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Abstract

High-throughput acute and chronic toxicity tests using Vibrio fischeri were used to assess the toxicity of a variety of fungi-
cides, herbicides, and neonicotinoids. The use of time points beyond the traditional 30 min of an acute test highlighted the
sensitivity and applicability of the chronic toxicity test and indicated that for some compounds toxicity is underestimated
using only the acute test. The comparison of ECs, values obtained from acute and chronic tests provided insight regarding
the toxicity mode of action, either being direct or indirect. Using a structure—activity relationship approach similar to the
one used in hazard assessments, the relationship between toxicity and key physicochemical properties of pesticides was
investigated and trends were identified. This study not only provides new information regarding acute toxicity of some pes-
ticides but also is one of the first studies to investigate the chronic toxicity of pesticides using the test organism V. fischeri.
The findings demonstrated that the initial bioluminescence has a large effect on the calculated effective concentrations for
target compounds in both acute and chronic tests, providing a way to improve and standardize the test protocol. In addition,
the findings emphasize the need for additional investigation regarding the relationship between a toxicant’s physicochemical
properties and mode of action in nontarget organisms.

Countless xenobiotic compounds, including pesticides, phar- In an effort to identify and quantify the biological effects

maceuticals, and personal care products, among others, are
continuously introduced into the environment and have been
detected at concentrations up to pg/L levels. The presence of
pesticides in aquatic environments is one of the major chal-
lenges for the preservation and sustainability of the environ-
ment as a result of large volumes used on an annual basis,
their inherent biological activities, and the persistent nature
of pesticide residues and their metabolites (Stamatis et al.
2010; Veljanoska-Sarafiloska et al. 2013). Although these
compounds were originally designed to act on specific tar-
gets, an overwhelming amount of evidence in the literature
indicates indirect effects on nontarget organisms (Bonnet
et al. 2007; Veljanoska-Sarafiloska et al. 2013).
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on nontarget organisms from pesticides and other xenobi-
otics, a battery of in vitro and in vivo bioassays are used.
Because each bioassay often is designed to measure only one
specific endpoint after a specific time of exposure, which
leads to a static description of one toxic mode of action as
a function of concentration (Froehner et al. 2002; Kokkali
and van Delft 2014), it has been strongly encouraged to
use a variety of bioassays rather than just one to obtain a
more thorough evaluation of potential biological impacts
(Blaschke et al. 2010; Froehner et al. 2002; Kokkali and
van Delft 2014; Parvez et al. 2006). While it is important to
consider the use of a variety of bioassays for the assessment
of pesticide bioactivity, it is equally important to consider
biological effects at different exposure times both short-term
(acute) and long-term (chronic) to understand the toxicants
mode of action as well as minimizing the potential to under-
estimate toxicity by selecting a limited exposure time.

The acute bioluminescence inhibition assay using
Vibrio fischeri as a test organism, known as MicroTox®,
is a widely used toxicity test commercially distributed by
Modern Waters. Although this test has been reported as
the most sensitive in comparison to other bacterial based
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bioassays (Kokkali and van Delft 2014) and is described as
being rapid, easy to perform, and cost-efficient (Froehner
et al. 2000) there are still notable drawbacks. The main
drawback is the limited ecotoxicological relevance of
the endpoint selected (Backhaus et al. 1997). It is spec-
ulated that evaluating the toxicity at a short incubation
time (15 and 30 min) may underestimate the toxicity of a
compound, in such cases where toxicities are associated
with biosynthetic mechanisms and the toxicity endpoint
is determined before the cells enter the respective bio-
logical phase (Backhaus et al. 1997; Blaschke et al. 2010;
Froehner et al. 2000; 2002). Toxicity development over
exposure time remains scarcely investigated, even though
studies have highlighted its relevance for toxicity assess-
ment (Backhaus et al. 1997; Blaschke et al. 2010; Deng
et al. 2012; Gellert 2000).

The bioactivities of pesticides and other xenobiotics
obtained using bioassays often are investigated alongside
with physicochemical properties, such as acid dissocia-
tion constant (pKa), log octanol/water coefficient (K,,),
and molecular weight. The toxicity and quantitative struc-
ture—activity relationship is an approach commonly used in
hazard assessments that predicts the toxicity of new com-
pounds based on these chemical descriptors (Lee and Chen
2009). Using this approach, toxicity trends have been dis-
covered, including the increase of toxicity with increasing
log K, and pKa values (Diaz et al. 2013; Lee and Chen
2009; Majewsky et al. 2014). Although many studies have
used this approach based on results obtain from acute toxic-
ity tests, limited studies have investigated chronic toxicity
trends with physicochemical properties using V. fischeri.

The effect of pKa has an established role in ecotoxicity
assessments where the ionized and nonionized form of a
compound may elicit different effects on multiple targets,
including proteins (carriers, enzymes, and receptors), ion
channels, and intracellular organelles (Diaz et al. 2013). The
influence of a compounds ionization state towards toxicity
often is related to the availability of toxicant, where toxic
ions may be much more soluble or easily absorbable in dif-
ferent pH environments (Rozman et al. 2001). The ionization
state of compounds also may interfere with electron trans-
port mechanisms (Hollingworth 2001), an important com-
ponent in ATP production, and is required for the production
of bioluminescence in V. fischeri (Dunn 2012).

The log octanol/water partition coefficient (K,,,) is
another physicochemical characteristic that is important for
ecotoxicity assessments. This chemical property is com-
monly used for studying the chemical behavior of organic
compounds, mainly reflecting the transfer ability of com-
pounds between water phase and organic phase (Shi et al.
2012). Chemicals with low K, values (< 10) may be con-
sidered relatively hydrophilic, resulting in high water solu-
bilities and biological enrichment factors in aquatic life.
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Conversely, chemicals that have high K, values (> 10%)
are considered to be very hydrophobic (May et al. 2016).

While the pKa and log K, of compounds are more
popular descriptors compared with the molecular weight,
this parameter may provide insight to related factors that
influence toxicity. These factors include steric, electrostatic,
and hydrophobic nature of functional groups present on the
compound. A study done by Shi et al. (2012) demonstrated
that bulky compounds had an influence on the toxicity of
P. phosphoreum, which acts on electron transfer reaction
mechanisms, similar to V. fischeri.

Materials and Methods
Compounds Tested

Propiconazole (99% pure), atrazine (99% pure), 2,4-Dichlo-
rophenoxyacetic acid (2,4-D) (97% pure), and zinc sulfate
were purchased from Sigma-Aldrich. Tebuconazole (> 98%
pure), climbazole (> 98% pure), and myclobutanil (> 97%
pure) were purchased from Abcam Biochemicals. Irgarol
(> 98% pure), terbutryn (> 98% pure), dicamba (> 98%
pure), mecoprop (> 98% pure), diuron (> 98% pure), thia-
methoxam (> 98% pure), acetamiprid (> 98% pure), and
thiacloprid (> 98% pure) were purchased from Santa-Cruz
Biotechnology. Chemicals used in the culture medium were
purchased from Fisher Scientific: sodium chloride, trypton,
yeast extract; Sigma-Aldrich: potassium chloride and mag-
nesium chloride; and EMD Chemicals: glycerol.

Carrier solvents used to prepare the stock solutions of
pesticides were LC-MS grade methanol (MeOH) and dime-
thyl sulfoxide (DMSO) purchased from Fischer Scientific
and Sigma-Aldrich, respectively. Stock solutions of propi-
conazole, myclobutanil, irgarol, terbutryn, dicamba, 2,4-D,
and mecoprop were prepared in MeOH at a concentration of
1000 mg/L. Stock solutions of thiamethoxam, acetamiprid,
and thiacloprid were prepared in MeOH at a concentration of
10,000 mg/L. Stock solutions of tebuconazole, climbazole,
atrazine, and diuron were prepared in 10% DMSO in MeOH
(v/v) at a concentration of 5000 mg/L.

Cultivation of Test Organism

Procedures for cultivation of the test organism have been
described in our previous work (Nasuhoglu et al. 2016). Cul-
tivation of the test organism was performed the same way
for both acute and chronic toxicity assays. Briefly, freeze-
dried luminescent bacteria (Vibrio fischeri, NRRL-B11177,
ATCC 49387) were rehydrated in 1 mL of seawater complete
medium (SWCM). 0.5 mL of the rehydrated bacteria were
then transferred into 100 mL of nutrient supplemented sea-
water medium (NSSWM) and incubated at 22 °C and shaken
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at 150 rpm for approximately 24 h (or until exponential
growth phase was reached as determined by optical density
at 600 nm). Ten-milliliter samples of this incubated liquid
broth containing grown V. fischeri were then transferred
into 15-mL polyurethane centrifuge tubes and centrifuged
at 5000 rpm for 5 min. The supernatant was then decanted,
and the remaining bacteria pellets were resuspended with
1 mL of 30% glycerol/NSSWM (v/v) and placed in 1.5-mL
cyrovials to be frozen under liquid nitrogen and stored at
— 80 °C until the time of experimentation.

A cyrovial containing the preserved V. fischeri culture
were thawed on ice and a 250-pL volume of this culture was
transferred into 50 mL of fresh NSSWM and incubated at
22 °C at 150 rpm for approximately 10—12 h (or until optical
density of 1-1.5 was reached). To maintain a healthy culture
exhibiting a stable luminescence response a dilution was
performed every 12 h using the following formula:

Volume (mL) of bacterial culture to

be added to 50 mL of NSSWM = _O0r 1))

600nm

This approach was used to standardize the initial cell den-
sity in NSSWM used for each toxicity assay. Every 12 h of
incubation, in addition to OD measurements, luminescence
measurements also were performed by transferring 200 pL
of samples into black opaque polystyrene Costar 96 micro-
well plates and measured by a Beckman-Coulter DTX 800
Multimode detector to ensure that bacteria are in their late
exponential phase (LEPC).

Preparation of Dilution and Acute Toxicity Assay

Once the bacteria culture reaches an optical density of 1-1.5,
after approximately 12 h of incubation, a series of dilutions
were performed to prepare the culture before the exposure
to the contaminants. These dilutions are performed to reach
an optimal luminescence, 15,000-20,000 relative light units
(RLU), which results in obtaining ECs, values of controls
that are within the range reported in literature using the
commercial MicroTox®. Results obtained for varying ini-
tial luminescence are discussed in the results section. Ten
milliliters of culture was centrifuged at 5000 rpm for 3 min,
and the supernatant was discarded. SWCM was added to
the remaining bacteria pellets until an optimal luminescence
was reached.

Using a 96-well plate, dilutions of contaminants and con-
trols were performed (Fig. 1). A pesticide stock solution of
200 pL (individual or mixture) was placed in well A1 in the
dilution plate. Well B1 contained 140 pL, and wells C1 to
HI1 contained 180 pl of the respective carrier solvent (MeOH
or 10% DMSO/MeOH). A volume of 60 puL from Al to B1
and a volume of 20 puL from A1l to C1 were transferred.

Starting from B1, the even numbered wells were serially
diluted by a factor of 10 and similarly the odd numbered
wells were serially diluted by a factor of 10 starting from C1.
Finally, 10 pLL from each well in the dilution plate (for tebu-
conazole, climbazole, atrazine, and diuron) and 50 pL (for
remaining 10 compounds) were transferred into the corre-
sponding well in the black opaque assay plate (columns 2—4,
6-8, 10—12). The same dilution technique was performed for
a positive control, ZnSO, (C1 in Fig. 1), where 10 pL from
each well was transferred into the corresponding assay plate
in column 1. From the respective carrier solvent, 10 or 50 uL
was transferred into all wells of column 9 in the assay plate
as the solvent control (C2 in Fig. 1). Solvents were allowed
to evaporate prior to the addition of V. fischeri culture. Fol-
lowing the evaporation of the organic solvents, 200 pL of
bacteria culture was added to each well in the assay plate.
To measure the natural decrease of luminescence over the
duration of the test, 200 uL of bacteria culture was added
to each well in column 5 (C3 in Fig. 1). Each assay plate
consisted of triplicates of three serially diluted samples and
three separate controls.

Preparation of Dilution and Chronic Toxicity Assay

The preparation of dilution and methodology for the chronic
toxicity assay is described in Nasuhoglu et al. (2016).
Briefly, a similar preparation of dilution was performed for
chronic toxicity tests as was described for acute toxicity.
Once the bacteria culture reaches an optical density of 1-1.5
after approximately 12 h of incubation a dilution is made
using the following formula:

Volume (mL)of LEPC to be added

0.4 @)

into 50 ml of NSSWM = ——
OD600nm

This dilution step is used to standardize initial cell den-
sity and obtain a consistent initial luminescence response
of approximately 1000 RLU. This lower initial cell density
and luminescence response was selected to ensure that the
amount of nutrients provided is sufficient to sustain a healthy
bacteria culture for approximately 24 h. At a higher initial
cell density (corresponding to a higher initial luminescence),
there would be a risk that the cultures deteriorate over time
due to lack of nutrients, which would be confounded with
decreasing luminescence because of the exposure of contam-
inants. The dilution and assay plates are constructed simi-
larly to acute toxicity tests with minor modifications. The
dilutions of samples follow the same procedure; however,
the dilutions are made across the plate rather than vertically
to maximize the concentration range. Each plate consists
of a triplicate serial dilution of a sample and two negative
controls (carrier solvent and bacteria culture). Following
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Fig. 1 Dilution and assay plate
for acute toxicity experimenta-
tion. Adapted from Nasuhoglu
et al. (2016)
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the evaporation of the organic solvents and the addition of
200 pL of bacteria culture in each well, the plate was cov-
ered with permeable film (Breathe-Easy sealing membrane)
to allow oxygen diffusion and facilitate aerobic respiration of
bacteria. The luminescence in each well was recorded over
20 h every 15 min (shaking for 15 s before each measure-
ment to prevent settling of the bacteria and to homogenize
the mixture in each well).

Data Analysis

Acute Toxicity Test

The luminescence of the samples and controls were meas-
ured at two endpoints, 15 and 30 min, as recommended in

the standard method. The percent inhibition of lumines-
cence was determined by using the following equation:
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Iluminescence (%) =

t is time of measurement (15 or 30 min endpoint), L. is the
mean of the luminescence values of the bacteria control at
tmin, L, is the observed luminescence of a sample at each
dilution at # min, and Jj,inescence 1 the inhibition percentage
for each dilution at a given endpoint point. Plotting the lumi-
nescence inhibition versus the log concentration of a sam-
ple generates a dose response curve whereby the effective
median concentration (ECs;) can be calculated (Fig. 2). For
each sample, a dose response curve is generated at the two
endpoints and the validity of each plate was established by
measuring the ECs, of the positive control, ZnSO,, expected
to be within the range of 3—10 mg/L (Ghosh et al. 1996).

Chronic Toxicity Test

The luminescence of the sample and controls were
recorded every 15 min over 20 h (Fig. 3a, b). Plotting the
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Fig.2 Dose response curve of ZnSO, at 20,000 initial RLU at two
different exposure times

luminescence over time provides evidence of a dynamic
relationship between the rate of luminescence and toxicant
concentration. Figure 3a shows the change of lumines-
cence with varying concentrations of diuron over time.
As depicted in Fig. 3b, the luminescence significantly
decreases over the first 5 h representing a period of time
for which the bacteria need to reach a critical cell density
before exhibiting luminescence (i.e., quorum sensing). As
a result of the high variability in cell density and lumines-
cence, data points within this time frame are not included
in data analysis. The increase of luminescence between
7 and 15 h follows a linear trend that can be described as
the luminescence rate inhibition, which changes for each
toxicant concentration. As the concentration of diuron
decreases from 75 to 7.5 mg/L the luminescence inhibition
compared to the solvent control decreases. The lumines-
cence rate inhibition can be calculated using the following
equation:

Lo (%) = 2 w100 @

C
m, is the initial luminescence rate inhibition calculated from
the slope of the mean of luminescence values of the solvent
controls, my is the initial rate of luminescence calculated
from the slope of the observed luminescence of a particu-
lar sample, and [, is the inhibition of initial rate of lumi-
nescence. Plotting the inhibition of initial rate of lumines-
cence over the concentration of sample will produce a dose
response curve (Fig. 3c), where an EC5,, can be measured.
For both acute and chronic toxicity tests, the effective
concentration showing 50% inhibition (ECs,) was calculated
using a nonlinear sigmoidal dose response fit using Origin
Pro, OriginLab.
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Fig.3 a Raw data show the change of luminescence over time with
respect to diuron concentration. b Dynamic change of luminescence
within the first 6 h of incubation. ¢ Dose response curve constructed
for initial luminescence rate inhibition
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Results and Discussion
Acute Toxicity Test

To investigate the toxicity of compounds selected for this
study and compare toxicity values reported throughout lit-
erature, a series of validation experiments confirming the
sensitivity of the adapted high throughput method were
completed. The toxicity was determined at two endpoints:
15 and 30 min. As previously discussed, an optimal initial
luminescence range of the bacteria culture was established
by calculating the ECs, of ZnSO, at 15 min endpoint with
varying initial luminescence (Table 1).

The ECs, of ZnSO, reported in literature for acute tests
is within the range of 3—10 mg/L (Ghosh et al. 1996),
which was obtained with the specified initial RLU range
of 15,000-20,000 using the high throughput method. The
agreement of ECs, values of ZnSO, at the luminescence
range of 15,000-20,000 RLU suggests that the method
adapted to 96-well plate works. In addition, considering the
lower standard error obtained in that range of initial biolu-
minescence, all acute toxicity tests were performed within
that optimal range.

The acute toxicity method was performed for all fourteen
compounds. Each compound was tested in triplicates and
percent inhibition was determined by normalizing the data to
the bacteria control within each plate. Dose response curves
were constructed by plotting the percent inhibition versus
the log concentration. The experimental results obtained
from the dose response curves shown in Fig. 4 are summa-
rized and compared to the few existing toxicities reported
in literature (Table 2). The dose response curves at 15 min
for the other compounds and all the curves obtained at an
exposure time of 30 min can be found in the supplemental
material.

Dose response curves were obtained for all samples
except for thiacloprid. As illustrated in Fig. 4, thiacloprid
showed no toxic effect towards the bacteria in the con-
centration range chosen and was not possible to generate

Table 1 Effect of initial RLU on ZnSO, ECs,

Initial biolumi-  ZnSO, EC;, Standard error* R-square*
nescence (mg/L)

70,000 67.70 3.65 0.992
35,000 16.10 1.14 0.996
25,000 10.34 0.59 0.996
20,000 9.63 0.49 0.997
15,000 6.76 1.01 0.974

*Standard error and R-square values are obtained from nonlinear
curve fitting analysis using OriginPro
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Fig.4 Dose response curves of percent inhibition versus log concen-
tration after 15 min. ZnSO, is used as a positive control. Error bars
represent the standard deviation of triplicate samples, n = 3

a sigmoidal dose response fit. In contrast to acetamiprid,
similar in chemical structure and also a pyridine-based neon-
icotinoid, the ECy, was determined to be 23.0 and 27.6 mg/L
at 15 and 30 min, respectively. The dose response curve for
atrazine indicated that the ECs, was at a higher concentra-
tion than what was investigated within the dilution range.
Subsequently, the EC,, provided a more accurate toxicity
assessment, and in addition, the EC,, is in agreement with
values found in literature (references provided in Table 2).

In general, no significant differences were found between
the ECs, values obtained at the two endpoints: 15 and
30 min. Propiconazole, Irgarol, and dicamba had the most
noticeable differences between the two time points. Com-
paring the toxicities of individual compounds within each
class, herbicides were found to be less toxic compared with
fungicides and neonicotinoids. This trend is most likely due
to the modes of action of these compounds. Fungicides have
been reported to cause indirect effects on different bacterial
species, including respiration, metabolism, and inactivating
proteins and enzymes (Yang et al. 2011), which these are the
main driving mechanisms for bioluminescence (Dunn 2012).
The neonicotinoid compounds showed relatively high toxic-
ity (except for thiacloprid), which is interesting considering
the fact that this class of compounds is highly selective in
their mode of action at receptor sites in the nervous sys-
tem of invertebrates (Simon-Delso et al. 2015). A possible
explanation for acetamiprid and thiamethoxam toxicity is
related to the identified impact of acetamiprid on ATPase
activity in which this neonicotinoid caused oxidative stress
(Yao et al. 2006).

When investigating the toxicities of the selected com-
pounds throughout literature, there are notable trends
that indicate the need for further comprehensive toxicity
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Table 2 Compilation of ECy, or EC,, values obtained experimentally using the acute test approach and of the few values reported in literature
for some of the compounds tested

Compounds Class Experimental results ECs, (mg/L) Literature ECs, (mg/L)

15 min 30 min 15 min 30 min
Climbazole Fungicide 12.22 + 0.31 11.48 +0.26 Not reported Not reported
Myclobutanil Fungicide 21.09 +£3.13 22.09 +0.99 Not reported Not reported
Propiconazole Fungicide 103.63 + 5.64 81.59 +5.66 Not reported Not reported
Tebuconazole Fungicide 11.41 £ 1.62 12.07 + 1.64 Not reported Not reported
2.4-D Herbicide 31.54 + 1.48 28.47 +0.34 21.1¢, 59¢ Not reported
Atrazine Herbicide 739.49 + 283.13 262.64 +70.48 39.87°,39.9¢, 89-150° Not reported
Dicamba Herbicide 56.62 + 1.96 36.25 +1.26 Not reported Not reported
Diuron Herbicide 68.18 + 1.27 53.60 + 7.16 42.7°, 58-86° 9.2, 58.07"
Irgarol Herbicide 82.34 +10.78 52.48 +5.81 50.8¢ Not reported
Mecoprop Herbicide 72.19 +1.08 75.30 +0.78 Not reported Not reported
Terbutryn Herbicide 21.11 +1.32 19.83 + 1.58 13°¢ Not reported
Acetamiprid Neonicotinoid 23.0 +4.22 27.58 + 3.96 1291 Not reported
Thiacloprid Neonicotinoid n.t.o. n.t.o. 79! Not reported
Thiamethoxam Neonicotinoid 39.09 +5.26 49.16 +7.70 Not reported Not reported
ZnSO, Control 9.44 +3.49 571+1.27 3-10 Not reported
Compounds Class ECy, 15 min (mg/L) ECyp, 30 min (mg/L) ECy, 15 min (mg/L) ECy0, 30 min (mg/L)
Atrazine Herbicides 35.46 +9.08 16.29 + 7.06 22.6* 24.0°

n.t.o. no toxicity observed within the log concentration range
aKross et al. 1992; PTchounwou et al. 2000; ‘Gaggi et al. 1995; dHernando et al. 2007; ®Polo et al. 2011; ‘Gatidou et al. 2015; 2Fernéndez-Alba

et al. 2002; "Bonnet et al. 2007; iDell’Arciprete et al. 2009; iGhosh et al. 1996

assessments. The toxicity for most compounds shown in
this study do not significantly change between endpoints;
however, propiconazole, irgarol, and dicamba had notable
decrease in ECs; values at the 30 min timepoint. The dif-
ference of ECs, values for the two time points (15 and 30
min) of propiconazole, irgarol, and dicamba were 21.41,
29.86, and 20.37 mg/L, respectively. Without considering
and reporting the effective concentrations at 30 min, the tox-
icity for compounds similar to propiconazole, irgarol, and
dicamba may be underestimated.

Another notable trend throughout reported studies per-
forming acute toxicity tests with V. fischeri is the wide range
of effective concentrations for a given compound. Diuron,
for example, has ECs, values at 30 min ranging between 9.2
and 58.07 mg/L (Bonnet et al. 2007; Gatidou et al. 2015;
Oturan et al. 2008), and atrazine has reported ECs, values
at 15 min ranging from 39 to 150 mg/L (Gaggi et al. 1995;
Polo et al. 2011). A possible explanation might be varia-
tions of initial bioluminescence used to perform the assay.
As demonstrated for ZnSO, control in Table 1, the initial
bioluminescence has a large effect on calculating the effec-
tive concentrations.

Chronic Toxicity Test

Of the three data processing methods proposed in Nasuho-
glu et al. (2016), the initial luminescence rate inhibition

was recommended as the assessment method for measur-
ing the chronic toxicity of the compounds selected for this
study. This assessment method was chosen, because it has
the benefit of providing time dependent toxicity analysis
of samples in an economic and timely fashion, providing
a global ECs value rather than a specific time point. Dose
response curves (not shown) were constructed for all com-
pounds studied except for dicamba, 2,4-D, and thiameth-
oxam for which no effective toxicity was observed within
the investigated concentration range (dicamba and 2,4-D:
1.25 x 10% to 3.75 x 10~ mg/L, thiamethoxam: 1.25 x 10°
to 3.75 x 107 mg/L). Calculated ECs, values are reported
in Table 3.

Although there have been past studies investigating acute
toxicity for some of the compounds selected in this study
(Table 2), no chronic toxicity tests have been reported for
any of the target compounds using V. fischeri. The impor-
tance of chronic toxicity testing was highlighted by Back-
haus et al. (1997), where it was found that compounds with
indirect mode of actions exert their effects after short incu-
bation times and neglecting endpoints after longer exposure
time might underestimate toxicity. Indirect modes of action
include interfering with cell membranes, causing structural
damage and/or disturbance of the energy status, all of which
are associated with the production of luminescence.

The comparison of the results obtained from the two
high throughput toxicity tests and reported ECs, values
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highlight the importance of considering time points beyond
the conventional 15 and 30 min of acute toxicity. Propi-
conazole, atrazine, irgarol, mecoprop, and diuron had
significantly lower ECs, values based on the chronic tox-
icity test. Atrazine had the largest difference of ECs;’s
between the two toxicity tests (ECsg cpronic = 9-96 mg/L,
ECs acute at 30 min = 262.64 mg/L), whereas propiconazole,
irgarol, mecoprop, and diuron had ECs, values two or more
times lower than values obtained using the acute toxicity
test. Climbazole, thiacloprid, myclobutanil, and terbutryn
had similar ECs, values for both toxicity tests, but climba-
zole and thiacloprid had lower values in the chronic test
while myclobutanil and terbutryn had lower values in the
acute test. Tebuconazole was the only compound that had a
notably higher ECs, value obtained in the chronic toxicity
test. The remaining four compounds (dicamba, 2,4-D, thia-
cloprid, and thiamethoxam) had either no effective toxicity
observed in the acute or chronic test.

As previously described by Nasuhoglu et al. (2016), if
acute ECs, values are equivalent or smaller than the values
obtained in the chronic test, the compound is considered
to exhibit indirect mode of action. Conversely, if chronic
ECj; is less than values obtained in the acute test, then
the compound exhibits direct mode of action. Based on
the experimental results presented in this study, atrazine,
propiconazole, climbazole, irgarol, mecoprop, diuron, and
thiacloprid can be considered to exhibit direct modes of
action inhibiting the biosynthetic pathways of V. fischeri.
The remaining compounds, tebuconazole, myclobutanil,
terbutryn, dicamba, 2,4-D, acetamiprid, and thiamethoxam,
can be considered to have indirect toxicity modes of action
towards V. fischeri. The mode of action for acetamiprid

Table 3 Chronic toxicity results obtained using the initial lumines-
cence rate inhibition analysis method

Compounds Chronic ECs; (mg/L)
Propiconazole 35.13 +4.22
Tebuconazole 48.96 + 15.1
Climbazole 743 +1.24
Myclobutanil 24.62 +3.71
Atrazine 9.96 + 1.53
Irgarol 18.84 +5.18
Terbutryn 28.81 + 6.68
Dicamba n.t.o.

2,4-D n.t.o.
Mecoprop 20.41 + 4.00
Diuron 7.49 + 0.00
Acetamiprid 31.39 + 8.69
Thiacloprid 29.17 £ 4.01
Thiamethoxam n.t.o.

n.t.o. no toxicity observed

@ Springer

varies depending on the ECs, values obtained from the high
throughput acute toxicity method and reported in literature.
Results obtained for acetamiprid using the high-throughput
method were significantly lower than what was reported in
the literature (Dell’Arciprete et al. 2009); acetamiprid had
a ECs, value at 15 min of 129.0 and 23.0 mg/L obtained
by Dell’Arciprete et al. (2009) and this study, respectively.
Compared with the ECs, value obtained using the chronic
toxicity test, the mode of action of acetamiprid is indirect
and direct for experimental and reported values, respectively.
A possible explanation for this discrepancy could be due to
the type of carrier solvents used to perform the acute toxic-
ity tests. In the present study, MeOH was used as a carrier
solvent but was evaporated before exposing the bacteria to
the target compound, minimizing the potential impact of
organic solvents towards V. fischeri. Although it is not clear
what carrier solvent was used in the study conducted by
Dell’Arciprete et al. (2009), it has been shown that DMSO
(1.45-2.9%) causes an elevated luminescence response up to
40% using Vibrio harveyi (Mariscal et al. 2003). If the car-
rier solvent was DMSO in the study by Dell’Arciprete et al.
(2009), this could result in the damping of the luminescence
inhibition caused by acetamiprid leading to a lower toxicity
(higher EC5, value).

Toxicity Trends with Respect to Chemical Properties

Correlations between toxicity effect of compounds and
their respective physicochemical properties are an impor-
tant approach in hazard assessments. Evaluating toxicity
trends for both acute and chronic experiments is important
due to the fact that some chemicals show a different level of
toxicity under short- and long-term conditions (May et al.
2016). Investigating potential correlations between acute and
chronic toxicity and chemicals properties has been used for
other target organisms, such as Daphnia and fish species,
and using similar physicochemical properties the relation-
ship between acute and chronic toxicity results were stud-
ied. Figure 5 presents the relationship of toxicity (acute and
chronic) with respect to three physicochemical properties,
acid dissociation constant (pKa), log octanol/water partition
coefficient (K,), and molecular weight.

As aresult of the similarities between the ECs;’s of the
two time points obtained using the acute toxicity test, the
values obtained at the 15-min exposure time were used
for investigating the toxicity trends. In the cases where
compounds showed no effect observed or had significant
errors (thiacloprid and atrazine), the results reported in
literature were used instead. Diuron was removed from
trend analysis comparing the pKa to acute and chronic
toxicity results due the neutral characteristic.

Of the three chemical properties investigated (pKa, log

K., and molecular weight), there were larger differences

ow?
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Fig.5 Trends of acute and chronic toxicities with respect to chemical »

properties. a Correlation between log K, and ECs, of compounds.
b Correlation between pKa and ECs, of compounds. ¢ Correlation
between molecular weight and ECs, of compounds. For all subfig-
ures, acute and chronic ECs, of compounds are noted by outlined and
filled shapes, respectively. For all subfigures, the toxicity mode of
action for compounds are noted by a circle and triangle for direct and
indirect, respectively. For all subfigures, the classes of pesticides are
noted by difference colors: fungicides (green), herbicides (blue), and
neonicotinoids (orange)

in pKa values among the compounds, thus making it easier
to distinguish trends for both acute and chronic toxicity
results. The comparison of pKa values to the acute tox-
icity results (Fig. 5a) showed a notable V-shaped trend
for herbicides. Compounds with lower pKa values had
lower toxicities until a point (pKa of approximately 1)
when compounds with higher pKa values had lower tox-
icities. Fungicides showed a similar trend of compounds
with lower pKa having lower toxicity values, while there
was no trend observed for neonicotinoids. The decrease of
toxicity with respect to compounds having low pKa’s also
is observed for the chronic toxicity test (Fig. 5b), with the
exception of atrazine and tebuconazole. The decrease of
toxicity with decreasing pKa values is a trend previously
reported while investigating the antibacterial activity of
sulfamethoxazole transformation products using V. fischeri
(Majewsky et al. 2014).

The only trend for the log K, chemical property in rela-
tion to ECy, values was observed for the acute toxicity test
where there was an overall V-shaped pattern for fungicides
and herbicides, similar to what was described for the com-
parison of pKa (Fig. 5¢). No log K, trend was observed for
neonicotinoid compounds in acute or chronic tests. Although
no defined trend was observed for the chronic toxicity test,
it is hypothesized that substances with high log K, values
are expected to have higher toxicities upon chronic exposure,
because this physicochemical characteristic is associated
with the potential of bioaccumulation (Lee and Chen 2009;
May et al. 2016).

The comparison of molecular weight of compounds with
respect to their ECy values for the acute and chronic toxicity
test showed no notable trends; however, Fig. 5e highlighted
the distribution of compounds according to their mode of
action. In general, compounds that had lower ECs, values
had indirect modes of action.

Results from the three descriptors (log K. pKa, and
molecular weight) show that none of these properties alone
is capable of describing the toxicity of pesticides investi-
gated in the present study, a similar observation for ben-
zoic acids using Pseudokirchneriella subcapitata (Lee and
Chen 2009). The trends that are observed regarding the cor-
relation of acute and chronic toxicity with physicochemical
properties indicate that both log K, and pKa are important
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parameters to consider while the molecular weight is less
relevant. The trends highlighted in this paper are in agree-
ment with previous studies that show similar behavior of
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increasing toxicity with increasing log K, and pKa, sug-
gesting that this high throughput method for acute and
chronic toxicity using V. fischeri is a valuable screening tool
for other CEC’s. More investigation is required using larger
number of compounds that have wide variations of pKa, log
K, and molecular weights, thus making it easier to identify
prominent correlations between toxicities and physicochemi-
cal properties.

Conclusions

In addition to identifying toxicities of relatively new pes-
ticides, this study highlighted important data gaps pre-
venting an accurate assessment of risks toward nontarget
organisms from pesticides. The results obtained using the
chronic toxicity method revealed that conventional acute
toxicity endpoints for some pesticides might not provide
an underestimation of the toxicity. In addition, the chronic
test allowed for a more in-depth investigation of toxicity
risks toward V. fischeri by taking into account the dynamic
relationship of luminescence over time. The comparison of
results obtained from the two toxicity tests identified modes
of action of pesticides (direct or indirect), and by plotting
the toxicity data alongside physicochemical properties, it
was shown that most often pesticides with indirect modes
of action had higher toxicities to V. fischeri. In addition, a
correlation of toxicity with physicochemical properties was
identified such that the toxicity increases with increasing
pKa and log K. Based on the results presented in this study
the addition of chronic toxicity to routine acute toxicity tests
provides a more comprehensive assessment of environmen-
tal risks of pesticides and other CECs, which will minimize
the potential for underestimating toxicity.
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