on 
the electron acceptor side of PSII, experimental data 
also revealed ADRY effects on the PSII donor side. The 
influence on the number of PSII centers in the S0 state 
in dark-adapted samples (i.e. the S0–S1 states’ distribu-
tion) has also been shown after changes in the number 
and organization of the PSII-antenna complex in higher 
plants [33] and in mutant strains of Synechocystis sp. 
PCC 6803 [34, 39] as well as in the Cyt b559 mutants of 
Synechocystis [40].

Data also revealed that photosynthetic parameters 
are influenced by the studied QB binding herbicides in 
varying degrees (Table 1), which could be result of the 

Table 2: The parameters of flash oxygen yields for Chlorella 
and Synechocystis cells before and after treatment with 100 nM 
herbicides.

Parameter   S0 (%)   SB (a.u.)   KD (s−  1)   α (%)   β (%)

Chlorella kessleri
 Control   50.5   0.0025   2.874   31.6   8.8
 DCMU   78.4b   0.625b   0.895b   41.5a   11.0a

 Isoproturon   71.2a   0.214b   0.977b   39.6a   9.3
 Ioxynile   64.6a   0.047a   1.55a   39.2a   8.5
Synechocystis salina
 Control   30.3   0.0044   1.52   25.5   8.6
 DCMU   45.7b   0.898b   0.435b   38.9a   14.2a

 Isoproturon   42.1a   0.545b   0.659b   36.4a   13.7a

 Ioxynile   40.5a   0.153a   0.994a   33.7a   10.3a

S0, the initial S0 state (S1 = 100 − S0) in the darkness; SB, additional 
state corresponding to the concentration of the blocked PSII 
centers; KD, the rate constant of excited Si states; α, the misses; 
β, the double hits. Mean values were calculated from five to seven 
independent experiments. The statistical differences among the 
means determined using Student’s t-test between the control and 
herbicide treated cells. (ap < 0.05, bp < 0.01).
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different binding sites and orientations in the QB binding 
niche, depending on the chemical structure of the herbi-
cides [1, 11]. It has also been suggested that these differ-
ences are mainly due to variations in the release kinetics, 
i.e. the kinetics related to their residence times at D1 
proteins, which are determined principally by the acces-
sibility of the niche to the compound and depend on the 
chemical structure of herbicides [11]. Compared with the 
residence time of QB (which is ~ 20 ms), those of the her-
bicides were much higher and vary from approximately 
10-fold for ioxynil to approximately 25,000-fold for DCMU 
[11]. Therefore, the herbicide inhibition is stronger when 
the time of its stays at the D1 protein is longer. A station-
ary binding, resulting in a significant electron transport 
inhibition, requires a strict molecular shape and most 
probably changes the D1 conformation followed by donor 
side modifications. In addition, our data showed the 
influence of the studied herbicides on the kinetic para-
meters of OEC: the initial S0 state, the blocked centers 
(SB) and the rate constant of the turnover time of oxygen-
evolving centers (KD), in different extents for phenylurea 
and phenol-type herbicides (Table 2). It could be assumed 
that this variation in the kinetic parameter of the oxygen 
evolution could result from the different residence times 
of the herbicides at the QB niche. The inhibitory effects 
of herbicides on the PSII function decreased in the fol-
lowing order: DCMU > isoproturon > ioxynil. The higher 
herbicide sensitivity of algal and cyanobacterial cells to 
phenylurea herbicides in comparison with phenol-type 
herbicides is accompanied by the strongly increased 
number of blocked oxygen-evolving centers in them and/
or the increased turnover time of the oxygen-evolving 
centers (a decrease of the rate constant KD) after treat-
ment with phenylurea herbicides. The obtained results 
also demonstrated that the parameters of the photosyn-
thetic oxygen evolution are more sensitive and appropri-
ate for bioassays of the effect of phenylurea herbicides on 
aquatic ecosystems.

Data in the present study revealed that the PSII activ-
ity (measured with exogenous electron acceptor BQ) was 
less reduced by herbicides than the oxygen-evolving 
parameters measured with Joliot-type electrode (without 
exogenous electron acceptor) (Figures 2 and 4). These 
findings could be result of different oxidation-reduction 
properties of the native PQ and artificial BQ and/or of 
difficult interaction between the QB and PQ, which sug-
gests impairment on the acceptor side of PSII by herbi-
cides. In addition, the decrease of the parameter Fv/F0 
also suggests an alteration in the acceptor side of the PSII 
complex. Our study also proposes alterations in the OEC 
on the donor side, which is considered by the changes 

in the kinetic parameters of the oxygen evolution: redox 
state of the Mn cluster on the PSII donor side in the dark-
ness, misses, double hits and rate constant KD. It has been 
proposed that structural changes or conformations in the 
Mn cluster could be responsible for different S0 − S1 initial 
distributions in darkness as well as the kinetics of oxygen-
evolving reactions [41].

Moreover, it could be proposed that one of the 
reasons for the higher sensitivity of the PSII function to 
herbicides in cyanobacteria in comparison with algae 
is due to the higher number of blocked centers (SB) in 
cyanobacterial cells (Table 2). Another reason might be 
the different organizations of their photosynthetic mem-
branes [3, 4]: the cyanobacterial cells exhibit an internal 
thylakoid system organized as a series of roughly paral-
lel double-membrane layers distributed within the cyto-
plasm, whereas green algae have chloroplasts, which 
contain an inner membrane system formed by bands of 
stacked thylakoids (grana) and thylakoids running singly 
in the stroma. It has also been established that there 
are differences in the polypeptides composition of OEC 
and peripheral light-harvesting antenna of PSII between 
cyanobacteria and green algae [3, 4]. In addition, the rate 
constant of excited Si states (KD) is almost twice smaller 
in the Synechocystis cells than in the Chlorella cells; indi-
cating bigger turnover times of the oxygen-evolving reac-
tions in cyanobacteria.

5  �Conclusion
The present data shows that the phenylurea herbicides 
(DCMU and isoproturon) more strongly inhibit the PSII 
activity of cyanobacteria and green algae in comparison 
with the phenol-type herbicide (ioxynil). Additionally, 
chlorophyll fluorescence ratios ΔF/Fm′ and Fv/F0, and 
the PSII-mediated electron transport were more strongly 
influenced in Synechocystis than in Chlorella cells. More-
over, the parameters of the oxygen evolution were more 
sensitive to herbicides than the PSII photochemistry, 
which could be due to changes in the kinetic parameters 
of the oxygen-evolving reactions on the PSII donor side 
(the number of PSII centers in the initial S0 state, the 
blocked centers (SB), the rate constants of the turnover 
time (KD), misses and double hits). The herbicides studied 
can be attributed to a group of so-called ADRY reagents 
considering their strong influence on the OEC. Therefore, 
it could be suggested that the reasons for the different 
herbicide inhibitions of PSII are not only their interac-
tions with QB on the acceptor side but also their induced 
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alterations in the OEC on the donor side that influences 
the kinetic parameters of oxygen evolution to different 
extents.
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