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Abstract

This study investigated acute toxicity of Diuron, Diquat and Terbutryn to cyanobacterial mats collected from Wadi Gaza,
Palestine. Toxicity was measured by the reduction of population growth of cyanobacterial mats exposed to various herbicide
concentrations in the range of 0-15.44 pumole L. Optical density of cyanobacterial suspension was recorded using a
spectrophotometer at 680 nm from time zero up to 8 days and taken as an indicator of growth. EC, and ET, values were
estimated using linear regression equations. Results showed that cyanobacterial mats adapted and grew fast under laboratory
conditions. The toxicity of Diuron, Terbutryn and Diquat reached 89.35, 76.02 and 71.24%, respectively. Toxicity of binary
mixtures (Diuron and Diquat) decreased from 77.35% to 65.33% due to the reduction of Diuron concentration in the mixture.
EC,, values for Diuron, Terbutryn and Diquat were 0.009, 0.031and 0.381 pumole L' whereas ET, values were 32.32, 35.89
and 23.45 h, respectively. EC, values of binary mixtures (B1-B3) were 0.004, 0.01 and 0.012 toxicity units. Tertiary mixtures
(T1-T7) had a wide range of EC, (0.043-2.9E-07) TUs. The mixture toxicity index (MTI) had positive and negative value in
mixtures, indicating synergetic and antagonistic effects. Application of the above-mentioned herbicides may severely damage

the ecosystem. Our results are the first of its kind in the region and may be considered as a guideline for future studies.

Key words: Toxicity, Herbicides, Cyanobacterial mats, EC,, E

INTRODUCTION

Application of pesticides has resulted in the contamination
of food samples and agricultural commodities in many
countries (El-Nahhal, 2004). Considerable health hazards
have been associated with pesticides application. For example,
cancer cases have been reported in Gaza farm workers (Safi,
2002, Safi et al., 2005, El-Nahhal and Radwan 2013). Effects
of pesticides in non-target organisms have also been reported
elsewhere (Miller, 2009).

However, pesticide residues are present as mixtures in
the environment. They may undergo additive synergistic or
antagonistic effects that can alter the balance of ecosystems
(Wendt—Rasch, et al., 2004).

Cyanobacterial mats are not target organisms. They are
ecologically important due to their essential roles in nutrient
cycling, oxygen production and ability to fix atmospheric
nitrogen (Ma et al., 2010, Okman & Uger, 2011).

*Corresponding author: Yasser El-Nahhal; e-mail: y_el nahhal@hotmail.com

T, Toxicity Units.
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A number of studies highlighted the ability of cyanobacteria
to degrade organic pollutants, including pesticides (EI-Nahhal
etal, 2013, Safi et al., 2014).

Pesticides application in Gaza increased rapidly from 250
tons of formulated pesticides to more than 425 tons (El-Nahhal
& Radwan 2013). The use of pesticides in Gaza has been
associated with toxicity to fish and mosquitoes (El-Nahhal
et al., 2015), phytotoxicity to non-target plants (El-Nahhal &
Hamduna, 2015), unicellular algae and direct toxic effects on
populations of phytoplankton (Ma et al., 2003).

Several studies investigated single toxicity to cyanobacteria
(Chen et al. 2007, Aslim & Ozturke 2009, Inderjit- Kaushik
2010, Ma et al. 2010).

However, few studies investigated the toxicity of chemical
mixtures (El-Nahhal et al., 2015; ElI-Nahhal & Ashanti 2015).
Moreover, previous studies investigated the effects on pure
cyanobacterial cultured in the laboratory but did not pay
attention to tertiary mixtures.
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The present study was initiated to investigate the toxicity of
single, binary and tertiary mixture on wild type cyanobacterial
mats collected from Wadi Gaza using a bioassay technique
and to test the possibility of using chemoassays to evaluate
toxicity and to investigate the influence of exposure time.

MATERIALS AND METHODS

Diuron, Diquat, Terbutryn and thiazolyl Blue
Tetrazolium Bromide (Fig. 1) were purchased Sigma
Aldrich, Germany selected physico-chemical properties
are shown in Table 1. Cyanobacterial mats samples were
collected from Wadi Gaza.

Sampling of cyanobacterial mats cells

All cyanobacterial mats samples were collected from
the western part of Wadi Gaza near the Mediterranean Sea
beach by using an algal net during May-August 2012. The
mats were submerged in a plastic bottle full of green aqueous
media from the surroundings of the mats (El-Nahhal et al.,
2013). The temperature, pH and EC values were recorded
during the experiments.

Preparation of growth media

Water samples were collected from the same site as the
cyanobacteria, cleaned, and filtered through membrane filters

Table 1. Some physico-chemical properties of the tested herbicides
according Tomlin (2000).

MW (g H constz. Log  Chemical Influenced
Compound 3 (atm m’ ;
mole™) o class Mechanism
mole™) ow
Duiron 2331 7.04x10° 2.85 PH S 1I.
Urea
Diquat 3441 5X10° -46 Bipyridylium Domagescell
qua ' ’ pynaylu membranes
Terbutryn 241.4 1.5x 103 1,3,5 triazine PHSII

3.65

Where MW, H-const., LogK_ , and PH SII are molecular weight, Henry
constant, Log Octanol/water partitioning coefficient and photo system II,
respectively.

Diuron

Diquat

Cl

Cl
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(MF) (47-mm diameter, 0.45um). Then they were sterilized at
120°C for 25 min using an autoclave system.

Preparation of cyanobacterial mats stock suspension

The collected cyanobacterial mats were incubated in
the laboratory at room temperature (20-25 °C) and shaken
carefully in aqueous media of and left for 30 min. The mats
were diluted with a growth media prepared to have an optical
density of stock suspension of 0.14. About 100 mL of the
suspension was isolated and tested under a light microscope
and considered as stock suspension of cyanobacterial mats.
The salinity and pH of the stock solution were measured to
adapt with the properties of growth media (Sauvant et al,
1999). A stock suspension volume of the mats was diluted with
another volume of growth media to obtain a low concentration
of mats with salinity and pH, similar to that in their natural
environment. The diluted suspension was gently shaken to
insure normal distribution of cells by using magnetic stirrer-
KMC-130 SH for 10 min.

Determination of growth phases of cyanobacterial mats

The mats were grown under lab conditions in order to
monitor the growth phases and life cycle. Population growth
of the cyanobacteria was measured by monitoring the optical
density (OD) of growth solution using a spectrophotometer at
a wavelength of 680 nm (Ma et al., 2003). Ten mL of the mats
suspension was transferred to a 50 mL Erlenmeyer flask under
controlled temperature (25+1 °C). Light/dark cycles were
provided by a 60 watt tungsten lamp 12-light:12-dark cycle
using a special timer (Chen ef al,. 2007). The experiment was
performed in five replicates and the OD of the incubated mats
suspension was recorded at 0, 24, 48, 72, 96, 120, 144, 168
and 192 h. The population dynamics of the cyanobacterial
mats were evaluated by plotting OD versus time (EI-Nahhal
& Ashanti 2015).

Toxicity of herbicides

Toxicity of the tested herbicides on cyanobacterial mats
were estimated as growth inhibition (GI) of the population.
In these tests, a technical amount of Diuron, Diquat or
Terbutryn in the range of 0-154 pmole L' was dissolved in

Terbutryn
T CH,
| CH,4
N\\ M
2Br- \(
M
H ~CH,—CH,

Figure 1. Chemical structure of the tested compounds.



Toxicity of Diuron...

distilled water (chlorine free) and used as a stock solution.
In this procedure, stock suspension of cyanobacterial mats
and gradient concentrations of the herbicides (five dilutions
from the stock) were prepared. Five mL of mats solution were
added to six Erlenmeyer flasks, then 2 mL of each dilution
of the herbicide was added to each flask and gently shaken
to insure normal distribution of cells (Bonnet et al., 2007).
Growth inhibition of the cyanobacterial mats were determined
using Eq (1) (El-Nahhal & Ashanti 2015).

%Gl =100*

(ODc—-0ODt)
— (1
(@)

Dc

where OD, and OD, are the optical densities of the control
and the treated samples, respectively. The toxicity (% GI) of
variant concentrations of herbicides was evaluated by plotting
% growth inhibition versus time.

The dynamics of cyanobacterial mats cells growth (relative
growth) in the control samples were evaluated by plotting
time versus the OD__ / OD, ratios, where OD__ and OD, are
the optical densities at maximum growth and growth at time
zero, respectively. Using an Excel program, the coefficient of
correlation (r?) and regression equations were recorded. From
the regression correlation equation of % (OD_ - OD, / OD )
versus log herbicide concentrations, the EC,, was estimated,
where EC, is the effective concentration that caused 50%
inhibition of the tested population (Ma et al., 2003). Percent
growth inhibition results were regressed versus log time to
estimate the ET, , where ET_ is the effective time leading to a
50% reduction in a chosen toxicity endpoint.

Toxicity of binary and tertiary mixtures

Preliminary stock solutions of binary mixtures (mixtures
B1-3) of the herbicides (Diquat and Diuron) were selected
and mixed together because they belong to different chemical
groups and each has a different mode of action (Tomlin 200).
Binary mixtures had the following ratios 7:3 , 1:1 and 3:7
(v/v) and were prepared by combining aliquots diuron and
Diquat, respectively.

Mixture B1 was 70 % diuron and 30% Diquat, mixture B2
was 50% diuron and 50% Diquat, while mixture B3 was 30%
diuron and 70% diuat.

Tertiary mixtures (mixtures T1-6) included Diquat, Diuron,
& Terbutryn of different combinations. The mixture ratios
including T1 (0.333:0.333:0.0333), T2 (0.50: 0.25:0.25), T3
(0.25:0.50:0.25), T4 (0.25: 0.25:0.50), T5 (0.25: 0.15:0.70),
and T6 (0.70: 0.15:0.15) (v/v) were prepared by combining
aliquots Diquat, Diuron, and Terbutryn, respectively.
More details are shown in Table 2. Growth inhibition of
cyanobacterial mats were determined as described above.

Calculation of toxic units (TUy) in mixtures

According to Sprogue & Ramsay (1965), toxic units were
calculated as: Toxic units = actual concentration in solution /
lethal threshold concentration
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Table 2. Composition of binary and tertiary solutions.

Concentration of

Ratio components
Solution Diuron : Diquat: Terbutryn (umole L)

(VIV) Diuron Diquat Terbutryn
Mixture B | 0.70:0.30: 0 108 28 0
Mixture B, 0.50:0.50:0 77 47 0
Mixture B 0.30:0.70: 0 43 67 0
Mixture T 0.333:0.333:0.333 51 32 35
Mixture T , 0.50:0.25:0.25 77 24 26
Mixture T 0.25:0.50:0.25 39 48 26
Mixture T , 0.25:0.25:0.50 39 24 52
Mixture T 0.15:0.15:0.70 23 14 73
Mixture T 0.70:0.15:0.15 108 14 16

Where B T, and v represent binary tertiary and volume

Determination of synergism or antagonism of mixtures

The mixture toxicity index (MTI) was estimated according
to previous methods (Konemann 1981) to indicate synergetic
and/or antagonistic effects of herbicides mixtures. MTI = 1-
(Log M / Log n), where M = 3 ¢ / EC, at 50% effect in the
mixture and n = total number of compounds in the mixture.
According to the MTI value, the mixture toxicity can be
subdivided into 4 groups: antagonism effect (MTI < 0), no
addition effect (MTI = 0), partial addition effect (0 < MTI <
1) and concentration addition effect (MTI > 1).

Chemical assay technique

Cyanobacterial mats can reduce thiazolyl blue tetrazolium
bromide and change the solution color from yellow to dark
blue (purple formazan). In this procedure, a stock solution
of 1.2 g L' thiazolyl blue was used in the chemical assay to
obtain a yellow color and 2 mL of this stock solution were
added to each control and treated flasks.

The change in yellow color in the control and treated
samples was measured by determining the optical densities
at wavelength 570 nm (at time zero samples) and a reference
wavelength of 630 nm (after the change of color occurred)
as previously described (Zilberg, & Sinai, 2006). The OD
of the samples was measured at time 0, 24, 48, 72, and
96 hr. Toxicity of a compound at a certain concentration
was evaluated by plotting % (OD_ - OD,) / OD versus the
concentration, which generated a linear relationship. The
dynamics of cyanobacterial mats growth in the control
samples were evaluated by plotting time versus the OD

max
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/ OD,. EC,, and ET,  were estimated in the same way as
described in the bioassay test Eq (1).

Statistical analysis

All experiments were performed in five replicates.
Averages and standard deviations of the growth inhibition
were calculated and fitted to the regression analysis. The
averages of growth inhibition were compared by Tukeys test
and P-values were determined to evaluate the differences
among treatments. One-way ANOVA test was followed
using an Excel program.

RESULTS

The tested compounds, Diuron Diquat and Terbutryn,
(Fig. 1) are herbicides widely used in the region for weed
control (Tomiln, 2000). They have different physic-chemical
properties (Table 1).

Cyanobacterial mats were collected from a nature protected
area (Wadi Gaza), which contained a variety of biodiversity
(Abed et al., 2002). The growth media of cyanobacterial mats
had the following properties: total dissolved salts (TDS) were
3337.5£238.67; pH value 8.53£0.38.

Growth of cyanobacterial mats under laboratory conditions

Growth phases of cyanobacterial mats after 192 h of
incubation under laboratory conditions are shown in Figure
2a, and the relative growth is shown in Fig 2b. The data
in Figure 2a clearly shows 4 phases of cyanobacterial mat
growth, whereas the relative growth (Fig 2b) shows overlaps
of the standard deviation in almost all cases of growth
monitoring. This indicates no significant differences in
growth during the entire experimental period and suggests
homogeneity of bacterial growth during the experimental
period regardless of changes in temperature. Interestingly,

A 045 -
044l 8
0.35 -
0.3 -
0.25 -
0.2
0.15 -
0.1 -
0.05 -
0 —
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Optical density
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the log phase started after 24 h and ended about 100 h.
Accordingly, all toxicity measurements were determined
during this period.

TOXICITY TESTS

Single toxic tests

The effect of Diuron, Diquat and Terbutryn concentrations
and exposure time on cyanobacterial mats growth are shown
in figure 3. It can be seen that % growth inhibition increased
rapidly in all cases as the tested concentration increased up to
2 umol/L-1. A further increase on the tested concentrations
did not show a similar increase in the % growth inhibition.
In addition, % growth inhibition of a tested concentration
increased as exposure time increased (Fig. 3, left panel).
The data in figure 3 were converted to the corresponding log
scale and used to estimate toxicity parameters (EC,, LT,, r*
values and regression equations). The toxicity parameters of
a single test are presented in Table 3.

Table 3. Toxicity parameters of individual tests.

Effect of concentration Effect of concentration

Compound  EC,;

(umole 2 Equation ET,(h) 7~ Equation
LY
Diuron 0.009 0.90 Y= 1713'675X+ 32.32  0.99 Y=82.96X-75.23
Diquat 0.034 0.97 Y:giggi( * 35.89 0.92 Y=56.08X-37.20
Terbutryn  0.381 0.96 YZZ%.%%X * 23.45 0.99 Y=47.43X-34.99
Where EC, », and ET, are effective concentration, regression coefficient

and effective time, respectively

B 3 ®Expl AExp2 < Exp3 XExp4
=Exp5 OExp6 MExp7 =Exp8
2.5
<
Lo d
3
)
S
(T
)
2
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8
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Figure 2. Population growth dynamics of cyanobacterial mats cells (panel A) and relative growth of cyanobacteria (panel B).
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Toxicity of binary and tertiary mixtures

Toxicities (% GI) of binary mixtures B1-B3 on
cyanobacterial mats cells are shown in figure 4. It is clear that
% growth inhibition reached 70% at concentrations below
0.2 TU in the case of B1, whereas for B2 and B3 it did not
exceed 60% at the same concentration. A further increase of
the tested concentrations of the three mixtures did not show a
significant increase in % growth inhibition. Effect of time on
the toxicity of the mixture (Fig. 4, right panel) clearly shows
increased toxicity as exposure time increased. Converting the
data in Figure 4 to the corresponding log scale enabled the
calculation of toxicity parameters (EC, , ET, and 12 values).
The data are presented in Table 3.

50 °

Toxicity of tertiary mixtures (T,-T,) on the growth of
cyanobacterial mats cells are shown in figure 5. Similar
to Figure 4, there are tremendous increases of % growth
inhibition as the concentration of tertiary mixture increased up
to 0.2 TU. Then a further increase in the tested concentration
did not show a significant increase of % growth inhibition,
except for the case of T1. As previously shown (Fig. 3 and 4),
% growth inhibition increased as the exposure time increased.
Influence of exposure time of the toxicity of mixtures is
shown in Figure 6. Toxicity parameters of binary and tertiary
mixtures are shown in Table 4.

Statistical analyses detected significant differences in the
following tests: Diuron + Diquat, p-value =0.03; Mixture T, +
Diuron, p-value=0.02; Mixture B, + Mixture T_, p-value=0.02;
Mixture T, + Mixture T, p-value=0.002; Mixture T, +
Mixture T,, p-value= 0.003; and Mixture T, + Mixture T,,
p-value=6.15E-06.

Chemical assay technique

Toxic effect as a function of herbicide concentrations

Toxicity of Diuron concentrations on the ability of
cyanobacterial mat to reduce Thiazol blue is shown in figure
7. It can be seen that a gradual decrease in color reduction was
observed as the tested concentration of Diuron increased. The
data in figure 7 were converted to the corresponding log scale
to determine the toxicity parameters and are presented here:
EC,, was 178.4 umole L' and the corresponding R* value was
0.84. In contrast, ET, was 113.92 h and the corresponding r2
value was 0.98.

DISCUSSION

The data presented in Table 1 clearly indicates that the
tested compounds have different molecular weights, H
constant, a Log K_ value, and belong to different chemical
groups that have different mode of actions. These changes
in the physic-ochemical properties of the compounds may
have a critical rule in the toxicity of their mixture. Moreover,
the chemical structures of these compounds (Fig. 1) clearly
shows that the each molecule has a different functional group,
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which may enable hydrophobic interaction in the mixture and
the formation of larger molecules that may have different
toxicities. The suggestion of hydrophobic interaction was
previously suggested for other Cases (El-Nahhal & Safi 2004).

The data presented in Figure (2a) indicated four growth
phases of cyanobacterial mats cells. These results agree with
the recent study by El-Nahhal & Alshanti 2015. A noteworthy
outcome of the study is that the adaptation phase (Lag phase)
took 24 h followed by rapid growth (log phase) up to 96 h, then
a stationary phase up to 150 h was followed by a sharp decay
up to 200 h. Furthermore, the optical density of cyanobacterial
mat growth after 200 h did not reach 0 because the dead
cells contributed to the optical density of the suspension.
This indicates that the life cycle is too short and the bacteria
can restart the growth phases. The data in Figure 2b clearly
indicated linear relationships in all of the experiments and
demonstrated the overlap of the standard deviation in most
of the points except at time 0. This reflects on the diversity
of the cyanobacterial mats in the samples. These data agree
with Abed et al. (2002) who demonstrated the biodiversity
of Wadi Gaza. Of special interest is that the log phase of the
cyanobacteria increased rapidly up to 100 h. All the toxicity
tests were determined in this period.

Toxicity tests

The toxicity of herbicides (Fig. 3) increased rapidly as the
concentration of each compound increased in the solution. As
the concentration increased above 5 pmole L' of each herbicide
in the solution, a steady increase of toxicity was observed in all
cases. The explanation is that the majority of cyanobacterial
mats are sensitive species; accordingly at low concentrations
their growth was inhibited. Raising the concentration did not
further increase the toxic effect, suggesting that the remaining
population of cyanobacterial mats were tolerant species or
resistant to herbicide concentrations. Similar observation
were recently reported with fish and mosquitoes (El-Nahhal
& El-Dahdouh 2015)

Moreover, at concentrations above 2.5 pmole L7, the
herbicides tend to evaporate from the system due to a high
evaporation rate at high temperatures, according to Henry’s
Law Constant (Table 1). Furthermore, due to the salinity of the
growth media, herbicide molecules tend to be salted out from
the aqueous phase. In this case, the effective concentration
of the herbicide is reduced and decreased or a steady-state
toxicity was observed.

Nevertheless, the relationships between herbicide
concentrations and toxicity (% growth inhibition) indicated
increases of toxicity as exposure time increased. Similar results
were shown previously (Delorenzo et al. 2001). In contrast,
very low concentrations of tested herbicides stimulated both
growth and chlorophyll a content of soil green alga (Ma et
al. 2003). The data in Table 4 clearly shows the toxicity
parameters of single tests; Diuron is the most toxic herbicide
followed by Diquat and Terbutryn as shown by the value of
EC,,. The lowest value of EC, indicates the highest toxicity.
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Figure 3. Percent growth inhibition of cyanobacterial mats cells versus concentration and time of Diuron, Diquat and Terbutryn.

By comparing LT, values, Diuron and Diquat have higher
values of LT, than Terbutryn. These results can be explained
by two factors; the first is the K, value of each herbicide
(Table 1). Diuron has a K value lower than Terbutryn due to
its possible diffusion from water to cyanobacterial mats cells,
which takes a longer time to produce the effect. The second

factor is that the mode of action of Terbutryn is different
from the others. Similar observations were shown previously
for other studies (Singh & Datta, 2005; Chen et al. 2007).
However, the tested herbicides may inhibit photosystem
I and/or II and thus the population growth was reduced.
Our results are in agreement with Min ez al. (2001) who
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Figure 4. Effect of Diuron Diquat mixtures B1, B2 and B3 at 0.70: 0.30: 50:50 and 30:70 mixing portions of the stock solutions on the growth of
cyanobacterial mats cells after 96 h.

found that butachlor can significantly suppress the growth, tended to increase as the applied concentration increased in the
photosynthesis and respiration of Ceratophyllum demersum. solution. Moreover, at a slightly higher concentration (2pmole
However, the presented results clearly showed low growth L), no further increase in growth inhibition was observed.
inhibition at low applied concentrations. The growth inhibition ~The explanation is that at low applied concentrations,
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Figure 5. Effect of Diuron Diquat and Terbutryn mixtures at T1, (0.33:0.33:0.33); T2 (0.50: 0.25: 0.25); T3 (0.25: 0.50 : 0.25), T4 (0.25 : 0.25 : 0.50); T5
(0.15:0.15:0.70); and T6 (0.70 : 0.15 : 0.15) on the growth of cyanobacterial mats cells after 96 h.
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Figure 6. Effect of exposure time of mixtures T1-T6 on the growth of cyanobacterial mats cells.

cyanobacterial mats may undergo fast adaptation and use
the herbicide as a source of energy as shown in other studies
(El-Nahhal e/ al, 2013), or undergo community changes
(Abed et al, 2002). A steady state growth inhibition was

observed at concentrations above (2 umole L'). Furthermore,
cyanobacterial mat may contain sensitive, tolerant and resistant
species to toxic substances, thus at low applied concentrations
the sensitive species died and the tolerant and resistant species
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remained in the solution. Both types did not have a linear
response with herbicide concentrations. This agrees with Liu
et al. (2012) who isolated antibiotic resistant bacteria from an
agricultural area treated with cattle manure. In addition, the
dead cyanobacterial mats cells remain in growth media and
are counted as alive cells when the optical density is measured
as an indicator of bacterial growth.

The comparison of toxicity parameters indicates that
Duiron was the most toxic among the individual tests due
to its lowest EC, (Table 3). The explanation is that as the
concentration increased, the needed fraction of herbicides
to inhibit the growth of cyanobacterial mats increased and,
consequently, the % growth inhibition increased. On the
other hand, as exposure time increased, the growth inhibition
increased. The explanation of these results is that the herbicide
needs time to be partitioned from water (the aquatic medium
of testing) to organic layers of bacterial cells (cyanobacterial
cell wall and cell membrane) according to its K which is
equal to 2.85 (Table 1).

None of the tested compounds reached 100 % growth
inhibition at 96 h. An explanation may be because each
compound had a different value of Henry’s law constant
(Table 1), which correlated with the evaporation of the tested
herbicide. As the experiments were performed in open flasks,
a fraction of the herbicide concentration may have evaporated
from the flasks. Accordingly, 100% growth inhibition was not
reached. ElI-Nahhal & Ashanti (2015) found similar results.

Toxicity of binary and tertiary mixtures (Fig. 4-5)
have a nearly similar trend of effects. It can be seen that %
growth inhibition of cyanobacterial mats increased as the
concentrations of the herbicide increased in the solution. At
toxic units (TU) below 0.2, the % growth inhibition reached
approximately 70%, whereas a little increase in the % growth
inhibition was observed above 0.2 TU.. This observation
was most dominant in all binary and tertiary mixtures. Effect
of toxicity versus exposure time is nearly similar in single
and binary toxicity tests. An explanation of these results is
associated with the values of Log K and H-constant. More
elaboration is given above.

Comparison of toxicity parameters of binary and tertiary
mixtures is shown in Table 4. It can be seen that the EC,;
value of binary mixtures Bl is the lowest among binary
mixtures. This indicates that mixture B1 was the most toxic
among all binary mixtures. This mixture (B1) contained 0.7
Diuron, whereas B2 and B3 contained 0.5 and 0.3 Diuron,
respectively. This indicates that the Diuron fraction in the
binary mixtures is important to the increase of toxicity of
the mixture. Nevertheless, the EC, value of B1 was 0.004
TU  which is several times lower than the others and thus
indicating high toxicity. This agrees with (Chen ef al. 2007)
who found that diuron is very toxic to cyanobacteria in
different mixtures. The regression factor (R?) associated
with EC,, of binary mixture ranged between 0.92-0.98,
indicating a strong positive association. Moreover, LT,
values of the binary mixtures are very close to each other but
the mixture B1 has the lowest LT, 40,23 h and the values

El-Nahhal et. al.

tend to increase as the fraction of Diuron decreased in the
mixture. This is due to the log K value of Diuron, which is
a key factor because Diquat has a negative value (Table 1)
due to its high solubility.

Table 4 highlights that toxicity of the tertiary mixture
increased as the fraction of Terbutryn increased to 0.7.
However, it is obvious that the tertiary mixture T5 had the
lowest EC, value (1.5E-11 TUs), followed by T7 and Té.
This indicates that mixture TS5 is the most toxic among all of
the tertiary mixtures. Mixture (T5) contained 0.15 Diuron,
0.15 Diquat and 0.7 Terbutryn. This indicates that Terbutryn
is important in increasing the toxicity of the mixture.
However, reducing the fraction of Terbutryn to 0.5 or 0.25 in
the mixture resulted in a decrease in toxicity of the mixture
as shown by the reduction of EC,,. Moreover, increasing
the Diuron fraction in the tertiary mixtures resulted in
increasing the toxicity. Accordingly, Diuron and Terbutryn
are responsible for increasing the toxicity of the mixture.
The explanation of these results is related to the log K
values, which are very high compared to that of Diquat and
H constants (Table 1). A similar explanation was previously
given in other studies (Ma et al. 2010). ET, values of the

Table 4. Toxicity parameters of binary and tertiary mixtures.

MTI
Effect of Effect of
concentration  concentration
i 1 ECSO 2 2
Mixture Fractions (TUS) r ET,, (h) r
Bl Diuron 8;8:]3“1“3“ 0.004 098 4023 099 -1.12
B2 Diuron 0.50:Diquat o 51 095 4164 098 037
0.50
B3 Diuron 0.3:Diquat 615 092 4610 099 161
0.70
Diuron 0.33 : Diquat
T1 0.33: 0.043 0.90 44.17 099 2.07
Terbutryn 0.33
Diuron 0.50 : Diquat
T2 0.25 : Terbutryn 0.25 0.002  0.90 47.52 0.98 -0.71
Diuron 0.25 : Diquat
T3 0.50 : Terbutryn 0.25 0.01 0.96 41.11 099 0.82
Diuron 0.25 : Diquat
T4 0.25: Terbutryn 0.50 0.001 0.96 38.94 099 -1.3
Diuron 0.15 : Diquat
TS5 0.15 : Terbutryn0.70 1.5E-11  0.99 34.32 099 -7.5
T6 Diuron 0.70: Diquat o b 7 097 4323 099 4

0.15 : Terbutryn 0.15

Where TUand MTI are toxic unit, and mixture toxicity index respectively.
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tertiary mixtures ranged between 34.32 - 47.52h. The
differences of ET, values may be attributed to the ability of
cyanobacterial mats to degrade the tested herbicides for use
as an energy source. This statement agrees with El-Nahhal
et al. (2013) and Safi et al. (2014) who showed the ability of
cyanobacterial mats to degrade acetochlor and Diuron in soil
and aquatic systems.

A comparison of tertiary mixtures indicated that the
mixture T is the most toxic one and has an EC, value, which
equals 1.5E-11. Furthermore T, and T4 have very low EC,
values, indicating high toxicity. Nevertheless, the toxicity
order of mixtures can be ranked as T5 > T6 > T4> T2 > T3 >
T1. These results classify the mixtures into two groups: group
1 includes mixtures that have concentration portions equal to
or below 0.5. This class includes the mixtures T, , T, , T, and
T,. Group 2 includes mixtures that have concentration portions
equal to 0.7. This class includes the mixtures T, and T,. In
group 1, it appears that Diuron and Terbutryn are the key toxic
compounds of the mixture, where each has a concentration
portion equal to 0.5. In this group, EC,, values are several
times lower than mixtures having equal concentration portions
asin T, or lower than a 0.5 portion as in mixture T,

In group two, T5 is the most toxic. This result suggests
that the Terbutryn portion is the key toxic compound among
others. This result agrees with Ma et al. (2010) who found that
the toxic effect of the mixture increased as its concentration
increased.

Using a mixture toxicity index (MTI) (Konenmann 1981)
enabled the classification of the mixture effects (Table 4) into
three categories: Category 1: partial addition, which included
the MTI values that are more than zero and below 1 (B, +
T,). Category 2: supra addition B, + T, (>1), and category 3:
antagonism B, + T, + T, + T, and T, (<0).

The toxicity of Diuron on cyanobacterial mats using
Thiazol blue as an indicator is shown in figure 7. The
exposure of cyanobacterial mats solutions to a gradient
of concentrations of Diuron over 96 h did not lead to clear
toxic effects. Similar studies showed positive results when
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the protozoa Tetrahymena sp. were used as test organisms
(Zilberg & Sinai,2006). In our study, the results of % growth
inhibition by using Thiazolyl blue were not systematic and
there were no significant differences observed. This might
be because An explanation the tested organism in our study
was prokaryotic while in the case of Zilberg & Sinai, (2006)
it was eukaryatic. Cyanobacterial mats cells as prokaryotic
organisms may not have the capability to reduce or break the
Thiazol blue as in the case of protozoa.

CONCLUSION

This study showed fast growth and adaptation of
cyanobacterial mats under laboratory conditions. Single
toxicity tests clearly demonstrated that Diuron is more toxic
than Diquat and Terbutryn. Furthermore, the results of
mixture toxicity indicated that the highest toxicity of mixtures
contained a high fraction of Diuron or Terbutryn. In addition,
K,y and Henry law constants of each herbicide strongly
influenced the toxicity of all tests.

The EC,, values, in pmole L, of the single test were:
Diuron (0.009) < Diquat (0.034) < Terburtyn (0.38) and ET,
values were Diquat (35.8%9h) > Diuron (32.32 h) > Terbutryn
(23.45 h).

EC,, values of the binary mixtures expressed in TU were
the following: B, (0.012) > B, (0.01) > B, (0.004) and ET,,
values were: B, (46.1 h) > B, (41.6 h) > B,(40.23 h). EC,,
values of the tertiary mixtures were: T, (0.043) > T, (0.01)
> T, (0.002) > T, (0.001) > T, (7.06E-07) > T, (2.9E-07) >
T, (1.5E-11). ET,, values were: T, (47.52) > T, (44.17) > T,
(43.23)>T, (41.11) > T, (38.94) > T, (34.32).

MTI calculations showed a partial addition effect for B2
(0.37) + T, (0.82), supra addition for B, (1.61) + T, (2.07) and
antagonism for B, (-1.12), T, (-0.71), T, (-1.3), T, (-7.5), and
T (-4).

6

Cyanobacterial mats were able to reduce the Thiazol blue
color to yellow.
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Figure 7. Percent growth inhibition of cyanobacterial mats cells versus concentration of Diuron treated with Thiazol blue after 96 h.
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