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Abstract: Glyphosate is the most used herbicide worldwide, but enormous use of glyphosate has
raised concerned about its environmental loadings. Although glyphosate is considered non-toxic,
toxicity data for soil non-target organisms according to temperature and aging are scarce. This
study examined the toxicity of glyphosate with the temperature (20 ◦C and 25 ◦C) and aging times
(0 day and 7 days) in soil using a collembolan species, Allonychiurus kimi (Lee). The degradation of
glyphosate was investigated. Fatty acid composition of A. kimi was also investigated. The half-life
of glyphosate was 2.38 days at 20 ◦C and 1.69 days at 25 ◦C. At 20 ◦C with 0 day of aging, the
EC50 was estimated to be 93.5 mg kg−1. However, as the temperature and aging time increased, the
glyphosate degradation increased, so no significant toxicity was observed on juvenile production.
The proportions of the arachidonic acid and stearic acid decreased and increased with the glyphosate
treatment, respectively, even at 37.1 mg kg−1, at which no significant effects on juvenile production
were observed. Our results showed that the changes in the glyphosate toxicity with temperature and
aging time were mostly dependent on the soil residual concentration. Furthermore, the changes in
the fatty acid compositions suggest that glyphosate could have a chronic effect on soil organisms.

Keywords: herbicide; degradation; microorganism; risk assessment; arachidonic acid

1. Introduction

Glyphosate-based herbicides are systemic herbicides widely used worldwide, and are
known to be environmentally benign [1]. This is because glyphosate is known not only to
be safe for non-target species [2], but also to be rapidly degraded by microorganisms under
environmental conditions [3]. Along with these properties, the introduction of transgenic
glyphosate-resistant crops (GRCs) has made glyphosate the most popular and effective
herbicide [1]. However, the rapid increase in the use of glyphosate has raised concerns
about its environmental loadings [4]. In particular, glyphosate soil residues have been
a major concern, because a significant amount of glyphosate can reach the soil, despite
its foliar application [5]. Silva et al. (2018) [6] reported that glyphosate was found at
concentrations of up to 2 mg kg−1 in 45% of topsoil in Europe, even where GRCs are
not cultivated. Furthermore, in Argentina, where GRCs have been intensively cultivated,
glyphosate was found in all of the investigated farmland soils, with a peak concentration
of 8.11 mg kg−1 [7]. Because of the increase in glyphosate-resistant weed species [8], the
glyphosate application amount and frequency are subsequently increasing [4], suggesting
strongly that the actual glyphosate concentrations in soil could be much higher than those
measured or estimated in previous studies.

Glyphosate in soil might have a significant effect on soil organisms that are constantly
in contact with soil particles. To date, most studies on the impact of glyphosate on the
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soil ecosystem have focused on soil microorganisms [9,10] because of its unique mode of
action via biochemical pathways that only exist in some microorganisms and green plants
that utilize the shikimate pathway containing the 5-enolpyruvyl-3-shikimate phosphate
synthase (EPSPS) enzyme, which is the target of glyphosate [1]. However, recent studies
have reported that soil invertebrates that do not have the EPSPS pathway can also be
affected by glyphosate [11–13]. Santos et al. (2010) [12] reported that the reproduction of
Folsomia candida (Collembola) is negatively affected by glyphosate exposure. At the same
time, many studies have reported conflicting results, showing no negative effects on the
survival rate and reproduction of soil animals [2,14]. Still, there is no general agreement on
the toxicity of glyphosate to soil animals, and further studies are needed to clarify this.

The glyphosate toxicity to soil animals can change depending on the environmental
factors and exposure duration in the soil. Pesticides entering the soil can be degraded,
adsorbed to soil particles, or transported to other media depending on their physicochemi-
cal properties [15]. During these processes, the availability of certain chemicals decreases
over time, which is referred to as aging [16]. The aging time is a critical determinant of
toxicity, because it is directly related to the actual concentration at which soil organisms
are exposed. In the case of glyphosate, which easily reacts with soil particles and rapidly
degrades, the effect of aging time on toxicity can be profound even within a short duration.
The aging effects of pesticides on organisms can vary depending on environmental factors,
such as moisture, soil properties, and temperature [16]. Temperature is a key factor in
determining not only the fate of pesticides in the environment, but also the response of
organisms exposed to pesticides [17]. Because temperature is closely related to the reaction
rate of a chemical, its change can modify the fate of pesticides, such as their degradation
and adsorption. For example, many studies have reported that the increase in temper-
ature accelerates the degradation of pesticides owing to the enhancement of microbial
activity [17,18]. In addition, depending on the exposure temperature, the responses of
organisms to pesticides, such as their feeding activity, detoxification, and metabolic rate,
can change [19]. Therefore, understanding the effects of aging on the toxicity of glyphosate
in relation to temperature is important for assessing its impact on soil animals. Many
studies have focused on the effects of aging and temperature on the fate of glyphosate in
soil [20,21], but not so much on the effects of these two factors on toxicity.

Among the soil organisms, collembolans have been used as an international standard
species to assess soil toxicity [22], because they play a key role in the functioning of the soil
environment and are sensitive to various soil contaminants [13,23,24]. The standard toxicity
procedure using collembolan species investigates adult mortality and juvenile production
as endpoints to assess the impact of contaminants on the soil ecosystem. Although these
two endpoints provide valuable information for evaluating toxicity in the soil, the results
of bioassays performed under standardized experimental conditions are often difficult to
apply to field toxicity assessments, because they do not include variations in environmental
factors such as temperature, precipitation, and soil texture occurring in the field. In
addition, the results are difficult to apply if the response of the organism is observed only
at the sub-individual level. Biomarker-based approaches have been extensively applied to
assess these sub-individual effects [25,26]. Enzyme activity [27], protein composition [28],
and gene expression [29] have been mainly used as toxicity biomarkers for soil animals.
In addition to these biomarkers, fatty acids are also considered potentially important
biomarkers, because they are essential components of organisms and play a critical role
in energy storage, cell structure, and regulatory physiology [30]. Despite these important
properties, few studies have investigated the effects of changes in the fatty acid composition
of collembolan species after exposure to toxic chemicals.

In this study, Allonychiurus kimi (Lee, 1973) (Collembola: Onychiuridae), which is
listed as an alternative test species for F. candida [22], was used as a model species. A. kimi
has been used to evaluate the toxicity of various chemicals, including heavy metals and
organic contaminants [23,31]. The effects of temperature on the biology of A. kimi have also
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been thoroughly investigated [32]. This species is also known to be suitable for evaluating
soil contaminants using biomarkers [33].

The main objective of this study was to investigate the changes in the toxicity of com-
mercially formulated glyphosate (Geunsami®) to A. kimi at two temperatures
(20 ◦C and 25 ◦C) and two aging times (0 day and 7 days). We hypothesized that as
the temperature and aging time increase, accelerated degradation of glyphosate would
reduce the toxicity to A. kimi. To test this hypothesis, the degradation kinetics of glyphosate
were investigated with respect to temperature. In addition, the total cellular fatty acid
composition of A. kimi adults exposed to glyphosate was investigated according to the
temperature to determine the toxicity effects at the biochemical level.

2. Materials and Methods
2.1. Test Animals

The test collembolan species, A. kimi (formerly known as Paronychiurus kimi), was
collected from a paddy field in Korea in 1996 [23]. The A. kimi population was cultured
in a plastic petri dish (9.0 cm in diameter and 1.5 cm in height) filled with approximately
0.5 cm depth of moist substrate comprised of plaster of Paris, activated charcoal, and
distilled water at a ratio of 4:1:4 by volume in a dark growth chamber at 20 ± 1 ◦C.
Brewer’s yeast (Sigma-Aldrich, St. Louis, MO, USA) was provided weekly as food. To
obtain age-synchronized collembolans, the eggs laid by hundreds of adults were transferred
to a fresh moist substrate using a fine-haired brush. After the eggs hatched, the juveniles
were reared under the same conditions and used for all subsequent experiments.

2.2. Chemical and Toxicity Test

A commercial formulation of glyphosate (Geunsami®) was obtained from Farm Han-
nong Ltd. (Seoul, Korea) and used throughout the experiments. The formulation contained
glyphosate as an active ingredient (41%, w/w) in the form of isopropylamine salt.

OECD artificial soil was used as the test substrate [22]. The test substrate was prepared
by mixing 75% sand, 20% kaolin clay, and 5% sphagnum peat (<2 mm) based on dry weight.
Calcium carbonate (Sigma-Aldrich, St. Louis, MO, USA) was added to adjust the pH to
6.0 ± 0.5.

Toxicity tests were conducted according to OECD guideline 232 [22]. The effects of
glyphosate on the adult survival and juvenile production of A. kimi at 20 ◦C and 25 ◦C
and aging times of 0 day and 7 days were investigated. The test concentrations were 0.0,
0.7, 3.7, 37.1, 74.1, and 370.5 mg kg−1 soil dry weight. The stock solution was prepared by
dissolving the formulation in deionized water. Diluted stock solutions adjusted to the test
concentrations were mixed thoroughly with the soil to obtain the required moisture content
of 50% water holding capacity. The spiked soil (30 g) was placed in a polystyrene vessel
(55 mm in diameter and 60 mm in height). A total of 120 test vessels (6 concentrations ×
5 replicates × 2 temperatures × 2 aging times) were prepared at once, and 60 test vessels
were separately stored in a dark growth chamber at 20 ◦C and 25 ◦C, respectively. After
0 day and 7 days of aging at each temperature, 30 test vessels (5 vessels per concentration)
were randomly selected and used for the toxicity test.

At the beginning of each test, 10 A. kimi adults (42–46 day old) were introduced into
each test vessel. The test vessels were kept under the condition that the aging proceeded
at each temperature. The test vessels were aerated and weighed weekly to replenish the
moisture loss by the addition of deionized water, if needed. Brewer’s yeast was provided
on the soil surface as food at the beginning of the test and biweekly. After 28 d, the
surviving adults and juveniles produced in each vessel were counted by flotation with
water and transferred to a petri dish filled with a moist substrate.

2.3. Fatty Acid Analysis

The effects of glyphosate treatment on the fatty acid composition of adults were
determined at 20 ◦C and 25 ◦C. The test concentrations were 0.0 (control), 37.1, and
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370.5 mg kg−1. Because no significant effect on adult mortality was observed at any of the
glyphosate concentrations, the tested concentrations were selected based on the lowest and
highest concentrations at which a decrease in juvenile production was observed.

After 28 day of exposure to 37.1 mg kg−1 and 370.5 mg kg−1 of glyphosate at 20 ◦C
and 25 ◦C, the adults that survived the glyphosate treatments were transferred to and kept
in the plastic petri dish for 1 d without feeding to excrete their gut contents [34]. The adults
exposed to the same concentration were pooled and transferred to a 2 mL microtube and
then stored at −80 ◦C until fatty acid analysis.

The total cellular fatty acids in A. kimi adults were analyzed as described by Haubert
et al. (2004) [35]. Briefly, 20 adults exposed to the same concentration were homogenized in
7.5 mL of a mixture of chloroform, methanol, and 0.05 M of phosphate buffer at a pH of 7.4
(1:2:0.8, v/v/v). After overnight shaking, 0.8 mL of distilled water and 0.8 mL of chloroform
were added. The mixture was centrifuged at 1500 rpm for 5 min and then allowed to stand
to separate into three layers of methanol, phosphate buffer, and chloroform. The chloroform
layer was then transferred to a new tube. The lipids in the chloroform layer were saponified
and methylated using the Sherlock Microbial Identification System (MIDI Inc., Newark,
DE, USA) to produce fatty acid methyl esters (FAMEs). Finally, the FAMEs were analyzed
using the Sherlock Microbial Identification System consisting of an Agilent 7890A series gas
chromatograph equipped with a flame ionization detector. This procedure was repeated
three times. In addition, the total cellular lipids (TCLs) in A. kimi adults were estimated
using an external standard curve of palmitic acid (16:0).

2.4. Glyphosate Degradation in Soil

To investigate the temperature-dependent degradation kinetics of glyphosate, 30 g of
soil spiked with 370.5 mg kg−1 of glyphosate were prepared and stored at 20 ◦C and 25 ◦C.
The glyphosate concentrations in 5 g of soil were measured at 0, 2, 4, 7, and 14 days after
exposure with three replicates each. The control group was treated with distilled water
only. In addition, a series of diluted glyphosate solutions (0–20 mg L−1) was prepared by
dissolving a standard glyphosate solution (1000 µg mL−1; Sigma-Aldrich, St. Louis, MO,
USA) in 20 mL of 2 M ammonium hydroxide and used to obtain a standard curve.

The glyphosate concentration in the soil samples was determined following the
method proposed by Çetin et al. (2017) [36] and Jan et al. (2009) [37] with minor modifica-
tions. Briefly, 5 g of soil sample (wet weight) was extracted with 40 mL of 2 M ammonium
hydroxide for 24 h. The extracts were centrifuged at 3500 rpm for 3 min to obtain the su-
pernatant. The filtered supernatant (20 mL) was transferred to 50 mL conical tubes. Cu (II)
solution (0.1 mL) and ammonia (1 mL) were added to the tubes, followed by gentle shaking.
Dispersive liquid (2.5 mL), which consisted of 79.6% acetonitrile, 20.0% dichloromethane,
and 0.4% carbon disulfide, was added instantly. After centrifuging for 3 min at 3500 rpm,
the dispersed fine droplets of dichloromethane at the bottom of the tube were transferred
to a spectrophotometer glass cuvette (Ultrospec 3000 Pro, Pharmacia Biotech, Cambridge,
UK). The absorbance of the complex was measured at 435 nm.

A linear relationship between the absorbance and concentration of glyphosate in
standard solutions was obtained (r2 = 0.92). No glyphosate was detected in the control soil,
and the recovery rate of glyphosate was 79.59 ± 12.75% in the glyphosate-treated soil. The
limit of quantification of glyphosate was 2.08 mg kg−1.

2.5. Data Analysis

The degradation of glyphosate over time was fitted to a single first-order (SFO) kinetic
model [38], as follows:

Ct = C0e−kt, (1)

where Ct is the concentration of glyphosate at time t, C0 is the initial concentration of
glyphosate (t = 0), and k is the degradation rate constant. The degradation half-life time
(DT50), the time required for a 90% decline in concentration (DT90), and k were estimated
by fitting Equation (1) into a non-linear regression model.
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To evaluate the effects of the temperature and aging time on the toxicity, an effective
concentration of 50% (EC50) on juvenile production and the corresponding 95% confidence
intervals were estimated by fitting the data to a logistic model [39]. The no observed
effect concentration (NOEC) and lowest observed effect concentration (LOEC) on juvenile
production were determined by applying one-way analysis of variance (ANOVA), followed
by Dunnett’s post hoc test (p < 0.05).

Prior to statistical analysis of the fatty acid profile, the data were arcsine-root trans-
formed to normalize the distribution. The unsaturation index (UI; sum of the percentage
of each unsaturated fatty acid multiplied by the number of double bonds) and the ratio
of fatty acids with 16 carbons and 18 carbons (C16:C18) were calculated. To test whether
the fatty acid profiles were affected by the glyphosate concentration and temperature,
each fatty acid profile was compared using a two-way ANOVA with the temperature and
concentration as independent variables. The Shapiro–Wilk test was used to confirm the
normal distribution of data, and the Bartlett test was used to check for homogeneity of
variance. A post hoc test for multiple comparisons was conducted using Tukey’s test
(p < 0.05). All the statistical data analyses were performed using SAS software (version
9.4; SAS Institute Inc., Cary, NC, USA). In addition, to visualize the differences in the
fatty acid profiles across different glyphosate concentrations, principal component analysis
(PCA) was conducted to evaluate the effects of glyphosate on the fatty acid composition.
A permutational multivariate analysis (PERMANOVA) using the Euclidean distance as a
similarity index was performed using the Adonis function in the Vegan package [40] of
RStudio version 1.2.5001 [41].

3. Results
3.1. Toxicity Test

The mean adult mortality rates in the controls (two for temperature and two for
aging time) were all less than 10%, and no significant difference was detected between the
controls (p > 0.05) (Figure 1). However, regardless of the aging time, the mean juvenile
production per vessel in the control at 25 ◦C (135.8 ± 31.4 for 0 d and 125.0 ± 25.5 for
seven days) was always significantly higher than that observed at 20 ◦C (82.5 ± 6.5 and
76.0 ± 12.3, respectively) (p < 0.05). The coefficient of variation calculated for the number
of juveniles was less than 30% in all controls.

In all of the treatments, the adult survival within the entire test concentration range
was not significantly different from that of the corresponding control, thereby indicating
that glyphosate did not have a negative effect on adult survival (Figure 1). Thus, the
median lethal concentration (LC50) for adults could not be determined because all of the
mortality values were below 50%. Meanwhile, juvenile production in all of the treatments
was reduced in a concentration-dependent manner, but a significant difference in juvenile
production from that of the control was observed only at 0 d of aging. At 20 ◦C with
0 day of aging, the EC50 value was 93.5 mg kg−1 and the NOEC and LOEC values were
3.7 mg kg−1 and 37.1 mg kg−1, respectively (Figure 1 and Table 1). In the test at 25 ◦C with
0 day of aging, a significant difference from the control was observed only at the highest
treatment concentration (370.5 mg kg−1); thus, the EC50 values could not be estimated. In
the seven-day aging test at both temperatures, no significant difference from the control
was observed even at the highest concentration, thereby indicating that the toxicity of
glyphosate to A. kimi was reduced as the aging time and temperature increased.

3.2. Fatty Acid Composition

The TCLs in A. kimi adults were extracted 28 days after exposure to glyphosate at
20 ◦C and 25 ◦C. At both temperatures, the TCL concentration per individual was lower in the
glyphosate treatments than in the control, but no significant difference was observed between
the treatments (Table 2). The TCL concentration in the control was 6.90 ± 1.10 nmol ind−1

and 8.20 ± 4.40 nmol ind−1 at 20 ◦C and 25 ◦C, respectively, but that in the treatments ranged
from 3.10 ± 0.60 nmol ind−1 to 3.80 ± 1.90 nmol ind−1.
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Figure 1. The number of surviving adults (○) and produced juveniles (●) of Allonychiurus kimi 
(Lee) after 28 d of exposure to glyphosate in OECD artificial soil at different temperatures (20 °C 
and 25 °C) and aging times (0 day and seven days); (a) 0 day of aging at 20 °C. (b) Seven days of 
aging at 20 °C. (c) 0 day of aging at 25 °C. (d) Seven days of aging at 25 °C. The data are presented 
as the mean ± standard deviation (per test vessel; n = 5). The solid lines are the number of juveniles 
estimated by fitting the data to the logistic model proposed by Haanstra et al. (1985). Asterisks 
indicate significant differences from each control (Dunnett’s post hoc test; p < 0.05). 
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Figure 1. The number of surviving adults (#) and produced juveniles (•) of Allonychiurus kimi (Lee)
after 28 d of exposure to glyphosate in OECD artificial soil at different temperatures (20 ◦C and
25 ◦C) and aging times (0 day and seven days); (a) 0 day of aging at 20 ◦C. (b) Seven days of aging at
20 ◦C. (c) 0 day of aging at 25 ◦C. (d) Seven days of aging at 25 ◦C. The data are presented as the mean
± standard deviation (per test vessel; n = 5). The solid lines are the number of juveniles estimated by
fitting the data to the logistic model proposed by Haanstra et al. (1985). Asterisks indicate significant
differences from each control (Dunnett’s post hoc test; p < 0.05).

Table 1. Median effective concentration (EC50) with corresponding 95% confidence intervals, no ob-
served effect concentration (NOEC), and lowest observed effect concentration (LOEC) of glyphosate
on the reproduction of Allonychiurus kimi (Lee) after 28 days of exposure to glyphosate in artificial
soil at two temperatures (20 ◦C and 25 ◦C) and aging times (0 day and seven days) estimated using
the logistic model presented by Haanstra et al. (1985).

Temperature (◦C) Aging Time (d) EC50 NOEC b LOEC b

20
0 93.5 (25.9–161.2) 3.7 37.1
7 - a - -

25
0 - 74.1 370.5
7 - - -

a The EC50 could not be determined because the observed reproduction values were over 50%, even when exposed
to the highest concentration tested (370.5 mg kg−1). b The NOEC and LOEC were determined using Dunnett’s
post hoc test (p < 0.05).

Six fatty acids with a carbon chain length of 16 to 20 were identified as palmitoleic
acid (16:1ω7), palmitic acid (16:0), linoleic acid (18:2ω6,9), oleic acid (18:1ω9), stearic acid
(18:0), and arachidonic acid (20:4ω6,9,12,15). Each fatty acid composition is presented on a
percentile scale in Table 2. Regardless of the temperature and glyphosate concentration,
the most dominant fatty acids were oleic acid (39.65% to 44.63%) and palmitic acid (21.37%
to 24.83%). The compositions of stearic acid and linoleic acid were very similar, ranging
from 12.54% to 15.75% and 12.50% to 14.90%, respectively.
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Table 2. Proportions of fatty acids (mean ± standard deviation) in Allonychiurus kimi (Lee) adults after 28 day of exposure
to glyphosate (0.0, 37.1, and 370.5 mg kg−1) at 20 ◦C and 25 ◦C.

20 ◦C 25 ◦C

Glyphosate Concentration (mg kg−1) Glyphosate Concentration (mg kg−1)

Fatty Acids 0.0 37.1 370.5 0.0 37.1 370.5

Palmitoleic
acid 16:1ω7 5.77 ± 1.06 5.60 ± 3.68 5.48 ± 0.17 5.16 ± 0.18 6.72 ± 1.34 0.00 ± 0.00

Palmitic acid 16:0 21.37 ± 1.15 24.31 ± 0.43 23.79 ± 0.26 22.87 ± 0.71 22.84 ± 0.11 24.83 ± 1.30
Linoleic acid 18:2ω6,9 14.90 ± 0.95 13.41 ± 1.98 13.60 ± 0.93 12.50 ± 1.07 13.03 ± 0.81 13.70 ± 0.57

Oleic acid 18:1ω9 39.65 ± 0.07 44.63 ± 2.96 41.40 ± 1.11 40.18 ± 0.86 39.54 ± 1.68 43.46 ± 1.40
Stearic acid 18:0 12.84 ± 0.39 12.54 ± 1.87 15.75 ± 0.11 13.38 ± 0.17 14.99 ± 0.37 15.49 ± 0.30
Arachidonic

acid 20:4ω6,9,12,15 5.49 ± 1.58 2.51 ± 3.55 0.00 ± 0.00 5.93 ± 0.47 0.00 ± 0.00 0.00 ± 0.00

Total cellular lipids
(nmol·ind−1) 6.90 ± 1.10 3.80 ± 1.90 3.70 ± 1.20 8.20 ± 4.40 3.70 ± 0.20 3.10 ± 0.60

C16:C18 a 0.40 ± 0.04 0.39 ± 0.08 0.41 ± 0.00 0.42 ± 0.01 0.44 ± 0.00 0.34 ± 0.01
Unsaturation index b 0.97 ± 0.07 0.84 ± 0.11 0.74 ± 0.01 0.94 ± 0.03 0.72 ± 0.05 0.71 ± 0.03

The bold numbers indicate a significant difference from the control within the same temperature treatment (Dunnett’s post hoc test;
p < 0.05). a The ratio of fatty acids with 16 carbons and 18 carbons. b The unsaturation index was calculated as described by Haubert et al.
(2004).

The two-way ANOVA results indicated that the proportions of palmitic acid, stearic
acid, and arachidonic acid were significantly affected by the glyphosate concentration
(p < 0.05), but no temperature effect on the six fatty acid profiles was observed (Table 3).
The proportion of stearic acid, a long-chain saturated fatty acid, increased as the glyphosate
concentration increased at 20 ◦C and 25 ◦C, but that of arachidonic acid, a polyunsaturated
fatty acid (PUFA), decreased as the concentration increased and was not detected at the
highest concentration at both temperatures. In addition, a significant interaction between
the glyphosate concentration and temperature was detected in palmitoleic acid and oleic
acid, but no significant differences in the proportion of each fatty acid were observed,
except for palmitoleic acid, which was undetected at the highest concentration at 25 ◦C
(Table 2).

Table 3. Two-way analysis of variance results on the effects of glyphosate and temperature on the
individual fatty acid contents in Allonychiurus kimi (Lee) adults after 28 day of exposure to glyphosate.

Fatty Acids Glyphosate (G) Temperature (T) G × T

F p F p F p

Palmitoleic acid 16:1ω7 3.02 0.12 0.76 0.42 8.00 0.02
Palmitic acid 16:0 7.91 0.02 0.64 0.45 4.05 0.08
Linoleic acid 18:2ω6,9 0.21 0.82 1.78 0.23 1.35 0.33

Oleic acid 18:1ω9c 2.90 0.13 0.81 0.40 5.53 0.04
Stearic acid 18:0 9.41 0.01 3.72 0.10 2.82 0.14
Arachidonic

acid 20:4ω6,9,12,15 14.14 0.01 0.78 0.41 1.05 0.41

C16:C18 a 1.15 0.38 0.00 0.98 3.03 0.12
Unsaturation index 11.74 0.01 2.28 0.18 0.29 0.76

The bold numbers indicate a significant effect of the factor on individual fatty acids (p < 0.05). a The ratio of fatty
acids with 16 carbons and 18 carbons.

Owing to the increase in C18 and saturated fatty acids (stearic acid) and the decrease in
C16 and unsaturated fatty acids (arachidonic acid and palmitoleic acid) due to glyphosate
treatment, the UI and C16:C18 ratio at 25 ◦C decreased significantly as the glyphosate
concentration increased. This was also evident from the biplot of the PCA, which clearly
separated the fatty acid profiles exposed to different glyphosate concentrations accord-
ing to the changes in the proportions of stearic acid and arachidonic acid (Figure 2).
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The PERMANOVA results also revealed significant influences of glyphosate application
(F = 3.45; p = 0.02) on the fatty acid profiles.
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3.3. Glyphosate Degradation

The residual glyphosate concentration in the soil decreased exponentially over time
at both temperatures. The lag phase was not observed in the initial degradation state
and after two days of incubation, and the residual glyphosate concentration at 20 ◦C
(51.8 ± 9.0 mg kg−1) was significantly higher than that at 25 ◦C (27.5 ± 1.2 mg kg−1)
(p < 0.05). At the end of the experiment, the residual glyphosate concentration at 20 ◦C
was 2.2 ± 1.1 mg kg−1, but no glyphosate was detected at 25 ◦C, thereby indicating that
glyphosate was rapidly degraded as the temperature increased.

Because the χ2 error values for the SFO model were smaller than the validity criteria
(15%) and their visual fits and residual plots were acceptable [38], the SFO model was
used to estimate the DT50 and DT90 values (Table 4). The DT50 and DT90 values at 20 ◦C
(2.38 day and 7.91 day, respectively) were longer than those at 25 ◦C (1.69 day and
5.63 day, respectively).

Table 4. Degradation kinetics parameter (k), DTx values, and χ2 error for glyphosate fitted with the
single first-order model in soil at 20 ◦C and 25 ◦C.

Temperature
(◦C) k DT50 (d) DT90 (d) χ2 Error (%)

20 0.291 2.38 (1.74–3.02) 7.91 (5.79–10.05) 9.55
25 0.409 1.69 (1.27–2.11) 5.63 (4.23–7.01) 14.02

DTx values indicate the time required for the initial concentration to decrease x%. The degradation kinetics of
glyphosate were investigated in soil contaminated with 370.5 mg kg−1 of glyphosate at both temperatures.

4. Discussion

Glyphosate is known to be toxicologically and environmentally safe because of its
unique mode of action and rapid degradation in the environment [1]. However, this
study showed that glyphosate application can have a negative impact on the reproduction
of A. kimi, and the impact decreased as the temperature and aging time increased. The
fatty acid composition of A. kimi adults changed even at a lower concentration, at which
reproduction was not impaired. Several studies have shown that changes in the response
to toxic chemicals at the sub-individual level can lead to changes in the ecological fitness of
individuals [25,26]. Thus, the significant changes in the fatty acid compositions suggest
that glyphosate could have a chronic effect on A. kimi adults, and a long-term study is
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necessary to assess the ecotoxicological risk of glyphosate in the field. To the best of our
knowledge, this is the first study to investigate the effects of temperature and aging time
on the toxicity of glyphosate to soil organisms, including the biochemical effects at the
sub-individual level.

The toxicity of pesticides may vary depending on the amount of pesticides which
can change with the exposure temperature in the soil [19,42]. Wu and Nofziger (1999) [43]
emphasized the importance of temperature for pesticide degradation in soil by reporting
that temperature-dependent half-life models can predict atrazine residues in soil more
accurately than constant half-life models. In this respect, the decrease in the toxicity of
glyphosate to A. kimi as the temperature increased in this study (Figure 1) might have been
attributed to the significant differences in the residual concentration. These results are
comparable to previous findings that increased pesticide degradation with the increase
in temperature can decrease the toxicity to various soil organisms such as mites and
earthworms, including collembolan species [19,42]. Jegede et al. (2017) [19] reported
that in a study on the toxicity of deltamethrin to F. candida in OECD artificial soil, as the
temperature increased from 20 ◦C to 26 ◦C, the EC50 value for reproduction increased
from 2.77 mg kg−1 to 12.85 mg kg−1. During pesticide degradation, metabolites are
produced, which may be more reactive than the original chemical or may be inactive. If the
metabolites of pesticides are more toxic than the parent compounds, the toxic effects could
be increased with degradation [44]. In the case of glyphosate, the major metabolite in soil is
aminomethylphosphonic acid, which has very low toxicity to various soil animals [14,45].
Thus, the glyphosate toxicity in soil would have been mainly determined by the remaining
residual concentrations and not by the metabolites. In addition, the pesticide uptake rate
in relation to temperature may also lead to changes in pesticide toxicity [19,42]. Because
glyphosate has strong hydrophilicity and rapid degradation in soil [5,46], it is believed that
the increase in uptake with temperature might not have led to increased bioaccumulation
in this study.

The aging process alters the fate of chemical contaminants, thereby resulting in
changes in their toxicity [47,48]. In general, studies on the pesticide aging process in
soil have focused on the decrease in the bioavailability of recalcitrant substances by seques-
tration into soil nanopores and organic matter matrixes [48,49]. For example, Robertson
and Alexander (1998) [48] reported that the toxicity of dieldrin, a persistent insecticide,
to fruit flies (Drosophila melanogaster) and cockroaches (Blattella germanica) was decreased
by sequestration into the soil as aging increased, although 92.1% of the initial concentra-
tion of dieldrin remained in the soil after 270 day of aging. However, in our study, the
residual glyphosate concentration decreased as the aging period increased regardless of
the temperature, and the glyphosate toxicity was only significant at 0 day of aging at both
20 ◦C and 25 ◦C (Figure 1), thereby indicating that the decreased toxicity as the aging
period increased was closely related to the remaining glyphosate concentration. Seven
days after the glyphosate treatment (7 days of aging), nearly 90% of the initial glyphosate
concentration was degraded (DT90 = 7.91 day at 20 ◦C and 5.63 day at 25 ◦C; Table 4)
and only 10% of the initial concentration was exposed. The concentration was further
degraded during the 28-day exposure period. These results suggest that the aging effect of
glyphosate, which breaks down quickly and easily in the soil, can be mainly determined
by the residual amount remaining in the soil after aging.

Our results showed that glyphosate toxicity in soil is mainly determined by
temperature-dependent degradation. Therefore, to assess the ecologically relevant
risk of glyphosate in fields in which the temperature fluctuates, it is essential to un-
derstand the temperature-dependent half-life of glyphosate, which was ignored in
the standard toxicity test conducted under constant environmental conditions (i.e.,
20 ± 2 ◦C) [43]. The temperature might have been crucial in determining the toxicity
in this study because glyphosate is known to be degraded primarily by microorgan-
isms in the soil [1,3], and the microbial activity is temperature-dependent [50]. Bento
et al. (2016) [51] compared the degradation of glyphosate in soils with and without
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microorganisms. The difference in the degradation rate of glyphosate was due to the
temperature-dependent microbial activity. Hofman et al. (2014) [52] reported that the
degradation rate of biodegradable phenanthrene in artificial soil can vary depending
on the amount of indigenous microorganisms through a study using 10 OECD artificial
soils prepared in different laboratories. Therefore, further studies on the effects of
temperature on the microbial activity in soil, as well as other environmental factors
such as soil humidity, soil texture, and organic matter content, which may affect the
soil microbial activity and microbial composition, would provide a more realistic and
accurate estimate of glyphosate toxicity [53,54].

In evaluating the risks of pesticides, identifying the effects of pesticides on organisms
at the sub-individual level is important because pesticides may not only affect the survival
or reproduction of organisms, but also impair the ecological fitness of individuals through
sublethal effects [25,26,28]. Our study using fatty acids as a biomarker confirmed that
A. kimi can be biochemically affected by glyphosate treatment even at the concentrations at
which no glyphosate-induced adult mortality and juvenile reproduction were observed
(Figure 2 and Table 2). The decrease in the proportion of arachidonic acid (20:4ω6,9,12,15)
by the application of glyphosate might have been attributed to the loss of the ability to
synthesize C20 PUFAs because C20 PUFAs in collembolan species are usually obtained
by synthesizing precursors [55]. Given the function of arachidonic acid, which is the
main precursor of eicosanoids and mediates physiological processes such as reproduction,
immunity, and metabolism in mammals and insects [56,57], the decrease in the ability to
synthesize C20 PUFAs can cause harmful effects at the individual level. In contrast to
arachidonic acid, the proportion of stearic acid (18:0) increased as the glyphosate concen-
tration increased (Table 2). Similar to our findings, increases in stearic acid in organisms
have been reported in response to stressful conditions, such as exposure to toxic substances
or high salinity [58,59]. Although it is still unknown how the increase in stearic acid is
induced, considering the role of stearic acid, which is also a precursor of eicosanoids [60],
it might have increased in response to the decrease in arachidonic acid for eicosanoid
synthesis. Further studies on the complementary roles of arachidonic acid and stearic
acid in the synthesis of eicosanoids may provide a better understanding of changes in
the fatty acid composition of organisms in stressful situations. Although the fatty acid
composition of A. kimi exposed to glyphosate was investigated only for the temperature
effects in this study, these changes related to the physiological processes of an organism
can have harmful effects at the individual level or higher in the long-term and continue
through generations [27]. The observed changes in the fatty acid composition of A. kimi
indicated that fatty acid composition is a useful tool for detecting the deleterious effects
of glyphosate at the cellular level. Furthermore, given the essential role of fatty acids in
organisms [30], there may be potential negative effects of glyphosate application that have
not yet been revealed.

Globally, more than 8.6 billion kg of glyphosate has been applied and accumulated
in the soil since 1974 [4]. The maximum predicted environmental concentration (PEC) of
glyphosate in soil accumulated for 10 y was estimated to be 6.62 mg kg−1, assuming that
glyphosate was applied at the maximum application rate (4.32 kg glyphosate ha−1) once a
year [61]. However, considering the increase in the frequency and amount of glyphosate
applications [5], the actual glyphosate concentrations in soil could be much higher than
those previously estimated. Recently, Karasali et al. (2019) [62] reported that the glyphosate
residues in Greek soils was mostly observed lower than the PEC, but much higher residual
concentration than the PEC, ranged from 7.2 – 40.6 mg kg−1, was detected in urban area
and olive groves. In the present study, the effects of glyphosate exposure to A. kimi near
the PEC level was not evaluated; however, the changes in the fatty acid composition of
A. kimi at the glyphosate concentrations that can be frequently observed in the environment
indicate that glyphosate can have a potential negative impact on the soil ecosystem. Thus,
to better understand the effect of glyphosate in the soil on the soil ecosystem, additional
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studies are needed on the changes in glyphosate toxicity with environmental factors such
as humidity and soil texture over long-term time scales.

5. Conclusions

Glyphosate have been known to be toxicologically and environmentally benign, but
our study showed that glyphosate can have negative effects on the juvenile production
of A. kimi depending on the temperature and aging time. Glyphosate toxicity is largely
determined by the amount of residue in the soil, which is dependent on the soil temperature.
Thus, an understanding of the temperature-dependent half-life of glyphosate in various
field soils in which the temperature fluctuates considerably is important to assess the
ecologically relevant risk under field conditions. No glyphosate-induced adult mortality
was observed in any of the treatment conditions, but significant changes in the fatty acid
composition of A. kimi adults, which play a critical role in energy storage, cell structure,
and regulatory physiology, were observed, thereby suggesting that glyphosate could have
adverse effects on A. kimi at the sub-individual level. Considering the increasing application
rate and repeated application of glyphosate in fields [5], glyphosate concentrations higher
than the PEC could be present in the soil. If A. kimi is exposed to glyphosate for a long time
above the PEC, then the ecological fitness of an individual may also be affected. Therefore,
it is necessary to investigate the long-term impacts of glyphosate by conducting higher-tier
tests, such as multigenerational tests.
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36. Çetin, E.; Şahan, S.; Ülgen, A.; Şahin, U. DLLME-spectrophotometric determination of glyphosate residue in legumes. Food Chem.
2017, 230, 567–571. [CrossRef] [PubMed]

37. Jan, M.R.; Shah, J.; Muhammad, M.; Ara, B. Glyphosate herbicide residue determination in samples of environmental importance
using spectrophotometric method. J. Hazard. Mater. 2009, 169, 742–745. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-019-44988-5
http://www.ncbi.nlm.nih.gov/pubmed/31189896
http://doi.org/10.1016/j.chemosphere.2010.05.031
http://www.ncbi.nlm.nih.gov/pubmed/20579688
http://doi.org/10.1016/j.scitotenv.2019.04.191
http://doi.org/10.1002/etc.3438
http://www.ncbi.nlm.nih.gov/pubmed/27028189
http://doi.org/10.1016/S0269-7491(99)00197-9
http://doi.org/10.1021/es001069+
http://doi.org/10.2134/jeq2017.02.0067
http://doi.org/10.1016/j.chemosphere.2019.125540
http://doi.org/10.1016/j.ecoenv.2017.02.046
http://doi.org/10.1007/s10661-018-7034-3
http://doi.org/10.1007/s11270-016-2867-2
http://doi.org/10.1016/j.apsoil.2006.07.002
http://doi.org/10.1016/j.ecoenv.2010.10.001
http://doi.org/10.1186/1471-2164-10-608
http://www.ncbi.nlm.nih.gov/pubmed/20003521
http://doi.org/10.1002/ieam.1530
http://www.ncbi.nlm.nih.gov/pubmed/24574147
http://doi.org/10.1016/j.geoderma.2018.09.030
http://doi.org/10.1007/s10653-018-0143-7
http://doi.org/10.1016/j.envpol.2009.11.022
http://doi.org/10.1002/arch.940090102
http://doi.org/10.11626/KJEB.2019.37.4.749
http://doi.org/10.1078/0031-4056-00159
http://doi.org/10.1002/pmic.200900690
http://doi.org/10.1016/j.soilbio.2005.01.022
http://doi.org/10.1016/j.cbpc.2004.02.009
http://www.ncbi.nlm.nih.gov/pubmed/15142535
http://doi.org/10.1016/j.foodchem.2017.03.063
http://www.ncbi.nlm.nih.gov/pubmed/28407950
http://doi.org/10.1016/j.jhazmat.2009.04.003
http://www.ncbi.nlm.nih.gov/pubmed/19411135


Toxics 2021, 9, 126 13 of 13

38. FOCUS. Guidance Document on Estimating Persistence and Degradation Kinetics from Environmental Fate Studies on Pesticides
in EU Registration. Report of the FOCUS Work Group on Degradation Kinetics, EC Document Reference Sanco/10058/2005
Version 2.0. 2006, p. 434. Available online: https://esdac.jrc.ec.europa.eu/public_path/projects_data/focus/dk/docs/
finalreportFOCDegKinetics.pdf (accessed on 30 May 2021).

39. Haanstra, L.; Doelman, P.; Voshaar, J.H.O. The use of sigmoidal dose response curves in soil ecotoxicological research. Plant Soil
1985, 84, 293–297. [CrossRef]

40. Oksanen, J.; Blanchet, F.G.; Kindt, R.; Legendre, P.; Minchin, P.R.; O’hara, R.; Simpson, G.L.; Solymos, P.; Stevens, M.; Wagner, H.
Vegan: Community Ecology Package. R Package Version 2.4-2. 2015. Available online: http://CRAN.R-project.org/package=
vegan (accessed on 30 May 2021).

41. R Studio Team. RStudio: Integrated Development for R; RStudio, Inc.: Boston, MA, USA, 2016. Available online: http://www.
rstudio.com (accessed on 30 May 2021).

42. Daam, M.A.; Garcia, M.V.; Scheffczyk, A.; Römbke, J. Acute and chronic toxicity of the fungicide carbendazim to the earthworm
Eisenia fetida under tropical versus temperate laboratory conditions. Chemosphere 2020, 255, 126871. [CrossRef]

43. Wu, J.; Nofziger, D.L. Incorporating Temperature Effects on Pesticide Degradation into a Management Model. J. Environ. Qual.
1999, 28, 92–100. [CrossRef]

44. León Paumen, M.; de Voogt, P.; van Gestel, C.A.M.; Kraak, M.H.S. Comparative chronic toxicity of homo- and heterocyclic
aromatic compounds to benthic and terrestrial invertebrates: Generalizations and exceptions. Sci. Total Environ. 2009, 407,
4605–4609. [CrossRef]

45. Domínguez, A.; Brown, G.G.; Sautter, K.D.; De Oliveira, C.M.R.; De Vasconcelos, E.C.; Niva, C.C.; Bartz, M.L.C.; Bedano, J.C.
Toxicity of AMPA to the earthworm Eisenia andrei Bouché, 1972 in tropical artificial soil. Sci. Rep. 2016, 6. [CrossRef]

46. Sullivan, T.P.; Sullivan, D.S. Vegetation management and ecosystem disturbance: Impact of glyphosate herbicide on plant and
animal diversity in terrestrial systems. Environ. Rev. 2003, 11, 37–59. [CrossRef]

47. Ahmad, R.; Kookana, R.S.; Megharaj, M.; Alston, A.M. Aging reduces the bioavailability of even a weakly sorbed pesticide
(carbaryl) in soil. Environ. Toxicol. Chem. 2004, 23, 2084. [CrossRef] [PubMed]

48. Robertson, B.K.; Alexander, M. Sequestration of DDT and dieldrin in soil: Disappearance of acute toxicity but not the compounds.
Environ. Toxicol. Chem. 1998, 17, 1034–1038. [CrossRef]

49. Li, H.; Sun, Z.; Qiu, Y.; Yu, X.; Han, X.; Ma, Y. Integrating bioavailability and soil aging in the derivation of DDT criteria for
agricultural soils using crop species sensitivity distributions. Ecotoxicol. Environ. Saf. 2018, 165, 527–532. [CrossRef] [PubMed]

50. Zelles, L.; Adrian, P.; Bai, Q.Y.; Stepper, K.; Adrian, M.V.; Fischer, K.; Maier, A.; Ziegler, A. Microbial activity measured in soils
stored under different temperature and humidity conditions. Soil Biol. Biochem. 1991, 23, 955–962. [CrossRef]

51. Bento, C.P.M.; Yang, X.; Gort, G.; Xue, S.; van Dam, R.; Zomer, P.; Mol, H.G.J.; Ritsema, C.J.; Geissen, V. Persistence of glyphosate
and aminomethylphosphonic acid in loess soil under different combinations of temperature, soil moisture and light/darkness.
Sci. Total Environ. 2016, 572, 301–311. [CrossRef] [PubMed]

52. Hofman, J.; Hovorková, I.; Semple, K.T. The variability of standard artificial soils: Behaviour, extractability and bioavailability of
organic pollutants. J. Hazard. Mater. 2014, 264, 514–520. [CrossRef] [PubMed]

53. Muskus, A.M.; Krauss, M.; Miltner, A.; Hamer, U.; Nowak, K.M. Degradation of glyphosate in a Colombian soil is influenced by
temperature, total organic carbon content and pH. Environ. Pollut. 2020, 259, 113767. [CrossRef]

54. Nguyen, N.K.; Dörfler, U.; Welzl, G.; Munch, J.C.; Schroll, R.; Suhadolc, M. Large variation in glyphosate mineralization in 21
different agricultural soils explained by soil properties. Sci. Total Environ. 2018, 627, 544–552. [CrossRef]

55. Chamberlain, P.M.; Black, H.I.J. Fatty acid compositions of Collembola: Unusually high proportions of C 20 polyunsaturated
fatty acids in a terrestrial invertebrate. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2005, 140, 299–307. [CrossRef] [PubMed]

56. Funk, C.D. Prostaglandins and leukotrienes: Advances in eicosanoid biology. Science 2001, 294, 1871–1875. [CrossRef]
57. Stanley, D.; Kim, Y. Prostaglandins and other eicosanoids in insects: Biosynthesis and biological actions. Front. Physiol. 2019, 10,

1927. [CrossRef] [PubMed]
58. Pandit, P.R.; Fulekar, M.H.; Karuna, M.S.L. Effect of salinity stress on growth, lipid productivity, fatty acid composition, and

biodiesel properties in Acutodesmus obliquus and Chlorella vulgaris. Environ. Sci. Pollut. Res. 2017, 24, 13437–13451. [CrossRef]
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