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Abstract

To ascertain the tolerance mechanisms of aquatic organisms to artificial chemicals, intergenerational
sensitivity changes of Chironomus yoshimatsui to a carbamate pesticide (pirimicarb) and
pharmaceutical chemical (diazepam) were investigated. The larvae (< 48-h-old) in each generation were
exposed to both chemicals for 48 h and then the surviving chironomids were cultured until the fifth
generation (FO—F4) without chemical addition. The 48-h 50% effective concentration (ECyg) value of
chironomids was determined for each generation. In the pirimicarb treatment group, the EC5 values
significantly increased in F3 and F4, and those in the diazepam treatment group slightly increased.
Catalase, Cytochrome P450 and hemoglobin (Hb) mRNA levels were monitored to see whether these were
related to the trans-generational sensitivity. Although the generalized linear model results showed that the
sensitivity to diazepam was slightly increased in the diazepam treatment, we could not find any mRNA
levels related to sensitivity alteration. In contrast, the model approach showed that the chironomids
exposed to pirimicarb trans-generationally became tolerant with increasing Hb mRNA levels. Therefore,
they might decrease their oxidative chemical stress by modifying Hb gene transcription.

Introduction

Surface water runoff causes pulsed rather than continuous exposure to chemicals such as pesticides and
metals for aquatic organisms (Ashauer et al., 2007; Chen et al., 2012; Trac et al., 2016). Pulsed exposure
to such chemicals is expected for pharmaceutical chemicals because these chemicals enter the water via
sewage effluent from urban areas, including domestic dwellings or hospitals, as well as sewage released
to the aquatic environment when it rains (McLellan et al., 2018; Pascoe et al., 2003). To elucidate the
realistic exposure of chemicals to aquatic organisms, we previously investigated whether short-term
exposure (48 h) of successive (first and second) generations of Chironomus yoshimatsui (< 24-h-old) to
acetylcholinesterase (AChE) inhibitor insecticides (pirimicarb and pyraclofos) would change the
sensitivity over four generations (Ishimota et al., 2020a). The findings from this previous study showed
that the chironomids exposed to pirimicarb produced larvae that were less sensitive than those in the
control group and the increased AChE activity might be related to this low sensitivity. However, other
enzymes, such as detoxifying enzyme and cytochrome P450 (CYP450) might also alter the sensitivity of
chironomids. Chemicals are metabolized by detoxifying enzymes, such as Catalase (CAT), CYP450 and
glutathione S-transferases (Wang et al., 1999; Wu and Hoy, 2016). CAT prevents cell oxidative damage by
degrading hydrogen peroxide to water and oxygen with high efficiency (Alfonso-Prieto et al., 2009). The
CAT mRNA levels in chironomids were significantly altered when they were exposed to chemicals
(cadmium and nonylphenol) (Nair et al., 2011). CYP450 is one of the major phase I-type classes of
biotransformation enzymes and converts xenobiotic compounds into water-soluble substances (Bonnafé
et al.,, 2015). The relationship between the CYP450 enzyme and toxicity of xenobiotic chemicals to
several insects has been studied previously and it has been found that the CYP450 genes were related to
insecticide resistance (Dulbecco et al., 2018; Kaplanoglu et al., 2017; Nair et al., 2013; Tang et al., 2017,
Yu et al., 2015). The members of the CYP4 family are frequently related to specialized biochemical
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pathways such as the biosynthesis of endogenous compounds and metabolism of pheromones (Xiong et
al., 2019). Chironomids are widely distributed worldwide and possess hemoglobin (Hb) for carrying
oxygen from the environment to their respiring tissues (Ha and Choi, 2008). This species can inhabit
environments with low oxygen concentrations because of this Hb (Kawai et al., 2004). A previous study
found that the Hb content increased with decreasing oxygen concentration in C. riparius found in a
lowland stream (Manfrin et al., 2018). Because Hb levels in chironomids have been used as a biomarker
for chemicals (Choi and Roche, 2004; Ha and Choi, 2008; Lee et al., 2006), the levels might be altered in
chemical-tolerant individuals. To ascertain whether the oxidative stress for the target chemicals could be
detected by measuring the three kinds of mRNA levels, and to identify the mechanisms underlying
intergenerational changes in sensitivity in chironomids, we focused on the changes in CAT, CY450 (CYP4
family), and Hb mRNA levels in the present multi-generational study.

Pirimicarb and diazepam (which affect the neurons in organisms) were used in the present study.
Pirimicarb is a carbamate insecticide that inhibits AChE. This chemical is one of the most detected
insecticides in surface water (Struger et al., 2016). We have previously used this chemical for a multi-
generational study to ascertain the mechanism for the development of tolerance to carbamate pesticides
in chironomids and cladocerans (Ishimota et al., 20204, b). Diazepam is a pharmaceutical chemical that
is classified as a benzodiazepine anxiolytic that binds to the GABA, receptor and increases the channel
current by increasing the frequency of the channel openings (Glykys and Staley, 2015; Harris et al., 2009).
The channel openings allow the chlorine ions that have flowed into the neurons to move out of the cell
and then the neuronal activity decreases. Diazepam has been detected in quantities of several
micrograms per liter in rivers in Brazil, Italy, and Germany (Boger et al., 2018; Calamari et al., 2003; Ternes
et al., 2001). Exposure of a fish (zebrafish) to diazepam induced behavioral abnormalities (Wu et al.,
2020). Considering their potential risks to aquatic organisms, we focused on these two chemicals that
have different action mechanisms.

The aims of the present study were to test 1) how the pulsed exposure of pirimicarb and diazepam would
alter the sensitivity of C. yoshimatsui (48-h-old larvae) to these chemicals in a multi-generational study
and 2) whether CAT, CYP450 and Hb mRNA levels were related to sensitivity changes. We expected that
these mRNA levels would contribute to the mechanisms of the trans-generational effects of these
chemicals.

Methods

Chemical analysis

Pirimicarb (99.9% purity) and diazepam (98.0% purity) were purchased from Fujifilm Wako Pure Chemical
Corporation (Osaka, Japan). To determine the concentrations of the chemicals in the water samples, each
sample was diluted with acetonitrile: pure water (60:40, v/v). The chemicals were quantified by liquid
chromatography-mass spectrometry (LC-MS/MS) at a flow rate of 0.3 mL/min using a column at 40 °C
(LC: 1290 HPLC; MS/MS: 6460 Triple Quad LC-MS/MS, Agilent Technologies, CA, USA; column: Acquity
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UPLC HSS T3, 1.8 um x 2.1 mm x 100 mm, Waters, MA, USA). The operating conditions and mobile
phase were in accordance with the procedure outlined by Ishimota et al. (2020a). The monitored
precursor/product ions for pirimicarb and diazepam were at 239.1/72.1 and 285.0/193.1 m/z,
respectively. The peak area response for each chemical was determined using a data processor and the
calibration curve was constructed by plotting the amount against the peak area of the calibration
standard using the least-squares method.

In our previous study, the recovery rates for pirimicarb at 0.5 pg/L and 160 mg/L were 95% to 104% and
the relative standard deviations (RSDs) were 1% to 2% in the same test medium and the chemical was
very stable under these test conditions for 48 h (Ishimota et al., 2020a). Thus, the analytical accuracy,
variation, and stability under the test conditions were checked only for diazepam in the present study. The
limit of quantification was 0.5 pg/L for each chemical. The recovery rates and RSDs at 0.5 pg/L and 20
mg/L for diazepam were calculated from three spiked water samples. The media containing diazepam
(20 mg/L) were prepared in triplicate. After a 48-h period under test conditions, the diazepam
concentration was determined. The diazepam was found to be extremely stable in the water samples
during the 48-h exposure period. Thus, the concentrations for each test group were only measured at the
beginning of exposure in the present study. The RSDs of the diazepam concentrations in all samples
were calculated as per Eqn. (1):

RSD(%) = ﬁ % 100, (1)

where, SD and mean denote the standard deviation and mean of the diazepam concentrations (n = 3),
respectively.

Test organisms and culture methods

C. yoshimatsui (NIES clone) was obtained from the National Institute for Environmental Studies (Ibaraki,
Japan). The test species had been continuously maintained in ISO medium with a slight modification
(CaCl,li2H,0: 36.9 mg/L, MgS0,4i7H,0: 6.1 mg/L, NaHCO3: 64.8 mg/L, KCI: 8.60 mg/L, thiamine
hydrochloride: 75.0 pg/L, cyano-cobalamin: 1.00 pg/L, and biotin: 0.75 pg/L) (Ishimota et al., 2020a) and
were fed TetraFin (Tetra, Melle, Germany) at least five times per week at a rate of 0.1 g per container. The
test species were cultured in 5 L stainless-steel containers (length: 40 cm, width: 27 cm, and height: 7 cm)
with a net containing 1.5 L of the medium and 1 kg of glass beads. The culture medium was changed at
least once per week. The test species were maintained under standardized conditions, i.e., a photoperiod
of 16:8 h light: dark and a light intensity of approximately 800 lux at 23 + 1 °C. The egg masses that were
produced were collected daily and were used to conduct all the experiments and establish the next
generation in the multi-generational study.

Multi-generational experiment
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In our previous multi-generational study of tolerance to chemicals in chironomids, we used < 24-h-old
larvae; however, we used the > 24-h and < 48-h-old (hereafter, < 48-h-old) larvae for all experiments in the
present study because the size of this aged larvae was large enough to detect each of the mRNA levels,
whereas that of the < 24-h-old larvae was not adequate (Ishimota et al., 2020a). Chironomid larvae (< 48-
h-old) were exposed to low effective concentrations of chemicals and were cultured until an appropriate
number of egg masses was obtained for each generation (five successive generations: FO—F4) (Fig. 1).
Changes in the larval sensitivity were investigated based on the 48-h 50% effective concentration (ECs)
value across the five generations. Additionally, we measured CAT, CYP450 and Hb mRNA levels in the
larvae exposed to the target chemicals in each generation.

Nominal concentrations (0, 5, 10, 20, 40, and 80 mg/L for pirimicarb and 0, 1.3, 2.5, 5, 10, and 20 mg/L for
diazepam) were prepared based on the 48-h EC5, value for each chemical in the preliminary tests. To
prevent the chironomids from becoming trapped on the surface of the solution, each test solution
contained 2 pL/L Tween 80. After the larvae were fed, five larvae (< 48-h-old) were exposed to 50 mL test
solutions in 100 mL glass beakers for 48 h without any food under standardized conditions. We prepared
four sets of glass beakers and 20 individuals from each treatment were exposed. After 48-h exposure, the
number of larvae that could not change their position during 15 s of gentle agitation of the beaker
(immobility) was counted for each concentration and the ECs values were calculated from the
immobility results for the FO samples. The 48-h ECs values for pirimicarb and diazepam were
determined according to the acute toxicity test of the Organization for Economic Co-operation and
Development (OECD) guideline “No. 235 Chironomus sp., acute immobilization test” (OECD, 2011). To
check the 48-h EC5 value in each generation (F1, F2, F3, and F4 samples), the larvae were exposed to the
same method as described for the FO generation. This experiment for each generation was performed in
triplicate using the larvae collected from three egg masses.

To establish the next generation group (control and treatment groups), chironomids were pre-exposed to
each chemical as follows. A total of 400 larvae (< 48-h-old) were exposed to the 500 mL solutions
(control group without any exposure and treatment groups containing each chemical, i.e., 0 and 15 mg/L
of pirimicarb and 0 and 5 mg/L of diazepam in 500 mL glass beakers without food under standardized
conditions). After 48-h exposure, 300 chironomids that had survived were randomly selected from each
group and cultured separately without chemicals until enough egg masses for each experiment were
obtained. In a previous study, the chironomids developed tolerance to pirimicarb, which caused a
decrease in mobility but no mortality (Ishimota et al., 2020a). Thus, the nominal concentrations for each
chemical were set at similar levels as those in the previous study for pirimicarb. Controls (0 pg/L) for
each generation in culture medium containing 2 yL/L Tween 80 for 48 h were extracted using the same
method described previously. The procedure for culturing the chironomids for each generation was the
same as that described in section 2.2.

CAT, CYP450, Hemoglobin and mRNA levels
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We tested how CAT, CYP450 and Hb mRNA levels changed in chironomids exposed to three different
concentrations of pirimicarb and diazepam. After the seventy larvae (<48-h-old) were fed, they were
exposed to 500 mL of the test solutions in 500 mL glass beakers for 48 h without any food under
standardized conditions. We prepared three sets of glass beakers, and 70 individuals from each
treatment (i.e., pirimicarb: 0, 15, and 40 mg/L; diazepam: 0, 2.5, and 5.0 mg/L, with each solution
containing 2 uL/L Tween 80) were exposed to each test solution without food, under standardized
conditions for 48 h. We measured the CAT, CYP450 and Hb mRNA levels in the exposed chironomids in
each concentration group. Additionally, the CAT, CYP450 and Hb mRNA levels in the chironomids from the
control and treatment groups were measured in the multi-generational study. After the chironomid larvae
obtained from the control and treatment groups in each generation were fed, they were exposed to 500
mL of each chemical solution (15 mg/L for pirimicarb and 5 mg/L for diazepam containing 2 uL/L
Tween 80) without food under standardized conditions for 48 h. The concentrations were the same as
those used for the pulsed exposure method in the multi-generational study. These experiments were
performed in triplicate.

Total RNA was extracted from the 70 chironomids using a NucleoSpin® XS RNA kit (Takara BIO Inc.,
Shiga, Japan) according to the manufacturer's instructions. RNA samples were reverse-transcribed into
complementary DNA using a PrimeScript” RT reagent kit with gDNA Eraser (Takara BIO Inc.) following the
manufacturer’s instructions. A TB Green® Premix EX Taq”//kit (Takara BIO Inc.) was used to detect the
amplified products. The CAT, CYP450 and Hb genes were amplified using quantitative polymerase chain
reaction (Real Time PCR System Quant Studio TM 12k Flex, Applied Biosystems, Thermo Fisher Scientific
Inc. MA, USA) with the following primers. For CAT (mRNA; GenBank accession No. JL641904.1), the
forward primer 5-CGTGATCTTCGTGGTTTTGCTG-3' and reverse primer 5'- GGATTGGATCGCGGATGAAG
-3' were used (Nair et al., 2011). For CYP450 (mRNA; GenBank accession No. FJ541450.1), the forward
primer 5-GACATTGATGAGAATGATGTTGGT-3"' and reverse primer 5-TAAGTGGAACTGGTGGGTACA-3'
were used, whereas for the Hb gene (Hb IIB gene, GenBank accession No. AJ003807.1), the forward
primer 5-ATTCGCTGGAAAGGATGTTG-3' and reverse primer 5-TATGAGACGAGTGAGGCACG-3' were used
(Ha and Choi, 2008; Lencioni et al., 2016; Park et al., 2009). Actin (MRNA; GenBank accession No.
AB070370.1) was used as the reference gene, with the forward primer 5-GATGAAGATCCTCACCGAAC-3'
and the reverse primer 5-CCTTACGGATATCAACGTCG-3' (Lencioni et al., 2016). Amplification efficiencies
of CAT, CYP450, Hb, and actin in chironomids were 100%, 100%, 103%, and 102%, respectively. The
expression data from the triplicate experiments were expressed relative to those of actin to normalize any
difference in the reverse transcriptase efficiency and they were analyzed using the standard curve
method. In the control and treatment groups for the multi-generational study, the ratio of mRNA levels in
the treatment (15 mg/L for pirimicarb and 5 mg/L for diazepam) against each control (0 mg/L) in each
generation were used as an index.

To confirm whether the CAT, CYP450 and Hb mRNA levels were related to the sensitivity, we investigated
the relationship between sensitivity and mRNA levels using the generalized linear model (GLM) approach.

Statistical analysis
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The data were analyzed using R version 3.6.1 (R Development Core Team, 2019). The EC5, values and

standard errors were estimated by fitting acute toxicity data to a two-parameter log-logistic model, where
the lower limit was fixed at 0 and the upper limit was fixed at 1 (Eqn. 2):

1
(1+exp (b(loglx)—logle))y’

flx) = (2)

where, f(x) is the probability of immobilization, x is the nominal concentration of pirimicarb, eis the
inflection point of the fitted line (which is equivalent to the concentration required to cause a 50%
response (ECsp)), and b is the relative slope around e. The triplicate testing of each test group was
considered a random effect in the medrc package (Gerhard and Ritz, 2017). Significant differences
between the ECs values for the control and treatment groups from FO to F4 were determined using the
EDcomp function in the drc package (Ishimota et al., 2020b; Ritz et al., 2006). In this function, the ratios
of the EC5 values were compared to 1. Then, the significance level in each pair was adjusted using
Holm’s method (Holm, 1979).

For the CAT, CYP450 and Hb mRNA levels in the chironomids exposed to the four concentrations of each
chemical, the variance of the groups was confirmed to be heterogeneous between the control and
treatment groups (Levene's test) following Dunnett’s test using the multcomp package (Hothorn et al.,
2008). Significant differences between the ECs, values for the control and treatment groups from FO to
F4 were determined using the EDcomp function in the drc package (Ishimota et al., 2020b; Ritz et al.,
2006). In this function, the ratios of the EC5, values were compared to 1. Then, the significance level in
each pair was adjusted using Holm’'s method (Holm, 1979). CAT, CYP450 and Hb mRNA levels in the
samples from the multi-generational study were compared with a pairwise t-test using the R software
program. For the multi-generational study, GLM analysis was used to estimate the effects of CAT, CYP450
and Hb mRNA levels and generational alternation (FO—F4) on the ECs, values. The ECs, values were
assumed to be gamma (log-link) distributed. The selection of the best performance model (model with
the lowest Akaike information criterion [AIC]) was based on AIC (Akaike, 1974). Full models included all
variables (CAT, CYP450, and Hb mRNA levels, generational alteration (GA), the interaction between the GA
and each mRNA level. We tested the significance of the variables using the x? test (P< 0.05) based on the
Wald statistic (Hosmer and Lemeshow, 2000; Marques et al., 2008).

Results

Water quality and concentrations of chemicals

For the pirimicarb treatment experiments, the temperature, pH, and dissolved oxygen concentrations in
the water ranged from 22.9 to 23.2 °C, 8.15 t0 8.38, and 7.92 to 9.03 mg/L, respectively. For the diazepam
treatment experiments, the temperature, pH, and dissolved oxygen concentrations in the water ranged
from 22.0 to0 23.4 °C, 8.17 t0 8.49, and 8.19 t0 9.08 mg/L, respectively. During the tests, these parameters
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did not vary with treatment and remained within the criteria specified in the OECD test guideline No. 235
(OECD, 2011).

The mean recovery rate and RSDs for diazepam obtained from the three spiked water samples at 0.5
pg/L were 101% and 2%, respectively, and at 20 mg/L were 95% and 5%, respectively. The mean ratio of
the measured concentration to the nominal concentration of diazepam in the water samples after 48 h in
the test condition was 105%. The ratio of the measured to the nominal concentrations of pirimicarb and
diazepam in the water samples at the start of exposure in the multi-generational experiment ranged from
82% 10 94% and 82% to 114%, respectively.

Multi-generational experiment

The best model approach showed that the EC5 values in the pirimicarb control group decreased with
generational changes because the p-value obtained from the Wald statistics was < 0.05 (Table 1). The
ECsq value in the F4 control group differed significantly compared to the other generations (Fig. 2a). By
contrast, ECgq values did not differ in the diazepam control groups (Fig. 2b).

In the F3 and F4 generations of the pirimicarb treatment group, the 48-h EC5 values (38-43 pg/L) were
significantly higher than those of the control and other treatment groups (18-30 pg/L). These findings
show that the chironomids became tolerant to pirimicarb during the multi-generational study. However,
the model approach did not show a significant effect of generational alteration on the EC5 values for the
pirimicarb treatment group (Fig. 2a and Table 1). In the diazepam treatment group, there was no
significant difference in sensitivity to the chemicals throughout all generations (Fig. 2b); however, the best
model approach showed that the increase in generational alteration was likely to be associated with an
increase in ECgq value in the treatment group.

CAT, CYP450, and Hemoglobin mRNA levels

The CAT mRNA levels in the pirimicarb treatment group decreased significantly depending on the
concentration, whereas the levels in the diazepam exposure group increased significantly depending on
the concentration (Fig. 3a, b). The 48-h pirimicarb and diazepam exposure tests showed that the CYP450
MRNA levels in the different treatment groups decreased depending on the chemical concentration,
despite there being no significant difference compared to the controls (Fig. 3c, d). This lack of significant
difference in CYP450 might be owing to large variable errors in the samples. The Hb mRNA levels in the
pirimicarb treatment group decreased significantly depending on the concentration, whereas the levels in
the diazepam exposure group increased significantly depending on the concentration (Fig. 3e, f).

In the multi-generational experiment, a significant difference in the CAT mRNA levels was observed only

in the F3 generation of the control group samples for pirimicarb (Fig. 4a). The best model approach

showed that the decrease in CAT mRNA levels was likely to affect the increase in ECs, values in the

pirimicarb treatment groups (Table 1). The CAT mRNA levels did not differ between the diazepam control

and treatment group samples (Fig. 4b); however, the best model approach showed that the increase in
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CAT mRNA levels was likely to affect the increase in EC5q values in the control and treatment groups for
diazepam. Despite a significant decrease in the interaction between the two variables (generational
alteration and CAT levels) in the diazepam control group, it barely affected the ECs, values due to the
small slope value (-0.064).

In the pirimicarb test groups, the CYP450 level in F3 was the highest in all the groups (Fig. 4c). For
diazepam, the CYP450 level in the FO control group was the highest among all samples (Fig. 4d). The
best model approach showed that the CYP450 mRNA levels were not likely to affect the ECs, values in all
the test groups for pirimicarb and diazepam (Table 1). Therefore, the model approach could not detect
the effects of CYP450 on the EC5 values for both chemicals.

Although the Hb mRNA levels did not differ among the pirimicarb control groups, the levels in the
treatment group significantly increased depending on the generation (Fig. 4e, f). The best model
approach showed that the decrease in Hb levels in the treatment group may affect the ECs, values of
pirimicarb, which is consistent with the results in Fig.3 e (Table 1). Additionally, the increase in the
interaction between the two variables (generational alteration and Hb mRNA levels) in the treatment
group was associated with increased ECs values in the pirimicarb treatment group.

Discussion

Our previous study showed that C. yoshimatsuilarvae (< 24-h-old) exposed to pirimicarb had low
sensitivity to the chemical in a multi-generational study (Ishimota et al., 2020a). In the present study, we
used older-aged larvae (> 24- and < 48-h-old) compared to the previous study to obtain adequate amounts
of mMRNA using larger-sized chironomids. In the pirimicarb treatment group, the chironomids had a lower
sensitivity than that of the control group (Fig. 2a). The maximum 48-h EC5 values (38—43 pg/L) in the
larvae in the pirimicarb treatment group were lower than those of the chironomids used in the previous
study (Ishimota et al., 2020a), suggesting that earlier exposure to this chemical might induce individuals
with lower sensitivity. A previous study has shown increased pesticide tolerance to carbamate (carbaryl)
in Lithobates sylvaticus (wood frog) when they were exposed to the chemical during their early life stage
but not during their late life stage (Jones et al., 2018). The authors suggested that larval amphibians
might use phenotypic plasticity in response to sublethal pesticide concentrations during early life stages
but rely on naive tolerance during later life stages. Although our experimental design was limited for
clarifying the different tolerances between the two ages, the metabolic pathway in the earlier staged
larvae (< 24-h-old) might not be mature and might have more genes that could express for the response
to the chemical compared to the later staged larvae (< 48-h-old).

CYP450 levels in the chironomids exposed to pirimicarb or diazepam decreased in a non-significant
concentration-dependent manner (Fig. 3c, d). The decrease in the pirimicarb treatment group did not
coincide with previous studies, where CYP genes were upregulated in chironomids exposed to an
acetylcholine inhibitor (chlorpyrifos) (Tang et al., 2018). Martinez-Paz et al. (2012) reported that the CYP
four family from Chironomidae responded selectively to xenobiotics chemicals. Thus, the response
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(upregulated or downregulated) of the CYP mRNA levels might not be predicted simply from the chemical
classification. Results from the GLM analysis showed that CYP450 was not associated with the
sensitivity alteration to diazepam in the multi-generational study (Fig. 4d and Table 1). In addition, the
CYP450 hardly affected the sensitivity to pirimicarb (Fig. 4c and Table 1). Previous studies have shown
that the upregulated CYP gene was associated with resistance in several insects (Kaplanoglu et al., 2017,
Smith et al.,, 2018; Zhang et al., 2016); however, the CYP gene did not fully explain the low sensitivity in
insects (Dulbecco et al., 2018). There are approximately 100 CYP450 in insects (Feyereisen, 1999);
however, only a component of CYP450 was determined in the present study. The large errors between
samples, as seen in the F3 or F4 generations in the pirimicarb treatment, may be one of the reasons why
we could not determine the relationship between ECsy and CYP450 levels. Nevertheless, to determine
whether CYP450 mRNA is related to larval sensitivity to these chemicals, further studies regarding the
MRNA levels of other CYP450s are required.

When the chironomids were exposed to different concentrations of each chemical, the CAT or Hb mRNA
levels responded differently to the target chemicals, e.g., the CAT or Hb mRNA levels in the pirimicarb
exposure group decreased significantly depending on the concentration, whereas the levels in the
diazepam exposure group increased significantly (Fig. 3a, b, e, f). These findings coincided with a
previous study where Hb gene expression in Chironomidae showed chemical-specific responses (Lee et
al., 2006). Decreased Hb gene expression was associated with increased oxygen consumption in C.
tentans (Anderson et al., 2008), and decreased CAT mRNA levels might be due to the protective
mechanism of the cells, which could protect the cells from oxidative stress caused by chemicals (Nair et
al., 2011). Thus, pirimicarb might induce oxidative stress in the larvae. However, we could not explain the
chemical tolerance to pirimicarb in the multi-generational experiments by altering the CAT mRNA levels
(Fig. 4a and Table 1), suggesting that other oxidative enzymes, such as glutathione S-transferase, might
be directly related to the modification of the oxidative stress of the chemical.

Several studies have shown that increased Hb levels contributed to increasing the lifespan and genotype
frequency of aquatic organisms and improving immunity to toxic bacteria (Cambronero et al., 2018;
Kawai et al., 2004; Yamamoto et al., 2003). The chemical-tolerant populations require more energy and
resource allocation, which results in a fitness cost, e.g., decreased fecundity and increased larval
development time (Kliot and Ghanim, 2012; Xie and Klerks, 2004; Postma et al., 1995). Because Hb is an
important protein for the survival of chironomids under stressful conditions (Barbara, 1947; Kawai et al.,
2004), we expected that the Hb mRNA levels in the low sensitivity chironomids associated with the test
chemicals would decrease with the generational alteration as a fitness cost. However, the model
approach showed that the chironomids in the pirimicarb treatment group trans-generationally became
tolerant to the chemical by increasing their Hb mRNA levels (Fig. 4e and Table 1), which does not support
our hypothesis. Nevertheless, our findings suggest that chironomids adapted to the oxidative chemical
stress by increasing their Hb gene transcription. Organophosphate- and pyrethroid-resistant insects have
several features such as higher body mass and more vacuoles, proteins, and carbohydrates compared to
susceptible insects for higher stored energy (Kliot and Ghanim, 2012). The chironomids that had low
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sensitivity to pirimicarb had a larger body size when they became adults compared to the controls
(Ishimota et al., 2020a). Considering these morphological modifications in the chemical-tolerant
individuals, pirimicarb-tolerant chironomids might modify the protein components in their bodies and
increased Hb transcription might be one of the strategies for adapting to oxidative chemical stress.

Although there has not been a study on the effects of diazepam on insect respiration, diazepam exposure
has been shown to induce respiratory depression in humans (Forster et al., 1980). Thus, our findings
suggest that chironomids exposed to diazepam modified their respiratory system by increasing CAT or
Hb transcription (Fig. 3b, f). Despite the different responses between the two chemicals, CAT and Hb
MRNA levels could be useful biomarkers. For the diazepam treatment groups in the multi-generational
experiments, the ECs was increased slightly depending on the generations, and the model approach
showed that sensitivity decreased as the generations proceeded (Fig. 2b and Table 1). However, we could
not find any mRNA levels that affected the sensitivity alteration. To ascertain possible sensitivity changes
to diazepam, further studies examining the diazepam target site mMRNA sequence, that is, the GABA,
receptor in C. yoshimatsui (currently unknown), will be required because the mutation in the GABA
receptor subunit is related to chemical (phenylpyrazole insecticide) resistance in other insects
(Laodelphax striatellus, plant hopper) (Nakano, 2015). There is limited information regarding the
interaction of pharmaceutical chemicals and aquatic organisms, and few studies have been undertaken
that focus on chronic exposure to these chemicals (de Oliveira et al., 2018; Wu et al., 2020). Thus, further
studies are required regarding the long-term effects of pharmaceutical chemicals to ascertain the
potential risks or recovery of aquatic organisms from these chemicals.

In the present study, the GLM model approach might have overestimated the effects of each mRNA level
on chemical sensitivity. For example, the significant effects of the interaction between the two variables
(generational alteration and CAT mRNA levels) on the sensitivity in the diazepam control group. However,
these interactions might not affect the sensitivity because 1) the slope value of the variable (interaction)
in the pirimicarb treatment group was very small (-0.064) (Table 1) and 2) there was no significant
difference in the sensitivity throughout the generations in the diazepam treatment group (Fig. 2b). The
GLM model approach provides as high or higher statistical power than other common statistical
methods, for example, the t-test (Tamai et al., 2018); therefore, the model might have overestimated the
MRNA levels in the samples. The raw data must also be used when we evaluate the effects of variables
on sensitivity using the GLM model.

In our previous study, we showed that the AChE activity might be associated with tolerance to pirimicarb
in C. yoshimatsui (Ishimota et al., 2020a). The findings from the present study suggest that the
chironomids recovered from the oxidative stress of pirimicarb by increasing their Hb mRNA levels,
whereas CAT and CYP450 were not related to low sensitivity. The increasing Hb mRNA levels might not
be directly associated with low sensitivity, but rather chironomids might adapt to the different chemicals
by increasing their Hb gene transcription.

Conclusion
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When chironomids were exposed to different concentrations of pirimicarb and diazepam, their CYP450
levels decreased in a non-significant concentration-dependent manner. In contrast, their CAT or Hb mRNA
levels responded differently to the target chemicals; the CAT or Hb mRNA levels in the pirimicarb
treatment groups decreased significantly depending on the concentrations, whereas the levels increased
significantly in the diazepam treatment groups.

In the pirimicarb treatment group in the F3 and F4 generations, the chironomids had lower sensitivity than
that of the control group, whereas the diazepam treatment group showed slightly lower sensitivity. The
different sensitivity alterations between the two chemicals might be caused by different chemical
classifications. Results from the GLM analysis showed that CAT and CYP450 were not associated with
low sensitivity to pirimicarb in the multi-generational study; however, increasing Hb mRNA levels were
associated with low sensitivity. Therefore, these levels might reduce the chemical stress by modifying the
Hb gene transcription to adapt to oxidative chemical stress. In contrast, we could not find any mRNA
levels related to the sensitivity changes in the diazepam treatment group. Further studies examining the
diazepam target site mMRNA sequence, that is, the GABA, receptor, are needed.
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Tables

Table 1 Generalized linear model (GLM) for 48-h EC5, values to estimate the effects of pirimicarb and
diazepam on the variables (generational alternation, CAT, CYP450, and hemoglobin mRNA levels)

Page 17/22



Group
name

Primicarb

x Control

Primicarb

X
Treatment

Diazepam

x Control

Diazepam

X
Treatment

Variable

Intercept

Generational alternation
(GA)

CAT mRNA level (CAT)
CYP450 mRNA level(CYP)

Hemoglobin mRNA level
(Hb)

GAxCAT

Intercept

Generational alternation
(GA)

CAT mRNA level (CAT)

Hemoglobin mRNA level
(Hb)

GAxHb
Intercept

Generational alternation
(GA)

CAT mRNA level (CAT)

Hemoglobin mRNA level
(Hb)

GAxCAT
Intercept

Generational alternation
(GA)

CAT mRNA level (CAT)

CYP450 mRNA level(CYP)

Hemoglobin mRNA level
(Hb)

Parameter coefficients in best

model

Slope

3.441

-0.1011

-0.081
-0.004
-0.081

0.021
3.354

-0.016

-0.161

-1.360

0.317
2.082

0.005

0.165

0.036

-0.064
1.976

0.103

0.248

-0.015
-0.053
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Pr(>[t])

<2.0x1076
1.48x107
0.125

0.151
0.122

0.123

<2.0x1076
0.186

3.85x10®

3.01x107°

1.02x10°°

6.00x108
0.061

0.010

0.036

0.004

5.1x108
0.006

0.014

0.086
0.177

K%k

K%k

*kk

*kk

K%k

*kk

*kk

*%

*kk

*%*

AIC

Best
model

18.0

43.0

31.2

37.4

Full
model

20.2

46.9

33.5

39.4




GAxCAT -0.038 0.118

The symbol (x) shows the interaction between the two variables

Asterisks represent the explanatory variables (*p < 0.05, ** p< 0.01, *** p< 0.001 with Wald statistics)
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Figure 1

Schematic view of the multi-generational experimental design in Chironomus yoshimatsui exposed to
pirimicarb and diazepam in each generation. To set up the treatment groups, test larvae (< 48-h-old) were
exposed to solutions containing each insecticide (0 and 15 mg/L of pirimicarb and 0 and 5 mg/L of
diazepam) containing 2 uL/L Tween 80 before each. For each generation, test larvae were exposed to six
concentrations of each chemical (0, 1.3, 2.5, 5, 10, and 20 mg/L for diazepam; 0, 5, 10, 20, 40, and 80
mg/L for pirimicarb) to calculate the 48-h EC50 values (n = 3). CAT, CYP450, and Hb mRNA levels in the
larvae (<48-h-old) from the control and treatment groups were determined after exposure to test solutions
(0 and 15 mg/L of pirimicarb and 0 and 5 mg/L of diazepam containing 2 uL/L Tween 80) for 48 h (n =
3)
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Figure 2

Changes in 48-h EC50 values for Chironomus yoshimatsui (< 48-h-old) exposed to (a) pirimicarb and (b)
diazepam (open bars: control groups, closed bars: treatment groups) in the multi-generational study. The
EC50 values were calculated from three independent experiments. Different letters in panels a—b show
significant differences. Error bars denote standard error of the estimated value
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Figure 3

CAT (a, b), CYP450 (c, d), and Hb (e, f) mRNA levels in Chironomus yoshimatsui (< 48-h-old) exposed to
pirimicarb (a, c: 0, 15, and 40 mg/L) and diazepam (b, d: 0, 2.5, and 5 mg/L) for 48 h (total individuals =
210: 70 individuals/sample x n = 3). Data represent the mean + standard deviation (mRNA gene

expression levels, n = 3). Asterisks show a significant difference compared to that of the control group (p
<0.05)
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Figure 4

CAT (a, b), CYP450 (c, d), and Hb (e, f) mRNA relative levels (to each control, 0 mg/L) in Chironomus
yoshimatsui (< 48-h-old) exposed to pirimicarb (a, c: 15 mg/L) and diazepam (b, d: 5 mg/L) for 48 h in the
control group (without pulsed exposure of each chemical, open bars) and treatment group (with pulsed
exposure of each chemical, closed bars) in the multi-generational study (total individuals = 210: 70
individuals/sample x n = 3). Data represent the mean + standard deviation (relative levels to control, 0
ug/L, n = 3). Different letters in panels a—f show significant differences
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