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Abstract
Information regarding the safety and environmental risks of pesticides intended for urban use remains limited. This study
aimed to assess the effects of four common pesticides on the microalga Raphidocelis subcapitata: DIAZINON® 25% C. E.,
Roundup®, URBACIN® 20C. E., and VAPODEL® 20% C. E., which are commercial formulations of diazinon, glyphosate,
dichlorvos, and cypermethrin, respectively. According to 96-h inhibition of population growth bioassays, the four pesticide
toxicities exemplified the following order: DIAZINON® (diazinon) > Roundup® (glyphosate) > VAPODEL® (dichlorvos) >
URBACIN® (cypermethrin). Increasing pesticide concentrations elicited alterations in the specific growth rates (µmax). The
macromolecule contents and photosynthetic pigments increased in groups exposed to the highest concentrations of
DIAZINON® 25%, Roundup®, and URBACIN® 20 compared to the control group, despite these treatments inducing lower
population growth rates. VAPODEL® 20% induced higher growth rates and lower macromolecule content compared to the
control. Since active ingredients were not quantified, certain comparisons may prove limiting, but it is important to assess the
effects of the whole mixtures in the form that they enter the environment, especially for urban-intended applications or
generic formulations with higher additive contents. Finally, this study demonstrated that commercial pesticide formulations
designed for urban applications might pose a threat to freshwater microalgae due to their underestimated toxic potential, but
further studies are required.
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Introduction

Pesticides are designed to eliminate undesirable organisms
that affect human health or cropland productivity; however,
side effects on both terrestrial and aquatic non-target
organisms and food webs have been documented, altering
the structures of communities (Caihong et al. 2015; Nowell
et al. 2018). The United States Environmental Protection
Agency (US EPA) defines pesticides as “any substance or
mixture of substances intended for preventing, destroying,
repelling, or mitigating any pest” (US EPA 2022), while in
the European Union (EU), pesticides are defined as those
products intended for plant protection and biocides as the
products used for non-plant protection purposes (EU 2009/
128/EC). Therefore, this study employs the definition of
pesticides as stated by the US EPA (2022).

Pesticide use has substantially increased in recent dec-
ades; the Food and Agriculture Organization (FAO) of the
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United Nations registered more than four megatons of
pesticide use across 164 countries (FAO 2017). Although
the concentration of pesticides per hectare is expected to be
higher in rural areas compared to urban industrial zones,
misuse of pesticides has increased concentrations per hec-
tare in urban zones (US EPA 2005; Wittmer et al. 2011).
Thus, the effects of pesticides in non-agricultural zones
should be investigated, especially considering approxi-
mately 80% of families in the United States use at least one
pesticide per household for fumigation and gardening pur-
poses (Horton et al. 2011; US EPA 2015).

Glyphosate is a frequently applied herbicide in both
agricultural and urban areas, and it is approved for use in
Australia, the European Union, and the USA (Singh et al.
2020). Insecticides comprise two main groups, organo-
phosphates and pyrethroids. Of the organophosphates, dia-
zinon and dichlorvos are not approved in the European
Union, but, in Canada, some exceptions are considered to
meet the standards for the protection of human health and
environment (Canada Pest Management Regulatory Agency
[PMRA] 2017, 2021). Organophosphates, which have been
detected in urban dust and waterways, are higher toxicity
and are gradually being substituted with pyrethroids
(Nowell et al. 2021).

Diverse active ingredients have been quantified in sev-
eral countries and matrices, including dust, soil, and water,
in both rural and urban areas, and it is postulated that there
is a “pesticide signature” for every city, dependent on cur-
rent uses and applications, that varies over the time with
changes in regulations and use patterns (Stehle et al. 2019).
Environmental pesticide concentrations differ among high
and low-income zones; in developed countries, the pesticide
concentrations generally range from nanograms per liter
occasionally to micrograms per liter (Spahr et al. 2020), and
in least-developed countries, the concentration of active
ingredients can reach the order of micrograms or per liter or
higher.

Pesticide research primarily focuses on the effects of
active ingredients. However, these are typically a part of
complex mixtures within commercial formulations that
include inert compounds and adjuvants. Assessing the
effects of these complex mixtures is essential as it repre-
sents the true form in which pesticides are released into the
environment, and the interactions among these chemicals
might result in synergistic effects (Cox and Surgan 2006;
Pereira et al. 2009).

Consequently, this study utilized the algal species
Raphidocelis subcapitata as a test organism to assess the
effects of four commercial pesticide formulations that are
commonly used in urban areas of Mexico: DIAZINON®
25% C.E. (diazinon), Roundup® (glyphosate), URBACIN®
20 C.E. (cypermethrin), and VAPODEL® 20% C.E.
(dichlorvos). These were selected as representatives of

organophosphates still in use in non-developed countries, a
pyrethroid insecticide, and an herbicide most commonly
used in urban areas. This research aimed to demonstrate that
pesticides used for urban applications at low concentrations
(0.009–0.201 × 10−3% (v/v) of the commercial formulation)
interfere with algal population growth and induce bio-
chemical changes. Finally, we discuss the importance of
assessing holistic commercial formulations instead of active
ingredients exclusively.

Materials and Methods

Chemicals

The four commercial pesticides were purchased from dis-
tributors located in the urban area of Aguascalientes,
Mexico. Manufactured in México by Delta S.A. de C.V:
DIAZINON® 25% (75% inert ingredients, 236 mg/mL
diazinon), URBACIN® 20 (70% inert ingredients,
189.2 mg/mL cypermethrin), and VAPODEL® (80% other
ingredients, 226 mg/mL dichlorvos). Manufactured in USA
by Monsanto Company, Roundup® (98% other ingredients,
15.22 mg/mL glyphosate).

Pesticides were diluted in deionized water as stock
solutions 24 h prior to testing and were subsequently stored
at 4 °C for no longer than 60 d. All stock solutions were
filtered with 0.45 μm syringe filters to avoid microbial
contamination or degradation. Further dilutions were con-
ducted in aseptic conditions. All concentrations are
expressed as a percentage of the commercial pesticides and
the expected concentration of the active ingredient (nominal
concentration according to the manufacturer’s formula-
tions). Stock solutions were prepared as ten-fold dilutions of
the commercial pesticides at 1:1000 (Roundup® 2%) and
1:10,000 (DIAZINON® 25%, URBACIN® 20, and
VAPODEL® 20%).

Culture conditions

The R. subcapitata strain used in this study was kindly
donated by the Laboratory of Experimental Hydrobiology,
Escuela Nacional de Ciencias Biológicas of the Instituto
Politécnico Nacional and was maintained in Bold’s Basal
Medium (BBM) with continuous aeration and a photoperiod
of 12 h light and 12 h dark at 25 °C. The inoculum for
experiments was collected when the culture reached the
exponential growth phase determined by the culture
absorbance. The biomass was centrifuged at 5000 rpm for
10 min at room temperature, and the supernatant was dis-
carded. The pellet was washed three times with fresh BBM
and resuspended in 10 mL of fresh BBM prior to experi-
mentation. The cell density was estimated using a
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hemocytometer and adjusted to 104 cells/mL, which was the
initial concentration used for all bioassays.

Population growth inhibition tests

Population growth inhibition assays were performed
according to the OECD Guideline 201 (2011). All experi-
ments were conducted aseptically in 24-well microplates.
The initial cell density was adjusted to 104 cells/mL with a
final volume of 2 mL, and cells were incubated at 25 ± 2 °C
with a 12:12 h light:dark photoperiod for 96 h. Each pesti-
cide was assayed at five concentrations, and one control
group (BBM) was included in every microplate. The
microalgae suspensions were manually homogenized twice
a day throughout the bioassay. The range-finding tests
included nominal active ingredient concentrations from
0.01−100 mg/L. Subsequent experimental concentrations
were selected according to the range in which approxi-
mately 50% growth inhibition was observed. Cell counts
were performed daily using a hemocytometer, which were
used to estimate the median inhibitory concentration (IC50).
The IC50 values are reported as mg active ingredient per
liter (mg a.i./L).

Biomarker assessments at subinhibitory
concentrations

Five concentrations corresponding to fractions (0.01, 0.02,
0.05, 0.10, and 0.20) of each IC50 were selected to assess
the effects of pesticides on the photosynthetic pigment and
caloric contents of R. subcapitata. Table 1 shows the
respective concentrations used for each pesticide. The cell
density was adjusted to 4 × 105 cells/mL with a final volume
of 100 mL BBM in 350 mL glass bottles. Flasks were
incubated at 25 ± 2 °C with a 12:12 h light:dark photoperiod
for 144 h. The extended period and inoculum were adjusted
to obtain the biomass required to perform the biochemical
determinations. Samples were collected daily under aseptic

conditions to estimate the cell density. At the end of the
exposure period, the biomass was centrifuged at 5000 rpm
for 10 min at room temperature, the supernatant was dis-
carded, and the pellet was washed three times with fresh
BBM. The pellet was resuspended in 5 mL BBM and stored
at −80 °C until further use.

Quantification of photosynthetic pigments

Five mL of methanol (90%, v/v) was added to a 100 µL
aliquot of the concentrated biomass. The suspension was
heated to 90 °C for 5 min, cooled to room temperature, and
stored in the dark at 4 °C overnight. Samples were cen-
trifuged at 5000 rpm for 5 min, and the pellet was discarded.
The supernatant was recovered and adjusted to a 5 mL
volume with methanol (90%, v/v). The absorbance was
measured at 470, 649, and 665 nm. The following equations
were used to calculate the pigment contents (Martínez-Ruiz
and Martínez-Jerónimo 2018):

Chlorophyll-a Chl-að Þ ¼ 12:19� A665� 3:45� A649

Chlorophyll-b Chl-bð Þ ¼ 21:99� A649� 5:32� A665

Carotenoids ¼ 1000� A470� 2:86� Chl-a� 129:2� Chl-bð Þ=221

The results are expressed as picograms of pigment per
algal cell.

Determination of the caloric contents in R.
subcapitata

To quantify total carbohydrates, 100 µL of phenol (5%, w/v)
was added to 100 µL of sample, followed by the slow addition
of 500 µL concentrated sulfuric acid. The mixture was heated
to 90 °C for 10 min. After cooling to room temperature, the
absorbance was taken at 490 nm against a standard curve
generated using dextrose (0, 2.5, 5, 10, 15 and 20 µg). The

Table 1 Fractions of the median inhibitory concentration (IC50) of four commercial formulations of pesticides used to assess biochemical
alterations in Raphidocelis subcapitata

DIAZINON® Roundup® URBACIN® VAPODEL®

C.F. a.i. C.F. a.i. C.F. a.i. C.F. a.i.,

0.01 IC50 8.33 × 10−5 0.0012 × 10−3 1.30 × 10−4 0.079 × 10−3 1.03 × 10−4 0.099 × 10−3 3.79 × 10−4 0.027 × 10−3

0.02 IC50 4.17 × 10−5 0.0025 × 10−3 6.25 × 10−3 0.164 × 10−3 5.14 × 10−3 0.198 × 10−3 1.89 × 10−4 0.053 × 10−3

0.05 IC50 1.67 × 10−5 0.0063 × 10−3 2.52 × 10−3 0.407 × 10−3 2.06 × 10−3 0.494 × 10−3 7.55 × 10−3 0.133 × 10−3

0.10 IC50 8.06 × 10−4 0.0131 × 10−3 1.25 × 10−3 0.821 × 10−3 1.03 × 10−3 0.988 × 10−3 3.77 × 10−3 0.267 × 10−3

0.20 IC50 4.03 × 10−4 0.0254 × 10−3 6.25 × 10−2 0.164 × 10−3 5.14 × 10−2 1.977 × 10−3 1.88 × 10−3 0.534 × 10−3

a.i. active ingredient

All data within the table are expressed in percentage of the pesticide formulation as purchased from local distributors and further dilutions in the
laboratory. Based on the manufacturer’s information, the nominal concentrations correspond to: diazinon (0.003–0.062 mg/L), glyphosate
(0.012–0.250 mg/L), cypermethrin (0.187–3.740 mg/L), and dichlorvos (0.060–1.206 mg/L), respectively
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results are expressed as picograms of carbohydrates per algal
cell (Hernández-Zamora and Martínez-Jerónimo 2019).

For the total lipid determination, 500 µL of chlor-
oform:methanol (2:1, v/v) and 500 µL of deionized water
were added to 100 µL sample. The mixture was homo-
genized and centrifuged; the organic phase, containing the
lipid extract, was recovered. Extraction was performed three
times, and the organic phases of every extraction were
combined and heated to dryness. Then, 100 µL of distilled
water and 1 mL of concentrated sulfuric acid were added,
and the solution was heated to 90 °C for 10 min. After
cooling to room temperature, 1000 µL of 9 mM phospho-
vanillin reactive was added, and the resulting solution was
incubated in the dark for 15 min. The absorbance was read
at 525 nm and compared against a canola oil standard curve
(0, 0.5, 1, 2, 2.5 and 5 µg) (Mishra et al. 2014). The results
are expressed as picograms of lipids per algal cell.

Total proteins were quantified by adding 1mL Bradford’s
reactive to 100 µL sample, which was incubated for 10min to
develop color. The absorbance was measured at 595 nm
against a standard curve of bovine serum albumin (0, 2.5, 5,
10, 15 and 20 µg) (Patnaik et al. 2019). The results are
expressed as picograms of total protein per algal cell.

Finally, the caloric contents of the microalgae were
obtained by multiplying the contents of carbohydrates,
lipids, and proteins by their combustion factors: 4.11 cal/
mg, 9.45 cal/mg, and 5.65 cal/mg, respectively (Arzate-
Cárdenas and Martínez-Jerónimo 2012). The results are
expressed as pcal per algal cell.

Statistical analysis

The IC50 of each pesticide was calculated using the log-
logistic model in the drc package in the R Studio software.
All results were compared through one-way analysis of
variance (ANOVA), and multiple comparison tests were
performed using Bonferroni’s least significant difference
(LSD) with the statistical software R (v.3.5.1). Significance
was established at P < 0.05.

Results

The IC50 values were as follows: DIAZINON® 25%
0.13 × 10−3% (0.31 mg a.i./L), Roundup® 8.2 × 10−3%
(1.25 mg a.i./L), URBACIN® 209.9 × 10−3% (18.70 mg a.i./
L), and VAPODEL® 20% 2.6 × 10−3% (6.03 mg a.i./L).
The values of IC1, IC10, and IC50 are shown in Table 2.
Based on the percentage of the commercial formulation, the
toxicity toward microalgae showed the following order:
DIAZINON® > VAPODEL® > Roundup® > URBACIN®.
Alternatively, when based on the active ingredient con-
centration, the toxicity toward R. subcapitata exemplified Ta
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the following order: DIAZINON® > Roundup® > VAPO-
DEL® > URBACIN®. These results revealed that DIAZI-
NON® was the most toxic formulation, and URBACIN®
was the least toxic formulation within the commercial
pesticides tested.

Exposure to fractions of each respective IC50 demon-
strated that DIAZINON®, Roundup®, and URBACIN®
caused significant decreases in the R. subcapitata maximum
population growth rates (µ) after 144 h exposure (p < 0.05)
(Fig. 1). In contrast, the groups exposed to VAPODEL®
exhibited higher growth rates (p < 0.05) (Table 3). Exposure
to increasing concentrations was associated with increased
chlorophyll contents, carotenoids, carbohydrates, lipids, and
proteins for all pesticides excluding VAPODEL® (p < 0.05)
(Figs. 2–6). The effective concentrations (EC50) of the
biomarkers assessed in this study are shown in Table 4.

DIAZINON® significantly inhibited the growth of R.
subcapitata at all concentrations used in bioassays (Fig. 1a).
Algae exposed to the highest DIAZINON® concentration
exhibited higher contents of carbohydrates (29.05 pg/cell),
lipids (6.06 pg/cell), and proteins (62.80 pg/cell) compared to
the control group (p < 0.05) (Fig. 2a–c). Chlorophyll-a and
chlorophyll-b increased significantly, with the highest con-
tents (11.44 pg/cell and 8.68 pg/cell, respectively) observed in
algal cells exposed to 0.0254 × 10−3% (0.062mg a.i./L)
DIAZINON® (p < 0.05) (Fig. 2d−e). No significant differ-
ences in carotenoid contents were observed with different
levels of pesticide exposure (p > 0.05) (Fig. 2f).

Significant population growth inhibition was observed
after 144 h of exposure to Roundup®, even at the lowest
concentration (0.079 × 10−3%), which corresponds to
0.012 mg a.i./L (Fig. 1b). The photosynthetic pigments per
cell significantly increased in algae exposed to
0.821 × 10−3% (0.125 mg a.i./L) and 0.164 × 10−3%
(0.250 mg a.i./L) of Roundup® (p < 0.05) (Fig. 3d–f). The
same patterns were observed for the total carbohydrate and
protein contents, with significant increases at
0.164 × 10−3% (0.250 mg a.i./L) (p < 0.05) (Figs. 3a, c).
The lipid contents were not affected by exposure to
Roundup® at the tested concentrations (p > 0.05) (Fig. 3b).

URBACIN® significantly inhibited algal growth
(p < 0.05) (Fig. 1c). Exposure to 0.099 × 10−3% and
1.977 × 10−3% (1.87 mg a.i./L and 3.74 mg a.i./L, respec-
tively) of URBACIN® decreased Chl-a contents, and con-
centrations equal to or greater than 0.494 × 10−3%
(0.935 mg a.i./L) decreased the carotenoid contents com-
pared to the control group (p < 0.05) (Fig. 4d, f). All
URBACIN® concentrations increased the protein contents,
which were 2-fold higher in algal cells exposed to
1.977 × 10−3% (3.74 mg a.i./L) than the control group
(Fig. 4c). The carbohydrate contents significantly increased
after exposure to 0.494 × 10−3% (0.935 mg a.i./L),
0.988 × 10−3% (1.870 mg a.i./L), and 1.977 × 10−3%
(3.740 mg a.i./L) of cypermethrin (URBACIN®; Fig. 4a)
(p < 0.05). The lipid contents remained unaltered by all
tested cypermethrin concentrations (p > 0.05) (Fig. 4b).

Fig. 1 Population growth of Raphidocelis subcapitata exposed for
144 h to IC50 fractions of four commercial formulations: (a) DIAZI-
NON® 25%, (b) Roundup®, (c) URBACIN® 20, and (d) VAPODEL®

20%. * indicates significant differences according to one-way
ANOVA and Bonferroni’s LSD test (p < 0.05)
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VAPODEL® was the only commercial formulation tested
that promoted algal growth (p < 0.05) (Fig. 1d). Carotenoids
were significantly reduced in the VAPODEL®-exposed groups
(p < 0.05) (Fig. 5f). The carbohydrate, lipid, and protein con-
tents decreased in algae exposed to VAPODEL® at
0.13 × 10−3% (0.301mg a.i./L), 0.26 × 10−3% (0.603mg a.i./
L), and 0.53 × 10−3% (1.206mg a.i./L) (p < 0.05) (Fig. 5a−c).
Contrasting with the other three commercial formulations used
in this study, exposure to VAPODEL® decreased the energy
contents per cell in R. subcapitata (p < 0.05) (Fig. 6d).

Discussion

The results of the growth inhibition tests classified the four
commercial formulations as follows: URBACIN®, moder-
ately toxic (IC50 10–100 mg a.i./L), Roundup® and
VAPODEL®, toxic (IC50 1–10 mg a.i./L), and DIAZI-
NON®, highly toxic (IC50 0.1–1 mg a.i./L) according to US
EPA guidelines (US EPA 2015). These classifications are
based on the toxicity of the active ingredients, without
accounting for the occurrence of pesticides in the

Table 3 Effects of four commercial pesticide formulations on the maximal growth rate (µmax) of Raphidocelis subcapitata exposed to fractions of
the IC50 (144 h)

Treatment

DIAZI-
NON®

Control 0.0012 × 10−3

(0.003)
0.0025 × 10−3

(0.006)
0.0063 × 10−3

(0.015)
0.0131 × 10−3

(0.031)
0.0254 × 10−3

(0.062)

µmax 0.30 ± 0.02a 0.27 ± 0.01b 0.28 ± 0.01b 0.26 ± 0.02b 0.26 ± 0.01b 0.23 ± 0.01c

Roundup® Control 0.079 × 10−3

(0.012)
0.164 × 10−3

(0.025)
0.407 × 10−3

(0.062)
0.821 × 10−3

(0.125)
0.164 × 10−3

(0.250)

µmax 0.37 ± 0.01a 0.32 ± 0.02b 0.34 ± 0.01b 0.33 ± 0.02b 0.29 ± 0.03c 0.22 ± 0.03d

URBACIN® Control 0.099 × 10−3

(0.187)
0.198 × 10−3

(0.374)
0.494 × 10−3

(0.935)
0.988 × 10−3

(1.87)
1.977 × 10−3

(3.74)

µmax 0.31 ± 0.007a 0.29 ± 0.008c 0.29 ± 0.01bc 0.30 ± 0.009bc 0.30 ± 0.009ab 0.30 ± 0.007ab

VAPODEL® Control 0.027 × 10−3

(0.060)
0.053 × 10−3

(0.120)
0.133 × 10−3

(0.301)
0.267 × 10−3

(0.603)
0.534 × 10−3

(1.206)

µmax 0.26 ± 0.01a 0.27 ± 0.01ab 0.27 ± 0.02ab 0.29 ± 0.02b 0.32 ± 0.02c 0.33 ± 0.02c

All concentrations are expressed as percentage (characters in bold) of the corresponding commercial formulations as purchased from local
distributors. Numbers in parenthesis indicate the concentration in terms of the active ingredient (mg/L) based on the information provided by the
respective manufacturers. µmax represent the maximal growth rate (average ± standard deviation). Superscripts indicate significant differences
according to one-way ANOVA and Bonferroni’s LSD test (p < 0.05)

Fig. 2 Effects of IC50 fractions of DIAZINON® 25% on Raphidocelis
subcapitata exposed for 144 h on (a) total carbohydrates; (b) total
lipids; (c) total protein; (d) chlorophyll-a; (e) chlorophyll-b; and (f)

carotenoids. Different letters indicate significant differences according
to one-way ANOVA and Bonferroni’s LSD test (p < 0.05)
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environment as mixtures, combined with “other” or “inert”
ingredients, which are also responsible for deleterious
effects (Gonçalves et al. 2019).

RoundUp® is a systemic herbicide used to control weeds
and grass. The commercial formulation available corre-
sponds to the “ready to use” category, which includes

polyoxyethylene tallow amine as a surfactant that increases
the penetration on plant cells and, thus, its toxicity.
Although glyphosate-based herbicides are among the most
studied plant protection products, their exact formulation is
not fully known as it remains as confidential information.
Nonetheless, the noxious and synergistic effects of

Fig. 3 Effects of IC50 fractions of Roundup® on Raphidocelis sub-
capitata exposed for 144 h on (a) total carbohydrates; (b) total lipids;
(c) total protein; (d) chlorophyll-a; (e) chlorophyll-b; and (f)

carotenoids. Different letters indicate significant differences according
to one-way ANOVA and Bonferroni’s LSD test (p < 0.05)

Fig. 4 Effects of IC50 fractions of URBACIN® 20 on Raphidocelis
subcapitata exposed for 144 h on (a) total carbohydrates; (b) total
lipids; (c) total protein; (d) chlorophyll-a; (e) chlorophyll-b; and (f)

carotenoids. Different letters indicate significant differences according
to one-way ANOVA and Bonferroni’s LSD test (p < 0.05)
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Fig. 5 Effects of IC50 fractions of VAPODEL® 20% on Raphidocelis
subcapitata exposed for 144 h on (a) total carbohydrates; (b) total
lipids; (c) total protein; (d) chlorophyll-a; (e) chlorophyll-b; and (f)

carotenoids. Different letters indicate significant differences according
to one-way ANOVA and Bonferroni’s LSD test (p < 0.05)

Table 4 Effective concentrations (EC50) of different biomarkers of Raphidocelis subcapitata exposed to IC50 fractions of commercial formulations
of pesticides for 144 h

Diazinon®, EC50 RoundUp®, EC50

Response % CF (10−3) mg/L % CF (10−3) mg/L

Population growth 0.009 (0.005–0.014) 0.02 (0.01–0.03) 0.834 (0.695–1.043) 0.12 (0.10–0.15)

Carotenoids 0.041 (0.014–0.139) 0.09 (0.03–0.306) 0.697 (0.418–1.185) 0.1 (0.06–0.17)

Chlorophyll-a 0.005 (0.003–0.009) 0.01 (0.006–0.02) 0.907 (0.628–1.395) 0.13 (0.09–0.20)

Chlorophyll-b 0.009 (0.005–0.014) 0.02 (0.01–0.04) 0.977 (0.488–1.814) 0.14 (0.07–0.26)

Carbohydrates 0.014 (0.006–0.041) 0.03 (0.013–0.09) 0.697 (0.488–0.836) 0.1 (0.07–0.12)

Lipids 0.009 (0.005–0.014) 0.02 (0.01–0.04) 0.056 (0.011–0.300) 0.008 (0.002–0.043)

Proteins 0.009 (0.005–0.014) 0.02 (0.01–0.03) 0.907 (0.628–1.326) 0.13 (0.09–0.19)

Caloric content 0.027 (0.0117–0.036) 0.03 (0.013–0.04) 0.628 (0.209–1.744) 0.09 (0.03–0.25)

Urbacin®, EC50 Vapodel®, EC50

Response % CF (10−3) mg/L % CF (10−3) mg/L

Population growth 0.425 (0.197–0.914) 0.8 (0.37–1.72) 0.169 (0.111–0.249) 0.38 (0.25–0.56)

Carotenoids 0.703 (0.153–1.253) 1.33 (0.29–2.37) 0.115 (0.071–0.181) 0.26 (0.16–0.41)

Chlorophyll-a 0.697 (0.266–0.798) 1.31 (0.5–1.5) 0.071 (0.013–0.368) 0.16 (0.03–0.83)

Chlorophyll-b 0.304 (0.075–1.200) 0.57 (0.14–2.25) 0.137 (0.049–0.380) 0.31 (0.11–0.86)

Carbohydrates 0.201 (0.153–0.265) 0.38 (0.29–0.5) 0.106 (0.040–0.274) 0.24 (0.09–0.62)

Lipids 0.433 (0.153–1.209) 0.82 (0.29–2.29) 0.155 (0.093–0.257) 0.35 (0.21–0.58)

Proteins 0.845 (0.696–1.031) 1.59 (1.31–1.94) 0.084 (0.057–0.119) 0.19 (0.13–0.27)

Caloric content 0.962 (0.074–1.189) 1.82 (0.14–2.25) 0.110 (0.078–0.147) 0.24 (0.17–0.32)

CF Commercial Formulations, EC50 median effective concentration, SE standard error, LL lower limit of the confidence interval, UL upper limit of
the confidence interval

All values were estimated using the drc package of the R statistical software
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glyphosate and tallow amine surfactant are well described in
the current literature (Martins-Gomes et al. 2022).

Contact insecticides like DIAZION®, URBACIN®, and
VAPODEL®, produce deleterious effects on insects due to
penetration via the integument and trachea; they eventually
reach all organs, affecting the central nervous system. To
facilitate their transport, commercial formulations require
carrier solvents and surfactants (Castro et al. 2014). The
commercial insecticides studied here were purchased as
emulsifiable concentrates (EC), which have a general for-
mula resembling: active ingredient (20%), emulsifier blend
(5–10%), and solvent(s) (up to 100%) (Knowles 2008).
However, the current composition of these insecticides
remains confidential. Water-insoluble insecticides are dis-
solved in organic solvents, such as xylene, petroleum oils,
and cyclohexanone. Then, the insecticide-solvent mixture is
emulsified by the addition of surfactants, such as organic
alcohols or any substance that lowers superficial tension.
Some solvents evaporate rapidly and allow the deposition of
active ingredients onto surfaces; petroleum oils are pre-
ferred due to improved residual effects, despite some
additives exerting negative effects on non-target organisms,
like phytotoxicity on the plants being treated (Pascual-Vil-
lalobos et al. 2019).

Inert ingredients used in the commercial formulations
can also increase the mobility of the active ingredients, thus
facilitating their movement in aquatic environments (Beggel
et al. 2010). Therefore, low concentrations of active ingre-
dients in aquatic environments might be highly toxic

resulting from interactions with inert ingredients; for
instance, the four pesticides assessed in this study presented
high toxicity towards R. subcapitata at relatively low con-
centrations of active ingredients – emphasizing that these
commercial products were diluted more than 104-fold to
elicit negative effects on algae. Moreover, commercial
formulations of glyphosate have been shown to be 10−100
times more toxic than the active ingredient alone (Cox and
Surgan 2006; Svartz and Pérez-Coll 2013). Therefore, the
assessment of active ingredients alone underestimates the
effects on aquatic biota, and it is critical to evaluate the
effect of the commercial formulations as that is the condi-
tion in which they are administered into the environment.

For DIAZINON®, the IC50 1.3 × 10−4% (0.3 mg a.i./L)
was at least 10-fold lower and up to 150-fold more toxic
than other commercial formulations featuring these
organophosphate-based pesticides (Ma et al. 2005). For
glyphosate-based pesticides, such as Roundup®, several
authors have described the increased toxicity associated
with the use of adjuvants, particularly tallow amines, which
continue to be used in formulations despite their docu-
mented toxicity (Gonçalves et al. 2019). Results reported
here showed that higher concentrations of adjuvants
(approximately 88% of “other ingredients”) promoted lower
IC50 values for microalgae compared with the formulations
used for land crops (Table 5).

Sáenz et al. (2012) tested a commercial formulation of
cypermethrin with 10% active ingredient that caused sig-
nificant inhibition of four microalgae species; the IC50

Fig. 6 Caloric content of Raphidocelis subcapitata exposed for 144 h
to IC50 fractions of four commercial formulations: (a) DIAZINON®
25%; (b) Roundup®; (c) URBACIN® 20; and (d) VAPODEL® 20%.

Different letters indicate significant differences according to one-way
ANOVA and Bonferroni’s LSD test (p < 0.05)
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values (0.20 mg a.i./L) for R. subcapitata were lower than
those of URBACIN® (9.9 × 10−3%, 18.77 mg a.i/L), which
contains 20% active ingredient and 80% of “other ingre-
dients”. These IC50 values indicated that higher concentra-
tions of adjuvants within the commercial formulations
increased the toxicity of cypermethrin (Svartz and Pérez-
Coll 2013). In contrast, cypermethrin alone has low toxicity
to microalgae, according to its IC50 of 112.45 mg/L (Li et al.
2005).

VAPODEL® is one of several available commercial
pesticide formulations containing dichlorvos, in addition to
VAPONA® and Nuván®, which remain available although
this pesticide has been banned in several countries due to its

high toxicity (Okoroiwu and Iwara 2018). Contrasting to
the other tested pesticides, this study revealed that the
dichlorvos commercial formulation (VAPODEL®) pre-
sented reduced toxicity for microalgae compared to the
active ingredient (Table 5). These results disagree with
other studies that reported micrograms per liter concentra-
tions of the active ingredient inhibited algal growth (Agir-
man et al. 2014). Thus, this apparent reduction in toxicity
observed in the present study might be related to either the
intrinsic tolerance of the algal strain used or to the inter-
action of the “other ingredients” included in the commercial
formulation; however, this formulation cannot be con-
sidered as non-toxic because environmental risk assess-
ments require the assessment against various non-target
organisms in addition to this algal strain.

Although DIAZINON®, Roundup®, and URBACIN®
were assessed at concentrations below their respective IC50

values, the significant inhibition of the algal growth was
observed in response to exposure to these pesticides
(Fig. 1). The modes of action for diazinon and cypermethrin
in algal species are not well-understood because algae are
not the target organisms for these pesticides. Pesticides can
alter antioxidant mechanisms, enzymatic pathways, and
energy allocation; moreover, pesticides can induce vacuo-
lation, the disruption of mitochondrial membranes, and the
impairment of photosynthetic pathways, among other out-
comes (Sun et al. 2015; Mansano et al. 2017).

Baruah and Chaurasia (2020) reported the enhanced
activity of reactive oxygen species (ROS) and the accu-
mulation of lipids in Chlorella after exposure to cyperme-
thrin, the active ingredient of URBACIN®; thus, the
commercial formulation of cypermethrin increased the
intracellular contents of lipids and photosynthetic pigments
as mechanisms to counteract the effects of the pesticide. As
observed in R. subcapitata, the energy content and photo-
synthetic pigments increased, but the growth performance
was low in comparison to non-exposed microalgae.

Kurade et al. (2016) described several alterations in
Chlorella vulgaris following the exposure to diazinon,
including low growth rates, low dry weight, low chlorophyll
and carotenoid contents, and diminished activity of anti-
oxidant enzymes, including superoxide dismutase and cat-
alase. Nevertheless, such results were observed in analysis
of the active ingredient, but commercial formulations, like
DIAZINON®, might represent a higher concern as the
“other ingredients” significantly increased the effect of the
active ingredient. This requires lower amounts of the
commercial pesticide, which diluted at one million times
elicited the aforementioned effects on R. subcapitata.

Pedrosa-Gomes and Juneau (2016) reported that gly-
phosate induced oxidative stress in Lemna minor, and
despite that it is an aquatic plant, the mechanisms under-
lying the toxicity of glyphosate-based pesticides could be

Table 5 Comparison of inhibitory concentrations (IC50) of commercial
pesticide formulations and their active ingredients on microalgae

Species* Active
ingredient
IC50 (mg L−1)

Commercial
formulations
IC50 (mg L−1)

Cypermethrin Chlorella
vulgaris

23, a.i. 10%
(Sáenz et al.
2012)

Raphidocelis
subcapitata

0.20, a.i. 10%
(Sáenz et al.
2012)

Scenedesmus
acutus

0.94, a.i. 10%
(Sáenz et al.
2012)

S. obliquus 112.4
(Li et al. 2005)

S. quadricauda 0.48, a.i. 10%
(Sáenz et al.
2012)

Diazinon C. vulgaris 41.5
(Ma et al. 2005)

R. subcapitata 3.7
(US EPA,
2005)

R. subcapitata 6.4
(US EPA,
2005)

R. subcapitata 15.32
(Ma et al. 2005)

S. quadricauda 20.64
(Ma et al. 2005)

S. obliquus 48.91
(Ma et al. 2005)

Dichlorvos R. subcapitata 1.61
(Yeh and Chen,
2006)

23.39, a.i. 76%
(Satyavani et al.
2012)

Glyphosate R. subcapitata 129
(Pereira et al.
2009)

71
(Pereira et al.
2009)

R. subcapitata 270
(Cedergreen
et al. 2006)

64.7, a.i. 76%
(Cedergreen
et al. 2006)
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applicable to other photosynthetic, non-target species like
microalgae. Therefore, glyphosate can alter energy meta-
bolism by disrupting biochemical pathways within either
mitochondria or chloroplasts, increasing the available
energy in terms of total carbohydrates, lipids, and protein,
as observed in the present work. Besides higher energy
levels, microalgae can also exhibit higher energy demands
to manage the pesticide-promoted stress, likely through the
production of ROS and through the impairment of mito-
chondrial electron transport chain and thylakoids photo-
systems. Furthermore, pesticides like glyphosate have been
shown to inhibit the activity of enzymes directly involved in
the metabolism of carbohydrates, such as hexokinase, a key
step in glycolysis (Panetto et al. 2019).

In contrast, VAPODEL® stimulated the population
growth of R. subcapitata but significantly diminished algal
energy contents compared to the control group (Fig. 6). This
effect might be attributed to the increased population
growth rate. This behavior was different in inhibitory
bioassays, because at higher VAPODEL® concentrations of
1.70 × 10−3–4.40 × 10−3% (4–10 mg/L), population growth
was inhibited similar to the other three commercial for-
mulations; however, at lower subinhibitory concentrations
from 0.133 × 10−3–0.534 × 10−3% (0.301–1.206 mg/L), a
growth-stimulating behavior was observed (Fig. 1). Some
authors have described this phenomenon as hormesis, in
which there is a stimulation effect within a certain interval
of concentrations. Alternatively, concentrations outside this
interval, both below and above, elicit negative impacts on
the same parameters (Cedergreen et al. 2006; Mansano et al.
2017).

Dichlorvos, at concentrations below 1mg/L, was reported
to cause hormetic responses on the growth rate of the cya-
nobacteria Microcystis wesenbergii (Sun et al. 2015) and the
alga Heterosigma akashiwo (Fang and Zhang 2010). In the
present study, concentrations of dichlorvos for the standard
inhibition test (96 h) were higher, which indicates that the
commercial formulation is less toxic than the active ingredient
alone. In fact, the formulation toxicity might be under-
estimated if one endpoint is exclusively assessed, such as the
population growth. As in this study, the evaluation of bio-
markers at concentrations below the IC50 showed significant
alterations on the content of photosynthetic pigments and
energy availability or macromolecules content. For such
effects, concentrations are as low as 0.160mg a.i./L (0.266mg
a.i./L, on average), which corresponds to the 0.071 × 10−3% of
the commercial formulation (Table 4). Thus, it is relevant to
assess the effects of the whole formula in its entirety, espe-
cially for those intended for urban applications, which seem to
be more toxic than agrochemicals.

Another explanation of diminished energy contents in
algae exposed VAPODEL® relies upon the mechanisms
described for dichlorvos, which are known to inhibit the

synthesis of ATP by decreasing the electron transport com-
plexes within mitochondria and affect their membrane integ-
rity, ultimately promoting the formation of ROS and oxidative
stress (Binukumar et al. 2010). Moreover, dichlorvos as active
ingredient is known to alter biochemical pathways like those
involved in the metabolism of carbohydrates and lipids (Biu-
Nguyen et al. 2015). Therefore, commercial formulations of
dichlorvos may result in algae with lower energy content as
observed with these results.

The tested commercial formulations DIAZINON®,
Roundup®, and URBACIN® increased the content of pho-
tosynthetic pigments of R. subcapitata. Higher pigment
contents have been associated with mechanisms activated to
prevent stress related to ROS, which might interfere with
photosynthesis and prevent these oxidant species from
damaging thylakoids and chloroplasts (Chen et al. 2020).
Some antioxidant enzymes are co-regulated with the bio-
synthetic pathways for carotenoids; thus, the increased
activity of certain enzymes, such as glutathione reductase or
glutathione transferase, might be associated with the
increased carotenoid contents in algae exposed to pesticides
(Gomes et al. 2017).

Commercial formulations of insecticides include sub-
stances like butoxypolypropylene glycol, dichlorobenzene
(isomers ortho and para), and xylene, which differ tox-
icologically. Xylene is a toxic additive carrier used in
insecticides formulations (Maliszewska and Tęgowska
2018). Dichlorobenzene is an aromatic compound used in
insecticides formulations that produces several deleterious
effects on exposed organisms (Linde 2005). EC formula-
tions can include: (a) linear alkylbenzene sulfonates (LAS)
that are used as anionic surfactants and adjuvants; (b) non-
ionic surfactants that are synthesized from alkylphenols,
fatty alcohols, fatty acids, or fatty amines, by the addition of
ethylene or propylene oxides, and are mainly used as
emulsifiers; or (c) amphoteric surfactants, contained in some
agrochemicals but their use is a minority in comparison to
anionic and non-ionic surfactants (Castro et al. 2014).

Liner alkylbenzene sulfonates (LAS) are toxic com-
pounds for a range of organisms like fish and crustaceans.
For instance, sodium dodecylbenzene sulfonate (SDS) alters
the life cycle of the cladocerans Ceridaphnia dubia (da
Silva Coelho and Rocha 2010) and Daphnia magna (de
Lima e Silva et al. 2022); moreover, SDS elicits deleterious
effects in a variety of diverse fish species (Gouda et al.
2022; Shukla and Trivedi 2018). In microalgae, some
authors considered that the contribution of LAS to toxicity
is not significant (Tamura et al. 2017) and that these sur-
factants can even be used in mass cultivation of algae at
concentrations up to 10 mg/L (Zhang et al. 2021). Never-
theless, it has been demonstrated that LAS altered the
normal growth and colony formation in algae (Oda et al.
2022).
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Polyoxyethylene amine (POEA) has been used for
glyphosate-based herbicides. Mesnage et al. (2019) docu-
mented the erroneous use of the term “POEA” in publica-
tions concerning glyphosate formulations that have
gradually changed the polyethoxylated surfactants for pro-
poxylated quaternary ammonium surfactants, which are less
toxic to non-target organisms. The European Commission
banned the use of POEA in commercial formulations of
glyphosate, and glyphosate-based formulations received an
approval for five years, until December 2022 (Kudsk and
Mathiassen 2020). Perhaps, as leading-economy countries
avoid glyphosate-based products, their use in low-income
countries might persist as other chemicals, like diazinon and
dichlorvos, phase out.

Defarge et al. (2018) evaluated the toxicity of glyphosate-
based herbicides and co-formulants in Solanum lycopersicum
(tomato plants) and described that toxicity toward plants was
caused by adjuvants rather than the active ingredient singu-
larly. Moreover, chemical analysis of herbicides and co-
formulants revealed the presence of metals like chromium,
cobalt, lead, and nickel, as well as the metalloid arsenic,
which might be involved in the toxic effects of pesticide
formulations. Commercial pesticides are complex mixtures
that must be assessed as a whole as toxicity is beyond the
effects of the recognized active ingredients.

Surfactants play a complex role in the fate and toxicity of
pesticides by modifying their deposition and availability on
the surfaces to be protected and by facilitating their trans-
port through water run-off. Jorgenson and Young (2010)
tested the influence of LAS as emulsifiers for pyrethroids,
suggesting that the deposition of mixtures of active ingre-
dients and surfactants on concrete (the main surface type in
urban areas) facilitate re-wetting of the active ingredients
and contribute to their wash-off. As a consequence, pesti-
cide components migrate from the site of application and
infiltrate into the soil or discharge in streams, water bodies,
or drain inlets. Therefore, products like DIAZINON®,
RoundUp®, URBACIN®, and VAPODEL®, among others
used for urban applications, require a re-evaluation of their
potential toxicity since only the active ingredient was
initially assessed, while the “other ingredients”, many times
considered to be non-toxic, elicit negative effects in the alga
R. subcapitata and could be toxic to other organisms.

Despite efforts to control the amount of pesticides used
in rural and urban areas, issues, like illegal commerce,
fraudulent formulations, reuse of plastic containers, high
cost of low toxicity formulations, and low cost of generic
products, pose a threat to human and environmental health.
In this regard, generic alternatives are formulated with
higher additive contents and similar active ingredients, but
they are not focused on lowering toxicity to non-target
organisms (Sarkar et al. 2021). Therefore, toxic effects of
generic, low-cost pesticide formulations must be assessed as

they are dispensed into the environment as complex mix-
tures of active ingredients and additives. It is understood
that the present study exhibits some limitations as the active
ingredients were not quantified and the concentration of
ingredients in pesticide formulations could differ from
references on labels. However, these formulations represent
higher risk as their content might exhibit higher toxicity in
relation to additives. This issue becomes a matter of con-
cern, not only in developing countries that are more sus-
ceptible to acquiring low-cost, high-toxicity products as
well as illegal pesticides that represent approximately
20−30% of the plant protection market (Płonka et al. 2016),
but also in the EU, where more than 1000 tons of illegal
pesticides have been seized (European Anti-Fraud Office
[OLAF] 2021).

As observed in this study, the commercial formulation of
pesticides elicited negative effects on microalgae after
dilution at several orders of magnitude; for instance, dilu-
tion from one to ten parts per million of any of the four
commercial pesticides from this research significantly
altered: (a) algal growth rates; (b) carbohydrate, lipid, and
protein contents; and (c) the content of photosynthetic
pigments of R. subcapitata. Some factors, like the misuse of
pesticides by the end users who exceed regulation con-
centrations and residues, the continued use in both indoor
and outdoor applications, the facilitated transport due to the
physicochemical properties of surfaces in urban environ-
ments, and the complexity of commercial formulations,
make urban-intended pesticides an important issue for fur-
ther studies, monitoring programs, and environmental
regulations.

Conclusions

The results presented in this study highlight the importance
of assessing the toxicity of commercial pesticide formula-
tions in the form that they are introduced into water sys-
tems, as a complex mixture of active ingredients and “other
ingredients” which modify their toxicity. In some cases,
these mixtures have been demonstrated to exert higher
toxicity against aquatic biota than the single active ingre-
dients. Moreover, those products intended for urban appli-
cations appear to be more toxic than those used in
croplands, which might be related to the concentration of
adjuvants used in urban formulations.

Our results highlight the susceptibility of R. subcapitata
to commercial formulations of pesticides that are intended
for use in urban areas. Population growth inhibition and
subinhibitory effects, including altered carbohydrate, lipid,
protein, and pigment contents, were documented at envir-
onmentally concerning concentrations, which were lower
than those concentrations reported for the active ingredients
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for commercial formulations used in croplands. Thus, the
safety of urban-intended formulations should be revised
since the four commercial formulations used in this research
can be classified as toxic or highly toxic to algae.
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