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a b s t r a c t
Insecticides are among the most harmful chemicals to the environment. In the present study, the 
effect of synthetic pyrethroid insecticide zeta-cypermethrin, which is commonly used in fighting 
hazelnut weevil (Curculio nucum L.), was examined on the growth and bioremediation of aquatic 
photosynthetic organisms (Chlamydomonas reinhardtii P.A. Dangeard and Lemna minor L.). Growth 
performance analysis, photosynthetic pigment analysis, and residue pesticide analysis were con-
ducted with liquid chromatography-mass/mass spectrometer (LC-MS/MS). The changes in surface 
morphological structure of C. reinhardtii and L. minor were examined with a scanning electron 
microscopy (SEM). Low concentration zeta- cypermethrin (150 µg/L) applied to the species created 
a nutrient effect (hormesis). However, high concentrations (300–600 µg/L) showed a toxic effect and 
inhibited growth. The rate of decomposition in species was found to be correlated with the pesti-
cide concentrations applied to the environment. In LC-MS/MS results, the highest pesticide absor-
bance value was found in C. reinhardtii at the 96th h in 300 µg/L test medium (98.2%). In L. minor, 
these rates were recorded lower (35.4%–95.9%). Similarly, in high concentration pesticide appli-
cation (600 µg/L), pesticide removing capacity of micro green algae was higher when compared 
with duckweed (92.8%–98.3%). It was found that some of the pesticide absorbed in the first time 
frame of the bioassay was released to the environment. Especially in the test groups which were 
given moderate and high concentrations of pesticide, pesticide release profile of L. minor was more 
obvious. As a result of the study, it was found that microalgae were more effective agents than 
duckweed in removing zeta-cypermethrin from water.
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1. Introduction

Agricultural chemical substances, especially pesticides, 
have become a complementary and significant component 
of modern agriculture. These chemicals are used commonly 
and abundantly in the world to increase product yield. 
However, pesticides are among the most harmful chemi-
cals to the environment. Due to their chemical characteris-
tics and their permanence in the environment, these toxic 
substances applied in agricultural areas can be transported 

and can reach other ecosystems. It has been stated that 
pesticides are commonly found in aquatic systems includ-
ing lakes, rivers, streams, and other surface water [1,2]. 
Contamination of water sources with pesticide residues 
is a basic problem for the protection of the environment 
and sustainability. It is desired for an ideal pesticide to be 
a chemical substance that affects only the target organism 
and to have non-permanent and unharmful environmental 
effects. It has been found that pesticides can cause the death 
of non-target organisms such as birds, mammals, and fish, 
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along with the target organisms they are used for and that 
they get into the food chain and cause significant environ-
mental problems by accumulating [3]. Several studies have 
reported that pesticides are toxic to algae [4,5]. Primary 
producers such as diatoms may be severely affected by 
pesticide exposure. In addition, such pollutants can sig-
nificantly disturb the balance of the trophic food chain [6]. 
In general, pesticides also have acute and chronic effects 
on human health [7].

Pesticides have great negative effects on non-target 
organisms. Eighty-five to ninety percent of the applied pes-
ticides cannot reach the target organisms [8]. 0.015%–6.0% 
of the applied pesticide reaches the target organism, the 
remaining 94%–99.9% reaches non-target organisms the 
agroecosystem (e.g., in soil), or mixes in water as chemical 
pollutant, due to drift and discharge to natural ecosystems 
in the environment [9].

While a great number of pesticides do not show direct 
toxic effects on target organisms, they are carried in the eco-
system and they contaminate soil and water sources directly. 
As a result, they can contaminate non-target organisms 
directly or in the form of permanent compounds and thus 
become harmful [10]. There are numerous studies dealing 
with the leakage of pesticides from soil into ground water. 
Removal of pesticides from our water sources is inevitable 
because pesticides present a potential risk for the health 
of the consumers [11]. For this reason, in European Union 
countries, stricter controls have been put into effect with 
EU Water Directive Framework (Directive 2000/60/EC of the 
European Parliament and of the Council) which requires 
each contaminator concentration to be below 1 pg/L in stud-
ies monitoring water quality. Controlling the contamination 
of aquatic systems is a very important issue. Besides the 
urgent need of quality water for human use, toxic residue 
can eliminate species in the aquatic ecosystem, decrease 
biological diversity, and endanger the ecosystem’s ability 
to function. Although many pesticides do not show direct 
toxic effects on non-target organisms, they are transported 
in the ecosystem and can be harmful by directly contami-
nating soil and water resources in the ecosystem, by con-
taminating non-target organisms directly or in the form of 
residues or permanent compounds [10]. It has been reported 
that contamination of surface waters with pesticides has 
direct toxic effects on phytoplankton, epiphyton, and mac-
rophyte populations [12,13]. Studies conducted have shown 
that synthetic drugs, which have permanent properties 
due to their physiochemical properties, cause large num-
ber of fish and bird deaths and reach humans in a more 
concentrated way, as they are at the top of the food chain [9].

Bioremediation refers to any strategy that is used to 
eliminate the unwanted effects of contaminators on the 
environment. The organisms able to bioremediate would be 
called bioremediators. Traditionally, bioremediation is made 
by using microorganisms. However, the scope of bioreme-
diation has been extended in recent years by using plants, 
fungi, algae, or enzymes (from organisms). Bioremediation 
strategy for algae, which are bioremediator organisms, is 
called “phycoremediation”, while it is called “phytoreme-
diation” for plants [14]. With these strategies, the aim is 
to cleanse contamination in situ. Bioremediation provides 
many advantages when compared with traditional chemical 

and physical treatment techniques, especially when com-
pared with diluted and widespread contaminants. It is a 
low cost and innovative technology used to cleanse various 
organic and inorganic wastes [15,16] because physicochem-
ical methods are expensive in removing metals and pesti-
cides from contaminated water as well as being ineffective 
as the concentration of these substances is low in water. 
For this reason, biological methods attract more attention as 
an alternative to traditional treatment methods.

While the number of studies about removing various 
contaminants in wastewater by using algae and macro-
phytes is gradually increasing, these studies have focused 
especially on heavy metal absorption capacities. Algae are 
sensitive indicators of environmental change. For this rea-
son, they are frequently used to assess the effects of metals, 
herbicides, and other contaminators in freshwater ecosys-
tems [17]. In phytotoxicity tests in water, freshwater green 
microalgae are commonly used. While macrophytes are 
used less than algae, duckweed is generally chosen. In these 
kinds of ecotoxicity studies, they are commonly used to 
assess the water quality of wastewater and leakage [18,19]. 
Using algae in toxicity analyses provides a lot of advantages 
since they are easy to culture, they require a simple inor-
ganic culture medium and they have a fast growth cycle 
[20]. There are some studies on the capability of algae in 
bioremediation of pesticides in water. Remediation capac-
ity of Scenedesmus obliquus and Scenedesmus quadricauda, 
which are freshwater green algae, has been researched 
for fungicide and herbicide [21]. It has been stated that 
Chlamydomonas reinhardtii green microalgae can biologi-
cally accumulate and biologically decompose herbicide 
prometry [22]. The effects of green microalgae (Chlorella and 
Scenedesmus) in removal of various agricultural insecticides 
(mecoprop, atrazine, simazine, diazinon, alachlor, chlorfen-
vinphos, lindane, malathion, pentachlorobenzene, chlorpy-
rifos, endosulfan, and clofibric acid) has been assessed. As a 
result of the study conducted in culture media, it has been 
shown that microalgae based treatment technologies have 
been used as an effective alternative in removing pesticides 
from agricultural waste [23].

Pesticides are widely and abundantly used in Turkey, 
as in almost all agro-ecosystems of the world. The Black 
Sea region, which is in the North of Turkey, has an ocean 
climate and receives rain during all seasons. Since the area 
has sloping land, it is possible for pesticides used in agricul-
tural land (especially insecticide, herbicide, and fungicide) 
to be carried to surface water with runoff. Thus, pesticide 
borne environmental risk is high for drinking water basins 
in such regions. Hazelnut (Coryllus avellana L.), which is 
an important industry product in Turkey and the world, is 
most frequently cultivated in the province of Ordu in the 
Black Sea region. In fighting hazelnut weevil (especially 
Curculio nucum L.), organophosphorus and synthetic pyre-
throide insecticides are used commonly and abundantly. 
Marshal® power EW (zeta-cypermethrin, 15 g/L) insecticide 
is especially used excessively for hazelnut weevil.

First aquatic organisms are affected by pesticides that 
get mixed in water with surface flows. Aquatic photo-
synthetic organisms (algae and macrophytes) are used 
as bioindicators for the health of aquatic ecosystems and 
they treat water biologically. In a study that examined the 
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phytoremediation potentials of three different water plants 
in removing pesticides in contaminated water, Lemna minor 
species was found to have the most efficient removal capacity. 
This species was followed by Elodea canadensis and Cabomba 
aquatica, respectively [24]. In a bioassay which examined five 
different macrophytes’ (L. minor, Spirodela polyrhiza, Callitriche 
aquatica, C. palustris, and E. canadensis) rates of removing two 
fungicides in water (dimethomorph and pyrimethanil), it 
was found that L. minor and S. Polyrhiza showed the highest 
removal efficiency [25]. In addition, it was shown that macro-
phytes have very good accumulation capacity and high effi-
ciency in the phytoremediation of water contaminated with 
heavy metals and nutrients [26,27]. They are also the main 
source of biomass which is necessary for high ecological tro-
phic level. Thus, any changes in their density, biomass and 
population affect the whole food chain. For this reason, the 
significance of pesticide bioassays, which are conducted to 
find out the concentrations that won’t create harmful effects 
on non-target organisms, is very important. The European 
Food Safety Authority (EFSA) [28] reported that zeta- 
cypermethrin is very toxic for fish and aquatic invertebrates 
and that it creates a very high risk for all aquatic organisms. 
The following results were obtained from studies conducted 
on the toxicity of this insecticide on various aquatic organ-
isms: Pseudokirchneriella subcapitata (96 h, EC50) > 1.0 mg/L, 
Daphnia magna (48 h, EC50) 0.000141 mg/L, Gammarus pulex 
(96 h, EC50) 0.0000013 mg/L, Cyprinodon variegatus (96 h, 
LC50) 0.00237 mg/L, and Oncorhynchus mykiss (96 h, LC50) 
0.00069 mg/L. Although there are a large number of studies 
conducted on cypermethrin, there aren’t enough studies on 
the effects and follow-up of zeta-cypermethrin. In an eco-
toxicological risk assessment of cypermethrin constituent 
isomers, zeta-cypermethrin was seen to be very toxic for all 
simulated uses in surface and underground water.

In the present study, phytotoxic effects of the media 
prepared by using different concentrations of zeta-cyper-
methrin were examined on C. reinhardtii P.A. Dangeard 
(Chlorophyta, Chlorophyceae) and L. minor L. (Araceae), 
which are among important elements of freshwater sys-
tems and model organisms in bioassays. The primary objec-
tives of the study are (i) to find out the inhibition effect 
of zeta-cypermethrin on non-target organisms, and (ii) to 
find out the sensitivity of aquatic plants to insecticides and 
their removal potential.

2. Materials and methods

2.1. Materials

Zeta-cypermethrin (C22H19Cl2NO3); (S)-cyano(3-phenoxy-
phenyl)methyl 3-(2,2-dichloroethenyl)-2,2-dimethylcyclo-
propanecarboxylate, which is a pyrethroid ester insecticide 
[29], was used in the study. The standard of this insecticide 
was obtained from abroad (Part #: N-13754-250 mg, CAS: 
1315501-18-8, Chem Service, Inc., US). Care was taken for 
all reagents and chemicals which were used to prepare 
stock to have analytical purity (Sigma Aldrich, 99% purity).

Two photosynthetic model species, one microscopic 
and one macroscopic, were chosen as test organisms. 
C. reinhardtii (green microalgae) is a single-celled, micro-
scopic alga. The stock culture of this species used in the 

study was obtained from Chlamydomonas Resource Center 
in the United States (http://chlamycollection.org/strain/
cc-125-wild-type-mt-137c/). This species, which is com-
monly found in fresh water, is used in many areas of cell 
physiology and biochemistry, in toxicology, abiotic stress 
tolerance or remediation of organic and inorganic contam-
inated water. It is one of the model species used in test-
ing chemicals [30]. L. minor (common duckweed), which 
is a macrophyte species, was obtained from commercial 
collections in Turkey (Ankara). L. minor (Alismatales, 
Araceae) is a small sized, fast growing, vegetatively repro-
ducing, free swimming leaved aquatic plant which is 
commonly found in fresh water. This species is used in 
single substance phytotoxicity tests [31].

2.2. Methods

2.2.1. Physicochemical analysis and bioassays

In the study, cultures prepared with zeta-cypermethrin 
were arranged in three different concentrations (150, 300, 
and 600 µg/L) and in three repetitions. The assays were 
examined and analyzed regularly every day for 96 h. pH, 
total dissolved solids (TDS, mg/L), and electrical conduc-
tivity (EC, µS/cm) values of the culture media were mea-
sured during the study period (HACH® HQ40d, Hach 
Company, US).

2.2.2. C. reinhardtii bioassays

Agar medium was prepared from C. reinhardtii stock 
culture and propagated in 16:8 h (light:dark), 24°C cli-
mate, and 60% relative humidity cabinet (GROTECH/GR08, 
UNITRONIKS® VISION350™). Tris-acetate-phosphate 
(TAP) medium [32] was used for liquid culture. Cultures 
that reached the fast growth stage were divided in sub- 
cultures in 250 mL Erlenmayer flasks. About 5 d after the 
cultures entered the exponential growth phase, they were 
treated with predetermined concentrations of pesticide, 
and assays were started. For bioassay, a test group includ-
ing three different concentrations (150, 300, and 600 µg/L) 
of zeta-cypermethrin and C. Reinhardtii, a control group 
including three different concentrations of pesticide and 
media and another control group which included only 
organism and medium were prepared. Sedgewick–Rafter 
counting chamber (Pyser-SGI, UK) was used to determine 
number of cells. Counting was conducted with three repe-
titions for each period of time and the average was taken. 
Leica DM IL LED inverted microscope and image analysis 
system (Leica Microsystems GmbH, Wetzlar, Germany) 
were used in counting. The total number of C. reinhardtii 
present in each of the samples was calculated according to 
the following equation:

Cells/mL =
× ×

×( )
( )C V

V F
2

1

1 000,
 (1)

where C is number of organisms counted, F is number 
of fields counted, V1 is volume of culture (L), and V2 is the 
sample volume examined (mL).
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Bergmann and Peters [33]’s method was used for chlo-
rophyll a (chl a) analysis. The samples which were filtered 
from Whatman™ GF/F glass microfiber paper (diameter 
47 mm, pore size 0.7 µm, GE Healthcare, UK) with vac-
uum filtration were extracted with ethanol (v/v, 95%). 
Centrifugation was performed at the end of extraction time 
(3,000 rpm, +4°C, 10 min; Eppendorf® 5810 R, Eppendorf AG, 
Germany). Absorbance values of the obtained supernatants 
were recorded via spectrophotometer (Shimadzu UV-1800, 
UV-visible, Japan) at 649, 665 and 750 nm. Chl a concen-
tration was calculated by the following equation:

Chl µg/L(a
A A A A xv

V l
)

. .
=

−( ) − −

×

( ) ( ) ( ) ( )( )13 7 5 76665 750 649 750  (2)

where A is absorbance; v is the volume of extract in mL; 
V is the volume of sample filtered in; l is the length of 
cuvette in cm.

For dry matter analysis, a 10 mL sample was dried 
and filtered from cellulose nitrate filter paper, tare weight 
of which was taken by precision scale, (diameter 47 mm, 
pore size 0.45 µm, Sartorius, Germany) with vacuum filtra-
tion. Filter papers dried in an 80°C incubator for 24 h were 
weighed again and their dry weight was measured [34].

Dry weight mg/mL
  

Sample volume mL
( ) ( )( )

( )
− ×

:
,A B 1 000

 (3)

where A is weight of filter and dried residue (mg), B is weight 
of filter (mg).

During dry matter analysis, water samples which 
gathered at the filtering flask (ISOLAB) of the filtering 
set were taken in sterile capped centrifuge tubes sepa-
rately. They were kept at –86°C (New Brunswick™ U410 
Premium, Eppendorf AG, Germany) until pesticide analy-
sis. Insecticide concentration in these samples was read on 
liquid chromatography-tandem mass spectrometry, LC-MS/
MS (6460 Triple Quad LC/MS, Agilent Technologies, US). 
Pesticide analyses were performed at Sinop University 
Scientific and Technological Research Center.

2.2.3. L. minor bioassays

Hoagland nutrient solution [35] was prepared to prop-
agate the L. minor culture. Culture development, adapta-
tion process, and bioassays were performed in the climate 
cabinet with three repetitions. Growth rate and biomass 
inhibition were calculated using the following equation [31]:

µ
N N

t ti j
j i

j i
− =

−

−

( )ln ln 
 (4)

where µi–j is the average specific growth rate between times 
i and j; Nj the number of fronds observed in the test or con-
trol vessel at time j; Ni the number of fronds observed in 
the test or control vessel at time i; ti the time of experiment 
initiation; tj the time of experiment closure.

Growth inhibition rates were calculated using the 
following equation [31]:

%I
b b
bb

c T

c

=
−

×










 
100  (5)

where %Ib is the percent inhibition in average specific 
growth rate; bc the mean value of m in control; bT is the mean 
value of m in treatment group.

The Lichtenthaler and Wellburn [36] method was 
applied for photosynthetic pigment analysis. Following the 
extraction with 80% acetone, the samples were centrifuged 
at 3,000 rpm for 5 min. Absorbance of supernants were 
recorded at 662 and 645 nm for chl a and b and at 470 nm 
for carotenoid by spectrophotometer. Chl a, b and carot-
enoid amounts in each assay set were calculated by using 
the following formula.

Chl µg/mL( )a A A= ( ) − ( )11 75 2 35662 645. .  (6)

Chl µg/mL( )b A A= ( ) − ( )18 61 3 96645 662. .  (7)

Carotenoids µg/mL
chl  chl 

( ) =
 ( ) − ( ) −1 000 2 27 81 4470, . .A ba

2227
 (8)

First the fresh weights of samples taken from assay sets 
at the end of the 96th h were measured. Later, they were 
kept at 65°C for 48 h in the incubator and weighed and 
their % dry matter amount was found [37].

% Dry matter :
m m
m m
c a

b a

−

−













( )
( ) ×100  (9)

where ma is weight of petri dish (g), mb is weight of the mat-
ter and petri dish prior to drying (g), and mc is weight of the 
matter, and petri dish after drying (g).

For insecticide analysis, a 10 mL water sample was taken 
from L. minor assay sets, and the control group every day. 
The samples which were filtered from membrane filter 
paper with vacuum and transferred to sterile falcon tubes 
were kept at –86°C for analysis. At the end of the study, res-
idue pesticide concentration in water was measured with 
LC-MS/MS.

2.2.4. Scanning electron microscopy analysis

Scanning electron microscopy (SEM) analysis was con-
ducted to determine the surface morphology of C. reinhardtii 
and L. minor which were exposed to different concen-
trations of zeta-cypermethrin for 96 h. First, the samples 
were prepared for analysis. Microalgae were centrifuged 
(10,000 g, 15 min) and pellet was obtained. 2.5% glutaral-
dehyde was added on this. 12 h later, it was dehydrated 
and dried in an ethanol gradient. After L. minor was dried, 
both samples were placed in stambs separately (SBC-900-C 
Sputtering Evaporate Carbon Instrument). After the sam-
ples were coated in gold dust, their surface morphology 
was analyzed (SEM, HITACHI SU-1510, Hitachi High-
Corporation Technologies, Japan). SEM analyses were 
conducted at Ordu University Central Research Laboratory.
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2.2.5. Statistical analyses

All data was processed by analysis of variance and 
mean separation was performed using ANOVA at p < 0.05 
levels. Dual comparisons between groups exhibiting signif-
icant values were evaluated with a Mann–Whitney U test. 
The statistical analyses were performed with Minitab® 16.

3. Results and discussion

3.1. Physicochemical analysis

Table 1 shows the average values of the analyses con-
ducted in water with three repetitions for 4 d in bioassay 
sets. In the test and control sets including C. reinhardtii, 
the lowest pH value was measured on the 2nd day with 
the test group including 600 µg/L (ppb) zeta-cyperme-
thrin. The highest pH value was 8.7 (72nd h, 300 µg/L). 
TDS and EC values of the control medium were found to 
show less variation when compared with the test groups. 
TDS was recorded in its lowest (460 mg/L, 48th h) and 
highest (826 mg/L, 24th h) values in 150 µg/L insecticide 
including medium. EC value was measured the lowest at 
the 72nd h in the control group, while it was measured the 
highest at the 24th h in 600 µg/L medium (1,507 µS/cm). In 
L. minor assay sets, pH values were recorded to increase at 
the end of 96th h in all control and test groups.

With a similar change in all test groups, TDS and EC 
values showed an increase from the 24th to 72nd h and a 
decrease after that. Low pesticide concentration was found 
to promote L. minor development more when compared with 

other test and control groups. We propose the possibility 
that pH values in culture medium increased as a result of 
the increase in the number of L. minor fronds and photosyn-
thetic activity. EC and TDS values of water were not found 
to show a significant change in all test groups in terms 
of zeta-cypermethrin concentration. These environmen-
tal factors can change an organism’s capability to include 
and metabolise many chemical substances. For this reason, 
the similarities and differences between the experimental 
groups in terms of physicochemical parameters allow us 
to make more reliable comments about the contamination 
level and the bioremediation potential of the organisms 
used in the experiment.

3.2. Effects of zeta-cypermethrin on C. reinhardtii

The amount of algae in water can be used as a biological 
indicator to understand whether pesticides are above toxic 
levels [20,22]. In our bioassay, C. reiinhardtii average cell 
number was recorded the highest in 150 µg/L pesticide con-
centration. In different pesticide concentrations and control 
groups, cell number was calculated as follows: 150 µg/L 
(4.4 × 105 cell/mL) > control (4 × 106 cell/mL) > 300 µg/L 
(3.8 × 105 cell/mL) > 600 µg/L (1.9 × 105 cell/mL). Cells that 
initially adapted to low concentration zeta-cypermethrin 
(150 µg/L) medium showed up to a 29% increase when 
compared with the control group starting from the 48th h. 
The pesticides added in the culture medium (e.g., cyper-
methrin, C22H19Cl2NO3) are absorbed by water plants and 
they become a nutritious substance that can be used in their 

Table 1
pH, TDS, and EC values measured in water

Time (h) Test groups Chlamy Lemna Chlamy Lemna Chlamy Lemna

pH TDS (mg/L) EC (µS/cm)

0

Control 8.52 4.5 630 467 1,258 936
150 µg/L 8.52 5.3 630 451 1,258 899
300 µg/L 8.52 5.1 630 468 1,258 934
600 µg/L 8.52 5.2 630 475 1,258 929

24

Control 8.55 4.7 826 392 1,065 786
150 µg/L 8.3 5.2 519 408 1,057 817
300 µg/L 8.03 5.1 750 427 1,057 857
600 µg/L 8.5 5.1 546 459 1,091 919

48

Control 8.63 4.6 460 425 1,310 849
150 µg/L 8.31 6.1 612 443 1,228 885
300 µg/L 8.3 4.8 638 458 1,274 916
600 µg/L 8.5 4.8 518 447 1,035 895

72

Control 8.64 6.2 502 508 1,050 1,020
150 µg/L 8.7 6.7 520 509 1,025 999
300 µg/L 8.5 6.5 532 513 1,066 1,020
600 µg/L 8.6 6.6 484 458 968 915

96

Control 8.5 6.3 504 453 1,000 906
150 µg/L 8.51 7.3 540 475 1,082 951
300 µg/L 8.5 7.0 543 506 1,074 1,009
600 µg/L 8.48 6.6 501 508 1,000 1,008
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development and increase in protein content [24]. However, 
it was found that in high pesticide concentration, specific 
growth rate of algae species (Arthrospira platensis) signifi-
cantly decreased [38]. In our study, while C. Reinhardtii 
used insecticide as a nutrient and increased its develop-
ment in low zeta- cypermethrin concentration medium, 
high zeta-cypermethrin concentration inhibited microalgae 
development. In a study which was conducted by apply-
ing different concentrations of herbicide (prometryne) to 
C. reinhardtii for 4 d, it was found that relatively low con-
centration herbicide stimulated the growth of the species, 
while it showed significant inhibition in high dose. In the 
aforementioned study, it was concluded that C. reinhardtii 
had a high ability for the degradation of moderate levels 
of prometryn concentrations [22]. In our bioassay, 150 µg/L 
zeta-cypermethrin showed a hormesis effect on microalgae 
at the end of the 96th h. In recent years, biologists have been 
interested in the functioning of biological systems under 
stress resulting from environmental change. At the centre 
of these biological questions is the dose–response relation-
ship, a pillar of toxicology and fundamental in biology 
which guides the assessment of environmental tolerances 
[39]. Hormesis is a dose-response phenomenon. Low con-
centrations induce stimulation, while high concentrations 
induce inhibition [40,41]. The fact that hormesis is often 
produced in response to stimulatory processes and across 
all forms of life strongly suggests that its origins are evolu-
tionary and highly conserved [42]. However, as long as the 
mechanisms behind the hormesis effect are not completely 
understood, hormetic modulations can have surprising and 
undesired side effects [43]. Advanced studies are needed 
to better understand hormesis mechanisms in cellular and 
molecular levels [44]. In some conditions, a species-specific 
sensitivity is reported for a hormetic phenomenon [45]. In 
a study which examined the hormesis mechanism of dif-
ferent pesticides and paired comparisons on four species 
(Pseudokirchneriella subcapitata, L. minor, Tripleurospermum 
inodorum, and Stellaria media), hormesis has been reported in 
glyphosate and metsulfuron methyl (>70%) and acifluorfen 
and terbuthylazine (>50%) [46].

In the present study, while low concentration insecticide 
showed a hormesis phenomenon, a concentration increase 
caused degradation in C. reinhardtii cell color, change in 
morphological structure, a tendency to colonize, slower 
movements of cells, and a decrease in total cell number. 

In time, the color of the culture changed from green to 
greenish yellow. The most different effect based on time 
and concentration was recorded in culture that developed 
a 600 µg/L concentration (48th h) (1,585 × 103 cells/mL). 
In C. reinhardtii cell number which was exposed to a high 
insecticide concentration, respectively 44%, 62%, 55%, and 
48% decrease occurred for 4 d when compared with the con-
trol group. The highest cell number (5,072 × 103 cells/mL) 
was recorded in 150 µg/L culture medium (48th h) (Fig. 1). 
The decrease in population density that occurred in the con-
trol group after the 72nd h can be associated with the change 
in environmental conditions (Table 1). In acute toxicity 
studies conducted on Chlorella vulgaris, Scenedesmus acutus, 
and Tetradesmus obliquus, which are single celled freshwa-
ter green algae, while the growth rate of species showed an 
increase in control groups during the assay, the growth rate 
of cultures treated with pesticide were reported to decrease 
on the 2nd and 4th days. It was concluded that this decrease 
in growth was associated with increasing pesticide con-
centration [47–49]. In the present study, high concentration 
insecticide application was found to have a negative effect 
on C. reinhardtii development. As shown in acute toxicity 
studies, low concentrations of pesticides which are com-
monly used in agricultural practices can be removed from 
the medium by freshwater algae [50–53]. However, high 
concentrations affect algae negatively. Excessively used 
pesticides will cause the population of algae, which are 
the primary producers of the aquatic ecosystem and which 
play a key role in the ecosystem, to decrease and prevent 
the natural aquatic system from functioning healthily.

Chl a analysis results show that cell density is compat-
ible in general (Fig. 1). The lowest chl a value (10.52 µg/L) 
was measured with 600 µg/L zeta-cypermethrin concen-
tration (72nd h), while the highest value (19.58 µg/L) was 
measured with 150 µg/L concentration (24th and 48th h). 
Analysis results are correlated with the rate of degrada-
tion in algae and the pesticide concentrations applied to the 
medium. It has been shown that low concentration zeta- 
cypermethrin does not have a harmful effect on algae growth 
and photosynthetic pigment content. In general, the growth 
rate of microalgae has been found to be negatively correlated 
with high zeta-cypermethrin concentrations (p < 0.05).

Tsai [54] showed that glyphosate caused physiological 
and biochemical effects on microalgae (Anabaena cylindrica, C. 
reinhardtii, C. vulgaris, and Chroococcus turgidus), depending 
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on its concentrations. In this study, increased glyphosate 
concentration had a bleaching effect on all algal cells. At the 
same time, it decreased the content of carbohydrate, protein, 
and pigment. The results suggested that glyphosate injured 
the algal cells by destruction of photosynthetic pigments and 
resulted in lowering the contents of carbohydrate and pro-
tein in algal cells. Pesticides have been found to have a sup-
pressor effect on the growth curve and chl a development 
of Scenedesmus, which is another freshwater microalgae [55]. 
This was recorded in our study in the form of a decrease in 
both photosynthetic pigment content and dry matter amount 
depending on the increasing insecticide content. Moderate 
and high concentration insecticide applications have been 
found to cause the color of C. reinhardtii culture to become 
cloudy and yellow starting from the 24th h, degradation in 
the morphological structure of algae cells and a decrease in 
the photosynthetic pigment amount in the cells. Prado et al. 
[56] reported chlorosis formation in C. moewusii depending 
on the herbicide concentration and exposure time. There 
is information about different microalgae species decreas-
ing chlorophyll accumulation when exposed to pesticides 
[57,58]. In the present study, the decrease in the biomass and 
chl a level, which is the major photosynthetic pigment, of 
microalgae with a concentration increase depending on the 
zeta-cypermethrin induced stress is remarkable.

The lowest (48 mg/mL, 72nd h) and highest dry weight 
amounts (144 mg/mL, 96th h) were measured in the con-
trol group. In test groups, there were fluctuations based on 
the time and pesticide concentration. Following the con-
trol group, the highest dry matter amount was found in 
low concentration zeta-cypermethrin medium. Dry weight 
amounts measured 96 h later in the control group 150, 300, 
and 600 µg/L media are as follows: 144 > 128 > 102 > 80 mg/
mL. Due to common use of organophosphate pesticides, 
their residues in aquatic systems can be used as additional 
phosphor sources by phytoplankton. That is, organo-
phosphate pesticides consisting of carbon, nitrogen, and 
phosphor can be metabolized and used as nutritional sup-
plements by cyanobacteria and algae [52,59]. It is thought 
that as a result of including carbon and nitrogen, zeta- 
cypermethrin in low concentration may have caused a 
similar effect and stimulated growth in C. reinhardtii.

However, high concentration pesticides used have a 
negative influence on the morphological, anatomic, and 
physiological structure of the organism. Considering that 
chl a level is a significant indicator of algal photosynthesis, 
the presence of zeta-cypermethrin in aquatic ecosystems can 
influence the photosynthetic performance of algae.

3.3. Effects of zeta-cypermethrin on L. minor

According to growth performance results, the control 
group showed higher growth when compared with zeta- 
cypermethrin added test groups (5%). While low concentra-
tion insecticide application showed a hormesis effect on the 
development of L. minor, high concentration caused inhi-
bition on the specific growth rates of the species. Through 
4 d, respectively an 88%, 50%, 33%, and 82% decrease was 
recorded in growth rates. At the end of the 96th h, the 
specific growth rate was 0.9% in the test group including 
600 µg/L insecticide, while biomass inhibition was 86.25%. 

In 300 and 150 µg/L concentrations, these values were 1%, 
65%; 4%, 15.58%, respectively. This result shows the fol-
lowing: following the adaptation process to a medium 
including insecticide, the increasing duckweed popula-
tion showed sensitivity to zeta-cypermethrin, and later on, 
the development of decreased light was restricted due to 
crowding. These results are in parallel with the results in 
literature [46,60]. In a 96 h study which used aquatic plants 
in removing fungicides from the medium, high sensitivity, 
and low removal rate were explained with decreased light 
due to crowding [25].

Photosynthetic pigment analysis can be a good indica-
tor in toxicity studies. In duckweed pigment analyses, chl 
a and b levels showed the lowest values in samples treated 
with 600 µg/L zeta-cypermethrin (Fig. 2). High insecticide 
application caused a decrease in duckweed frond number 
and chlorosis at the end of the experiment. According to pig-
ment analysis results, the lowest chl a value was recorded 
at 0.09 µg/mL (600 µg/L, 48th h), while the highest value 
was recorded at 1.44 µg/mL (150 µg/L, 72nd h). Similarly, a 
higher amount of chl a level was found in C. reinhardtii assay 
sets between the 48th and 72nd h when compared with the 
other groups. This result was found to be associated with 
the number of cells in the assay sets. In test groups includ-
ing low concentration zeta-cypermethrin, the chl b amount 
showed a quick increase till the end of the 72nd h, and a 
similar change was seen in other test and control groups. 
During 4 d experiment, the lowest chl b level was mea-
sured at 0.13 µg/mL (600 µg/L, 48th h), while the highest 
level was measured at 0.67 µg/mL (150 µg/L, 72nd). The 
change in carotenoid amount showed a similar change with 
chl a and b (Fig. 2). The lowest carotenoid was recorded at 
0.14 µg/mL (48th h, 600 µg/L), while the highest carotenoid 
was recorded at 0.57 µg/mL (72nd h, 150 µg/L) concentra-
tion. In a study that included the effect of glyphosate on 
L. minor biomass and chlorophyll content, Kielak et al. [61] 
showed that pesticide phytotoxicity was associated with a 
decrease in chl a, b and a + b content and biomass growth 
speed. There are studies which have used chlorophyll flu-
orescence as a bioindicator to examine pesticide toxicity in 
aquatic plants. Olette et al. [24] explained the toxicity of 
three pesticides (fungicides copper sulfate and dimethomo-
rph, and the herbicide flazasulfron) on aquatic plants based 
on chlorophyll fluorescents emission. They reported that 
this feature changed with the period of exposure to tested 
pesticide and the highest concentrations of photosynthetic 
activity decreased. Toxic substances were found to cause 
biotic and abiotic stress on duckweed. It has been stated 
that for a plant to be fit for phytoremediation, it should have 
a capability of high levels of photosynthesis when exposed 
to contaminated water. In our study, zeta-cypermethrin 
induced stress caused the highest concentrations of inhib-
iting effect on the pigment synthesis of duckweed, similar 
to microalgae. A low concentration of insecticide caused 
a hormesis effect, and pigment production was measured 
to be higher than the control group.

Dry matter amount (%) measured at the end of the 96th 
h was 5.82% (2.7 mg dry weight, DW; 27.28 mg fresh weigh, 
FW) in the control group, and it was, respectively, 10.007% 
(2.73 mg DW; 27.28 mg FW) in 150 µg/L zeta-cypermethrin 
concentration, 6.7% (2.7 mg DW; 40.13 mg FW) in 300 µg/L 
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zeta-cypermethrin concentration and 10.19% (3.36 mg DW; 
35.97 mg FW) in 600 µg/L zeta-cypermethrin concentra-
tion in the assay sets depending on the increasing insecti-
cide concentration. Fresh and dry weights were measured 
highest in the control group (46.33 mg FW; 2.7 mg DW); 
however, the dry weight amount was recorded higher in 
600 µg/L medium (32.97 mg FW, 3.36 mg DW). It is reported 
that species grown under high stress conditions change the 
carbon flow from protein synthesis to lipid synthesis and 
cause the accumulation of high amounts of lipid [62,63]. 
The reason for the increase in dry weight in the high pes-
ticide concentration can be due to this mechanism because 
at the end of 4 d, a 75% increase was found in L. minor dry 
matter amount grown in 600 µg/L pesticide concentration 
when compared with the control group.

3.4. Zeta-cypermethrin removal

Table 2 shows the insecticide removal rates in microal-
gae and duckweed medium for 96 h. Zeta-cypermethrin 
analysis was conducted in LC-MS/MS with liquid taken 
from test medium. The samples taken from microalgae 
assay set were filtered, while they were taken directly from 
duckweed medium. In order to minimize the error rate and 

to determine possible pesticide degradation, samples were 
taken from a different assay set in which algae/plant inoc-
ulation was not made and analysis was conducted. Positive 
correlation was found between the time dependent absor-
bance percentages of C. reinhardtii and chl a value and cell 
number. Similarly, chl a amount and specific growth rates 
were found to be parallel with absorbance values in L. minor. 
Net removal rates of test species were the highest in the 
low zeta-cypermethrin concentration and in the 1st day. As 
the insecticide concentration and the exposure time of the 
plants increase, removal rate decreases. When the rates for 
zeta-cypermethrin removal efficiency of C. reinhardtii and L. 
minor were measured, it was found that L. minor removed 
less insecticide in media which included 300 µg/L (24th h 
41.5%, 48th h 35.4%) and 600 µg/L (48th h 40%) insecticide. 
In all test groups apart from these assay sets, it was found 
that zeta-cypermethrin was removed with removal rates of 
over 75% especially by microalgae cells.

Since inorganic compound ions are transmitted from 
membranes with the help of membrane transport proteins 
and the intake of inorganic substances are dependent on a 
specific number, the intake of membrane proteins can be 
saturated [64]. Due to this mechanism, a few days later, 
the rates for test species to remove toxic substances is close 
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Fig. 2. Effects of zeta-cypermethrin on the levels of photosynthetic pigments in duckweed.
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to being stable [24]. In our study, the removal capacity of 
microalgae was very high in high concentration insecticide 
applications when compared with duckweed and ranged 
between 92.8% and 98.3%. Duckweed, on the other hand 
was found to show removal rates within a wider range (40% 
and 95%). Studies conducted have reported that microal-
gae are good agents to remove pesticides from contami-
nated media [64,65] and some pesticides (lindane, phenol, 
chlordimeform, DDT) are metabolized by green microalgae 
[66]. In a study which assessed the remediation capacity of 
micro green algae (S. obliquus and S. quadricauda) for fun-
gicide and herbicide, it was concluded that S. quadricauda 
are more effective than S. obliquus in removing fungicide 
(dimethomorph and pyrimethanil) [21].

In the present study, it was found that both test organ-
isms had a behavior of removing and retaking the pesticide 
they accumulated within specific intervals of time (Fig. 3). 
In duckweed medium, zeta-cypermethrin can be seen to be 
removed in high rates within the first 48 h. However, in the 
72nd and 96th h, the amount of insecticide in the medium 
increases gradually. This shows that some of the insecticide 
taken in by the organism is released in the medium again. 
In some studies, it has been reported that when toxic sub-
stance concentration is lower in the medium when com-
pared with the body of plants or when the toxicity caused 
reaches a specific level, these substances are released in 
the medium again [26 wahaap]. This is also emphasized in 
some studies conducted with heavy metals [67,68]. In our 
bioassay, this release profile was similar in duckweed and 
microalgae; however, it was more obvious and in wider 
range in L. minor. Statistical analyses have shown that 
L. minor is significantly influenced by different concentra-
tions of zeta-cypermethrin. In different concentrations of 
pesticide applications, statistically significant differences 
were recorded between days (p < 0.05).

Due to being abundant and having limited movement, 
aquatic plants (phytoplankton and macrophytes) biofilter 
aquatic contaminators (especially metals and nutrients) on 
site and thus fulfil a great duty. In a study which examined 
nanoparticle contamination, L. minor was reported to be a 
good agent in removing Ag nanoparticles from water [69]. 
However, studies conducted on the efficiency of pesticides 

in bioremediation are limited. In a study which examined 
the potentials of three different macrophytes (L. minor, 
E. canadensis, C. aquatica) in removing three pesticides (cop-
per sulfate-fungicide, flazasulfuron-herbicide, dimethomo-
rph-fungicide) from water, L. minor was reported to have 
the most efficient removal capacity [24]. S. polyrhiza from 
the same family was reported to show the highest removal 
efficiency for fungicides such as L. minor [25]. It has been 
reported that these two duckweed species will be efficient 
in removing organic contaminants and serve for phytore-
mediation in their natural habitat [21]. Aquatic plants 
are shown to have potential that can be used in cleansing 
aquatic ecosystems, which are one of the significant envi-
ronmental problems of toxic substances. Our bioassay 
results showed that both species are effective in removing 
zeta-cypermethrin and C. reinhardtii can perform better 
removal especially in low pesticide concentrations. The rea-
son for this is that microalgae have a simpler cell structure 
when compared to plants and they are surrounded by liquid 
for better intake of water and nutrients [70].

3.5. Ultrasucture observations

Surface morphologies of C. reinhardtii and L. minor sam-
ples taken at the 72nd and 96th h of bioassay were examined 
by using SEM (Fig. 4).

Depending on the increase in insecticide concentration, 
obvious changes can be seen in the deformation of mor-
phological structures. Degradation, decrease in cell diam-
eter and deformity were seen in cell walls of C. reinhardtii 
cells. The green color of the culture turning greenish-yellow 
in time and decrease in chl a concentration are associated 
with pesticide concentration. He et al. [71] reported that in a 
96 h toxicity test of both pesticides (atrazine and butachlor) 
on green microalgae (S. obliquus), a high concentration of 
pesticide caused deformation in the morphology of algae 
cells. There is also information about nanoparticles causing 
a similar effect [72,73]. High concentration zeta-cyperme-
thrin application caused symptoms such as changes in frond 
color, decrease in frond size, and tissue softening in L. minor. 
In addition to these effects, degradation was found in the 
cell wall and stoma. At the end of the experiment, decreases 
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Fig. 4. Scanning electron microscopy images of micro alga C. reinhardtii cells and macrophyte L. minor exposed to zeta-cypermethrin. 
(1) 72 h, (2) 96 h; (a) control, (b) 150 ppb, (c) 300 ppb, and (d) 600 ppb.
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in frond number and chlorosis were recorded. It is thought 
that these symptoms resulting from zeta-cypermethrin 
toxicity may be resulting from the restriction in the intake 
and/or use of the elements necessary for L. minor and due 
to changes occurring in a great number of metabolic phe-
nomena, primarily photosynthetic activity. The increase in 
growth observed in both species following low concentra-
tion insecticide can be associated with organisms turning 
these contaminators into useable metabolites. However, it 
was found with SEM images that zeta-cypermethrin caused 
negative effects on non-target organisms such as C. reinhard-
tii and L. minor when used in high concentrations.

4. Conclusion

The results show that C. reinhardtii and L. minor are 
effective in removing the zeta-cypermethrin in phycoreme-
diation and phytoremediation and that they can be used 
potentially. It was found that C. Reinhardtii can provide 
better removal, especially in low zeta-cypermethrin con-
centrations. This is because microalgae have a simpler cell 
structure when compared with high plants and they take 
in water and nutrients more easily since they live com-
pletely in water. In high concentration zeta-cypermethrin 
(600 µg/L) application, removal capacity of C. reinhardtii was 
92.8%–98.3%. In the study, low zeta-cypermethrin concen-
trations caused a phenomenon called hormesis in both test 
species. High zeta-cypermethrin concentration was found to 
cause negative effects on non-target organisms depending 
on the exposure time. In microalgae cells, morphological, 
anatomic, physiologic deformation showed in the form of 
deformation in cell wall structure, decrease in cell number, 
and photosynthetic pigment content. In L. minor, symp-
toms such as decrease in frond size, deformation in sur-
face morphology, tissue softening, chlorosis, and decrease 
in pigment level were found. Duckweed showed behaviors 
of releasing and retaking the zeta-cypermethrin it removed 
initially. Many pesticides are designed to target a specific 
pest. However, using pesticides and their main products can 
cause negative effects on non-target species. The synthetic 

pyrethroid zeta-cypermethrin, which is a widely used insec-
ticide in fighting hazelnut weevil (C. nucum) in the Black 
Sea region, was found to cause high concentrations of mor-
phological and anatomic deformation on microalgae and 
duckweed and cause inhibition on their development. Zeta-
cypermethrin is a toxic substance for aquatic organisms. 
While assessing the environmental effects of this insecti-
cide, its long term effect on aquatic ecosystems should be 
taken into consideration and monitored. For this reason, 
zeta-cypermethrin should be addressed more for environ-
mental risk assessment. Considering that underground 
and surface waters are contaminated quickly as a result of 
agricultural activities, it is important to cleanse contami-
nated aquatic ecosystems through innovative technology. 
If similar studies and optimization studies are conducted 
and removal potentials and mechanisms of species are deter-
mined, green improvement technologies can be developed. 
Phycoremediation and phytoremediation are improvement 
technologies required for the sustainability of the ecosystem.
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