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ARTICLE INFO ABSTRACT

Keywords: The aim of this study was to evaluate the effects of the last generation insecticide spirotetramat (STM) on em-
Aquatic toxicology bryos and larvae of the freshwater prawn Macrobrachium borellii. Both embryos and larvae were exposed to serial
Histopathology dilutions of STM to determine the LCsq values. After 96-h of exposure, live larvae were fixed for histological
]E)i?gative stress analysis. In addition, ovigerous females were exposed to a sublethal concentration of STM (1.7 mg/L) for 96 h to
Prawn evaluate the activity of the enzymes catalase, glutathione-S-transferase, and superoxide dismutase as well as the
Spirotetramat lipoperoxidation (LPO) and protein oxidation levels in embryos. The larvae showed a high sensitivity to STM

evidenced by the LCs¢-96 h value (0.011 mg/L). On the contrary, the embryos were highly resistant to STM
exposure, and no lethal effect was observed in the treatments with high concentrations of this insecticide (LCso-
96 h > 150 mg/L). Among all the biochemical parameters evaluated in the embryos exposed to STM, only LPO
showed a significant increase compared to controls. This was probably due to a restricted entry of the insecticide
through the embryonic coat. Thus, a preliminary study of the structure and permeability of the embryonic coat
was carried out in control embryos. The analysis by electron microscopy revealed that its structure is formed by
four embryonic envelopes composed of multiple layers while the assay with a fluorescent probe revealed that the
embryonic coat increases its permeability during development. STM caused significant histopathological alter-
ations in the hepatopancreas and gills of larvae. This study showed that although the embryos of M. borellii could
be protected by the embryonic coat, the larvae are very vulnerable to the STM toxicity. So, it is necessary to
continue evaluating the effects of these new pesticides on non-target organisms, such as aquacultured species, to
help predict their ecotoxicological risks derived from the increasing agricultural activity developed worldwide.

1. Introduction the biorational spirotetramat (cis-3-(2,5-dimethylphenyl)— 8-methox-
y-2-oxo-1-azaspiro [4.5] dec-3-en-4 yl-ethyl carbonate (STM)) with a

Globally, the rapid expansion of agriculture over the past few de- two-way systemic action that enables translocation by the phloem and

cades has resulted in a dependency on the extensive use of pesticides and
in huge destruction of the environment (Aratijo and Shinn, 2017). One of
the main reasons for the indiscriminate use of traditional chemical
pesticides is the improvement of resistance mechanisms developed by
pest organisms, which generates a growing public concern about the
adverse effects on the impacted environments (Brevik et al., 2018). This
situation has promoted the development of new pesticides that avoid
cross-resistance with the active principles of some known chemical
groups (Elizondo Silva and Morales, 2010). Thus, the new-generation
pesticides are considered to be more environmentally benign than the
traditional ones such as organophosphates and pyrethroids (Chen and
Stark, 2010; Francesena et al., 2017). Among the new insecticides, it is

xylem of the plant (Briick et al., 2009). STM is a tetramic acid which
toxic mechanism consists of the disruption of lipogenesis by inhibiting
the acetyl-CoA carboxylase enzyme involved in the synthesis of fatty
acids (Briick et al., 2009). Such alteration in the metabolic pathway
impairs reproduction by the inhibition of vitellogenesis affecting growth
and development in immature stages, mainly in sucking insects (Chen
and Stark, 2010).

Even though little information is available on the consequences of
STM on non-target organisms, some researchers predict that the wide
application and residual issues of this new product will certainly be
hazardous to organisms from both terrestrial and aquatic ecosystems
(Wu et al., 2018). It has been observed that this pesticide has caused

* Correspondence to: Instituto de Limnologia “Dr. Raul A. Ringuelet” CONICET La Plata — UNLP, Boulevard 120 y 62 La Plata, 1900, Argentina

E-mail address: sabrinalavarias@ilpla.edu.ar (S.M.L. Lavarias).

https://doi.org/10.1016/j.ecoenv.2022.114257

Received 1 August 2022; Received in revised form 27 October 2022; Accepted 29 October 2022

Available online 16 November 2022

0147-6513/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:sabrinalavarias@ilpla.edu.ar
www.sciencedirect.com/science/journal/01476513
https://www.elsevier.com/locate/ecoenv
https://doi.org/10.1016/j.ecoenv.2022.114257
https://doi.org/10.1016/j.ecoenv.2022.114257
https://doi.org/10.1016/j.ecoenv.2022.114257
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2022.114257&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S.M.L. Lavarias et al.

both oxidative damage in biomolecules, such as lipids and proteins, as
well as alterations in the enzymatic antioxidant defense system (Zhang
et al., 2015; Wu et al., 2018). Both processes are directly linked to the
metabolic pathways of biotransformation that are carried out in or-
ganisms exposed to pollutants (Lushchak, 2011). Aquatic ecosystems are
particularly vulnerable to pesticide contamination due to several factors
such as run-off, which send the pesticides toward freshwater bodies near
the application sites (Andrade et al., 2021). This problem is significantly
noticeable in countries with great agricultural activity, like Argentina
(Pérez et al., 2021), where STM is registered (https://www.argentina.
gob.ar/senasa/programas-sanitarios/productosveterinarios-fitosanitar-

ios-y-fertilizantes/registro-nacional-de-terapeutica-vegetal). Hence,
non-target organisms could be useful toxicological indicators of envi-
ronmental pollution caused by these new pesticides (Lushchak et al.,
2018). Among the organisms proposed as indicators, crustaceans stand
out for their high sensitivity to pesticides (Kumar et al., 2010; Daam and
Rico, 2016). One of the most representative species of native crustaceans
that inhabits in a region with high agricultural activity in the country
(the Pampas region), is the freshwater decapod Macrobrachium borellii
(Nobili), which represents a high trophic level within the community
and is taxonomically related to aquacultured species (Carvalho and
Collins, 2011; Stumpf et al., 2020). Previous studies carried out by our
group have shown that M. borellii is an interesting model to evaluate the
effects of different pollutants such as hydrocarbons and pesticides
(Lavarias et al., 2011, 2013, 2022). Moreover, a recent study has been
conducted on the effect of STM on adult prawns (Lavarias et al., 2022)
although —to the best of our knowledge— there are no reports about the
effects of STM on the early life stages of decapod crustaceans. Therefore,
this study aimed to evaluate the sensitivity of embryos and larvae of
M. borellii to this latest generation pesticide. For this purpose, bioassays
were initially carried out to calculate the lethal doses as an endpoint to
compare the sensitivity between the different developmental stages of
M. borellii to STM. Then antioxidant status parameters were measured in
embryos while histopathological alterations were analyzed in larvae.

2. Materials and methods
2.1. Sample collection

Adult females of M. borellii were sampled during the reproductive
season (austral spring-summer) in a watercourse close to the Rio de La
Plata river, Argentina (35°8'18.13"S 57°33°58.33"0). They were taken
to the laboratory and kept in dechlorinated tap water (CaCO3 hardness,
160 mg/L, pH between 6.6 and 6.9, and dissolved oxygen between 4.5
and 5 mg/L) at 22 + 1 °C, and 14 h: 10 h light/dark photoperiod for at
least a week before the experiments. Prawns were fed ad libitum during
the acclimation period with an optimum diet (Collins and Petriella,
1996).

2.2. Pesticide solutions

The main stock solution of STM (Movento® formulated, 15.3% of
active principle, and purchased from Bayer S.A., Argentina) was pre-
pared in acetone (grade p.a.) at a concentration of 15 g/L at the
beginning of each test and kept in darkness at 4 °C. The subsequent
working stock solutions were obtained by diluting the main stock STM in
acetone to nominal concentrations of exposure. The final solvent
acetone concentration was always lower than 0.001% in all the exposure
treatments and controls.

2.3. Embryo toxicity test

The static-renewal test was designed to determine the LCsg for STM
in the early life stages of M. borellii. For the lethal embryonic bioassays,
eggs were removed from the pleopods of ovigerous females carefully
with forceps and the stage of embryonic development was identified
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under a stereoscopic microscope. Stage 5 (Lavarias et al., 2002) was
selected for the bioassays since it has shown to present the highest
metabolic rates and to be the most vulnerable stage to other toxicants
(Lavarias et al., 2006; Lavarias et al., 2007). Eggs were placed individ-
ually into 24-well tissue-culture plastic plates with 2 mL of filtered
water, as previously described by Lavarias et al. (2004). The dechlori-
nated tap water used for the embryo bioassays was filtered through a
0.22 mm membrane filter.

After 24-h acclimation, embryos were checked to observe the
heartbeat through the transparent egg coat using a stereoscopic micro-
scope (OLYMPUS SZ51). Dead embryos were removed (<5%) and the
rest were exposed to different STM concentrations (0.6-150 mg/L) for
96 h to assess their LCsq value. In addition, a control group with acetone
and another one with water were included. Every treatment, as well as
the controls, were carried out in a single 24-well tissue-culture plate (n
= 24 embryos per each treatment level). Before 24-h replacement me-
dium, dead embryos were checked and removed. The experiment was
conducted at 22 + 1 °C and a 14 h: 10 h light/dark photoperiod.

To assess the sensitivity of M. borellii embryos to STM under more
realistic biological conditions, ovigerous females of prawns carrying
stage 5 eggs (Lavarias et al., 2002) were exposed to sublethal concen-
trations of the pesticide under similar conditions as previously described
(Lavarias et al., 2022). An interesting feature to note is that ovigerous
females, with a size range between 40 and 60 mm (total length from the
tip of the rostrum to the telson), have between 40 and 100 eggs in their
clutches, showing a positive correlation (unpublished data). Groups of
four ovigerous females were kept into 3 L glass flasks containing 2.5 L of
the test solution and at constant soft aeration. For each treatment, three
flasks were used (n = 12 per experimental group). Initially, the prawns
were left for 24 h to acclimatize and then were exposed to 1.7 mg/L of
STM for 96 h. Such concentration was previously determined as 20% of
the 96 h-LCsq value for adults, which corresponded to the highest sub-
lethal concentration tested (Lavarias et al., 2022). A control group with
acetone solvent was also included. For both, acclimatization and expo-
sure period, ovigerous female prawns were maintained at 22 + 1 °C
under a 14 h: 10 h light /dark cycle, without feeding and a 24-h change
of the test solution. Temperature, pH, and dissolved oxygen were
measured with a portable water quality checker (HORIBA® U-10). All
experiments were performed according to guidelines of the Institutional
Animal Care and Use Committee of the National University of La Plata
(UNLP).

2.3.1. Biochemical measurements

2.3.1.1. Preparation of tissue homogenate. At 96-h of bioassays, egg
clutches from exposure-ovigerous females and their respective controls
were carefully removed immediately. Then, two clutches were pooled,
weighed, and cooled on ice for being homogenized in a glass potter with
teflon plunger, in 1:9 (w:v) of 125 mM Tris-base buffer solution, pH 6.8.
The egg homogenates (n = 6 per experimental group) were centrifuged
at 10,000 xg at 4 °C for 10 min and the supernatants were collected and
stored at — 20 °C for biochemical parameters determination. Antioxi-
dant enzymatic activities, total protein and oxidative damage in lipids
and proteins were measured in each supernatant. Total protein con-
centration was determined as described by Bradford (1976) using
bovine serum albumin as standard.

2.3.1.2. Engymatic activities. Superoxide dismutase (SOD, EC 1.15.1.1)
activity was measured as described by Marklund and Marklund (1974).
The method is based on the inhibition of the auto-oxidation of pyrogallol
(26 mM, pH 2) followed spectrophotometrically at 420 nm. The reaction
was carried out in 50 mM Tris-cacodylate buffer (pH 8.8) in 1 mL final
volume. One SOD unit was defined as the amount of enzyme necessary
to inhibit 50% of autocatalytic pyrogallol oxidation/min. The specific
activity was expressed as units of SOD per mg of total protein.
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Catalase (CAT, EC 1.11.1.6) activity was determined by following the
decrease in absorbance at 240 nm due to HyO2 (10 mM) decomposition
(Aebi, 1984). The reaction mixture was 1 mL of 50 mM potassium
phosphate buffer (pH 7). One CAT unit was defined as the amount of
enzyme catalyzing 1 pmol of HyOo/min. The specific activity was
expressed as units of CAT per mg of total protein.

Glutathione S-transferase (GST, EC 2.5.1.18) activity was measured as
the method described by Habig et al. (1974) using 1-chloro-2,4-dinitro-
benzene (CDNB) as substrate. The final reaction mixture contained 0.1
M phosphate buffer (pH 6.5), 1 mM CDNB, and 1 mM GSH in 1 mL final
volume. One GST unit was defined as the amount of enzyme required to
conjugate GSH with 1 pmol of CDNB/min determined at 340 nm. The
specific activity was expressed as units of GST per mg of total protein.

2.3.1.3. Oxidative damage in lipids and proteins. The lipid peroxidation
level was measured spectrophotometrically using the formation of thi-
obarbituric acid-reactive substances (TBARs) according to Buege and
Aust (1978). Samples were added to the reaction mixture containing
trichloroacetic acid 15% (w/v), 2-thiobarbituric acid 0.375% (w/v), and
0.147 mM butylhydroxytoluene at a ratio of 1:5 (v/v). The mixture was
vigorously shaken, maintained in boiling water for 60 min, and imme-
diately cooled at 4 °C for 5 min (Ohkawa et al., 1979). After centrifu-
gation at 5000 xg for 10 min, the supernatant was measured at 535 nm.
LPO was expressed as umol TBARs complexes per g of wet tissue weight.

Protein oxidation was assessed by the method described by Reznick
and Packer (1994) with slight modifications. Briefly, protein
carbonyl-groups concentration (PCs) was quantified by reaction with 2,
4-dinitrophenylhydrazine (DNPH). The sample was incubated with
DNPH 10 mM in HCl 2 N for 15 min in darkness, followed by neutrali-
zation with NaOH 1 N, and then measured at 505 nm. Sodium pyruvate
was used as standard. Results were expressed as ug protein carbonyl per
mg of total protein.

2.3.2. Preliminary study of embryonic coat structure and permeability

To analyze the coat structure, eggs at 4-5 stages of development
(1.6-1.8 mm maximum diameter) (Lavarias et al., 2002) were taken
from the ovigerous females and fixed with 4% glutaraldehyde (n = 3 per
experimental group). Next, three washes were carried out with buffer
containing 5% sucrose, and then they were included in Spur resin.
Microtome sections were cut and finally stained with uranyl acetate and
lead citrate. Observations were made in a transmission electron micro-
scope (JEOL®, JEM-1200 EXII) and images were captured.

To study the permeability of the egg coat, the hydrophobic fluores-
cent probe 1,6-diphenyl-1,3,5-hexatriene (DPH) —excitation A 361
nm— was selected. The control live embryos at different stages of
development were placed in glass tubes (n = 4 per experimental group)
and exposed to 10.8 pM of DPH concentration, in a final volume of 300
pL with filtered water. Then, they were incubated for 24 h in the dark-
ness at room temperature. Observations were made using a fluorescence
microscope (Zeiss®, Axiolab) coupled with a photographic camera for
recording the embryos.

2.4. Larval toxicity test

One-two day-old post-hatching larvae (5-7 mm total length from the
tip of the rostrum to the telson) were tested in groups of 12 organisms.
They were placed in 450 mL glass flasks containing 250 mL of the test
solution and they were randomly exposed to different concentrations of
STM (0.005-5.4 mg/L) for 96 h. Control groups were also included, one
with acetone and another one with water. Larvae were not fed from
hatching nor during the exposure period. Bioassay conditions were at 22
+1°Cand a 14 h:10 hlight/dark cycle with constant soft aeration. In all
cases, the final concentration of acetone was always lower than 0.001%.
Before each 24-h medium changed, mortality was recorded, and dead
animals were removed. Larvae were considered dead when no evidence
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Table 1

LCso values for larvae of Macrobrachium borellii
exposed to spirotetramat (STM). (Confidence in-
tervals) Equation of the Probit analysis for STM y =
0.39e %0 R? = 0.99.

LCso STM mg/L

24-h 0.16 (0.08-0.51)
48-h 0.07 (0.03-0.18)

72-h 0.02 (0.001-0.06)

96-h 0.01 (0.003-0.02)

of movement was visible. At 96 h of bioassays, live larvae exposed to
different STM concentrations were fixed for histological analyses to
evaluate the dose-response relationship, as described below.

2.5. Histological studies

Histological analysis of the hepatopancreas and gills were studied on
control and exposed prawn larvae to STM. At 96 h of treatment, the
entire live larvae were fixed in Bouin’s solution for 6-h and then washed
and stored in 70% ethanol. Samples were dehydrated using an
increasing series of ethanol concentrations and then embedded in glycol-
methacrylate resin (Leica Historesin®). Blocks were sectioned with
tungsten knives at 5 um using an automatic microtome (Leica®
RM2155) and then mounted on microscope slides. The slides were
stained with hematoxylin-eosin and observed using a light microscope
(AXIOPLAN 2 Zeiss®). The degree of histopathology (slight, moderate,
and severe) was scored according to the frequency of appearance of each
histological alteration (Arrighetti et al., 2018).

2.6. Statistical analyses

Median lethal concentrations (LCsg) with 95% confidence limits
were determined by PROBIT analysis program version 1.5 (US, EPA) as
described by Finney (1971). In the sublethal pesticide bioassay, the re-
sults are shown as mean + standard deviations (SD) and different
treatments were compared using a Student’s t-test after checking for
normality and homogeneity of variances. Significant differences (P
value < 0.05) were compared using the Tukey post hoc test.

3. Results and discussion
3.1. Determination of LCs values

Initially, the sensitivity of the early life stages of M. borellii to STM
was evaluated by mortality as the endpoint. In reference to the larval
bioassays, no mortality was observed in the two control groups (with
and without solvent). The LCso values of STM determined for prawn
larvae are shown in Table 1. These results indicate that the larvae of
M. borellii are much more sensitive to STM than the adults, which 96 h-
LCsp value was 8.2 mg/L for the pesticide (Lavarias et al., 2022). This
biological response was different from the one shown by this species
when exposed to the water-soluble fraction of the crude oil since both
life stages had a sensitivity to hydrocarbons within the same order of
magnitude (Lavarias et al., 2004). On the other hand, Houssou et al.
(2018) also observed a similar response in the sensitivity of nauplii and
adults of the freshwater copepod Cyclops abyssorum against STM, which
48 h-LCso values were 34.85 and 37.42 mg/L, respectively. Likewise,
neonates of the cladoceran Ceriodaphnia dubia had a 48 h-LCsq value of
23.77 mg/L when tested with the STM formulation Movento® showing a
lower sensitivity than the decapod crustacean larvae of M. borellii (Chen
and Stark, 2010) (Table 1). In reference to pesticide formulations, the
commercial preparations of STM usually have adjuvants that increase
their effectiveness (Salazar-Lopez et al., 2016). Therefore, the toxico-
logical evaluation of pesticide formulations is a more appropriate
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Fig. 1. Effect of spirotetramat (STM) on (A) lipid peroxidation levels (TBARs)
and (B) protein oxidation damage (PCs) on Macrobrachium borellii embryos
exposed to 1.7mg/L. The columns represent the mean values
+ standard deviation.

predictor of risk in non-target organisms that inhabit impacted
ecosystems.

Among all the sensitivities reported so far for crustaceans, the larvae
of the prawn M. borellii present the highest sensitivity to the STM
pesticide (Table 1). In addition, it was also observed that the larval stage
of the grass shrimp Palaemonetes pugio was the most sensitive life stage to
the pyrethroid permethrin, being four times more sensitive than adults
(DeLorenzo et al., 2006). The authors explained that larvae tend to have
a higher metabolic rate than adults due to their faster growth and
development, which would enable them to absorb more pollutants
(DeLorenzo et al., 2006). Another reason is that larvae have a higher
surface-area-to-volume ratio than adults, so they have faster uptake ki-
netics of the chemicals (Kefford et al., 2004). Consequently, the high
sensitivity of early life stages of aquatic organisms makes them good
research models for predicting environmental risks of many pollutants

Table 2
Effect of spirotetramat (STM) on total proteins and enzymatic activities of
Macrobrachium borellii embryos.

Control STM t- df  p-
(1.7 mg/L) value value
Total protein (mg/g of 109.6 131.1 1.696 7 0.133
wet eggs) +21.7 +14.2
SOD (Units/mg of 0.77 0.73+0.15  0.404 6 0.70
protein) +0.17
CAT (Units/mg of 0.43 0.56 + 0.21 1.294 7 0.237
protein) +0.11
GST (Units/mg of protein) ~ 1.94 1.45+040 0.78 6 0.467
+1.20
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(Sucahyo et al., 2008). However, several reports show that the embry-
onic stage of several crustacean species is much more resistant to toxi-
cants than the adult stage (Delorenzo et al., 2006; Lavarias et al., 2004).
This response was also observed in this study, as in any embryo bio-
assays no significant differences in mortality were observed between the
control and insecticide-treated eggs and mortality was never high
enough to calculate any LCsg value in the tested ranges, (96 h-LCsy >
150 mg/L for STM). On the contrary, when Zhang et al. (2019) evaluated
the toxicity of STM in embryos of the zebrafish Danio rerio, the 96 h-LCsg
value for fish embryos was 5.94 mg/L of STM (Zhang et al., 2019). Be-
sides, it was observed that the embryos of the insect pest Frankliniella
occidentalis showed great sensitivity to STM, which causes structural
damage in their embryonic (Yang et al., 2021). The differences between
these two species and the crustacean M. borellii could be due to the
ability of the embryonic coat to serve as an efficient barrier to the entry
of toxicants into the eggs (DeLorenzo et al., 2006). Therefore, the study
of the embryonic structures would help to understand the sensitivity to
environmental stressors (see below).

3.2. Biochemical parameters measured in embryos

Pesticide exposure induces oxidative stress in organisms and repre-
sents one of the most studied toxicological mechanisms in aquatic in-
vertebrates (Goncalves et al., 2021). Such induction is linked with
pesticide metabolism through phase I reactions that release reactive
oxygen species (ROS) and cause damage to lipids and proteins (Lush-
chak et al., 2018; Silvestre, 2020). Regarding the vulnerability of these
biomolecules in M. borellii embryos, it is noticeable that embryos at
stages 5/6 —the latest stage reached by the embryos at the end of the
bioassay— have about 25% of lipid content (dry weight) (Heras et al.,
2000). Besides, this high lipid content is related to a progressive
enrichment of polyunsaturated fatty acids (Heras et al., 2000), which are
ROS targets by the lipid peroxidation pathway (Storey, 1996). The lipid
peroxidation products are usually measured as TBARs and influence the
membrane fluidity as well as the integrity of its associated biomolecules
like proteins and cholesterol (Wei and Yang, 2015). TBARs levels in
embryos exposed to 1.7 mg/L of STM for 96 h showed a significant in-
crease (p < 0.02) compared to controls (Fig. 1A). So, this fact would be
indicating that ROS produced by STM metabolism would be causing the
peroxidation of membrane polyunsaturated fatty acids in embryos
(Zhang et al., 2015). However, in adult prawns of M. borellii exposed to
the same STM concentration, TBARs values did not show a significant
increase compared to the control, possibly due to their rapid degrada-
tion and excretion (Lavarias et al., 2022). Thus, adult prawns may have a
greater capacity to metabolize lipid peroxidation products compared to
embryos, which detoxification systems could be immature (DeLorenzo
et al., 2006). On the other hand, TBARs retention could result from the
selective permeability of the egg’s coat, which inhibits the lip-
operoxidation products generated in the embryos exposed to STM from
easily migrating from the egg to the surrounding aquatic environment.

Furthermore, lipid peroxidation products can react with amino acids
promoting protein oxidation by forming carbonyl groups (PCs) (Lush-
chak, 2011). The consequence of protein oxidation could be its struc-
tural and functional alteration through the cleavage of the peptide
backbone and modification of the amino acid side chain (Wei and Yang,
2015). Such alterations in the protein integrity are crucial for a devel-
oping embryo that is under active organogenesis (Heras et al., 2000).
However, no significant differences (p > 0.05) were observed in the PCs
concentration between M. borellii control and exposed embryos to STM
(Fig. 1B). The increase in PCs content is an indication that the normal
protein metabolism has been altered by pesticide exposition (Lushchak,
2011). Hence, the results of this study may suggest that —under the
tested conditions— the embryo proteins would be more resistant to
oxidative damage than lipids. Alternatively, it could be that the char-
acteristic high lipid content of M. borellii embryos, which is a result of
their abundant yolk (Heras et al., 2000), may act as a "buffer" to the
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1.2 pm

Fig. 2. Transmission electron micrograph of the egg coat composition of
Macrobrachium borellii embryos at stage 5.

The outer layer is the outer investment coat (OIC). The first embryonic envelope
(EE1) is composed of three layers: a thin electron-dense layer (EE1a), a thinker
less electron-dense layer (EE1b), and a flocculent loosely defined layer (EElc).
The second embryonic envelope (EE2) is between the EElc and the third em-
bryonic envelope (EE3). The fourth embryonic envelope (EE4) is the envelope
closest to the embryo and is formed by large folds.

oxidative damage by ROS, preserving essential proteins. In any case, it
must be considered that ROS are normally generated during aerobic
metabolism (Lushchak, 2011). Therefore, M. borellii embryos that pri-
marily rely on lipids for energy supply (Gonzalez-Baro et al., 2000),
probably have a high generation of ROS that needs to be neutralized
with an efficient antioxidant defense system. Among the different
components of the antioxidant system, the enzymes SOD and CAT
represent the first defense line against ROS. The SOD/CAT system has
the function to convert O3 in HoO and O under prooxidant conditions
(Hermes-Lima and Zenteno-Savin, 2002). Although exposure to STM can
cause the induction in the activity of both antioxidant enzymes (Wu
et al., 2018), no significant alterations (p > 0.05) were observed be-
tween controls and embryos of M. borellii exposed to the pesticide
(Table 2).

On the other hand, the phase II detoxification enzyme GST catalyzes
the conjugation of reduced glutathione to diverse electrophilic sub-
strates facilitating the excretion of several xenobiotics (Rauch and
Nauen, 2004). It has been shown that GST can metabolize STM in in-
vertebrates (Zhang et al., 2015). In fact, adult prawns of M. borellii

A - Without fluorescent probe

0.13 mm

B - With DPH

ES1 ES3
LD
LD

Fig. 3. Fluorescence micrographs of the egg coat permeability test in embryos at different stages of development (A) without the fluorescent probe and (B) exposed
to the fluorescent probe DPH for 24 h. Embryonic stage (ES); Lipid droplets (LD); Funiculus (F); Eyes (Y).

ES3 ES 4 ES 5 ES7
F Y .
F
LD LD LD
LD v
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showed a significant increase in their activity when they were exposed
to 1.7 mg/L of STM for 96 h (Lavarias et al., 2022). However, in
M. borellii embryos, GST activity was not induced by pesticide exposure
(Table 2). Although it is evident that the activity of GST in embryos was
not sensitive to the pesticide under the conditions tested in this study, its
activity values were an order of magnitude higher than in adults
(Lavarias et al., 2022). Thus, these results might indicate that M. borellii
embryos would have a basal detoxifying activity high enough to
metabolize the pesticide (Table 2). In contrast, Macrobrachium mal-
colmsonii embryos have a gradual increase of GST activity during
embryogenesis but it does not reach the adults’ values and the larvae are
the ones that show the highest activity of this enzyme (Arun and Sub-
ramanian, 1998). These results would indicate that some immature life
stages could have sufficiently active defense mechanisms to cope with
stressful situations that substantially alter their metabolism. Therefore,
it would be interesting to continue studying different types of defense
systems in these animal models as it will help predict risks at different
stages of development.

3.3. Preliminary study of embryonic coat structure and permeability

During the period in which female decapods incubate their eggs, the
embryonic envelopes protect the embryos from physical and chemical
stress and keep the internal environment constant (Fisher and Clark,
1983). In M. borellii embryos, the egg coat composition was analysed at
stage 5 (29-32 days of development) by transmission electron micro-
scopy (Fig. 2). Although little information is available about egg coat
structure/composition in decapods, six envelopes similar to those
described for Palaemonetes pugio were identified (Glas et al., 1997). As
explained by the authors (Glas et al., 1997), the outermost layer of the
embryonic coat, i.e, the outer investment coat or OIC, forms the funic-
ulus that fixes the eggs to the female’s pleopods, to where they remain
attached until hatching. Additionally, this OIC would represent the first
external defense for the embryos controlling the permeability of
different substances and/or toxins from the aquatic environment into
the eggs. Below the OIC, several layers or envelopes are found. The first
embryonic envelope —EE1— is made up of a thin outer layer (EEla), a
thick inner layer (EE1b), and a layer of filamentous material with a
disorganized structure (EE1c) (Fig. 2). In direct contact with it the EE1,
the EE2 comprises a dense outer thin layer and a less dense inner layer.
The third layer —EE3— is made up of a thin electron-dense layer and a
broad heterogeneous band with clear regions. The last envelope, EE4, is
similar in structure to EE3 and remains close to the embryonic surface
during embryonic development. These four envelopes (EE1-EE4) have
an embryonic origin, and they are synthesized during development (Glas
et al., 1997).

According to DeLorenzo et al. (2006), the embryonic coat of the grass
shrimp P. pugio may also protect the embryo from insecticide exposition.
As a first approximation to the study of the barrier function of the egg
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coat, permeability tests were carried out with the hydrophobic probe
DPH in control embryos at different stages of development. It was
observed that the different embryonic envelopes allowed the passage of
DPH in the exposed stages, and the intensity of fluorescence was
increased approaching hatching (stage 7) (Fig. 3). The same change in
egg coat permeability was also observed in P. pugio embryos (Glas et al.,
1997). In fact, such an increase in permeability could have facilitated
the pesticide uptake (Lund et al., 2000). Although the M. borellii embryos
did not reach the last stage of development (stage 7) under the
pesticide-exposure conditions tested in this study, it was previously
observed that embryos exposed to hydrocarbons until hatching showed
a significant increase in sensitivity to these toxicants (Lavarias et al.,
2004). Such a situation could be related to the increase in the volume of
the egg that reaches its maximum value in the last stage probably
causing a stretching of the egg coat and enabling the break during
hatching (Lavarias et al., 2002).

All things considered, it would be worthwhile to continue studying
the reduction/increase of toxicants uptake by the egg coat and/or the
resistance mechanisms associated with it in crustaceans such as the ABC
(ATP-binding cassette) proteins responsible of resistance to numerous
insecticides (Dermauw and Van Leeuwen, 2014). Especially because it
would preserve a very vulnerable life stage of a taxonomic group that is
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Fig. 4. A and B. Histological sections of the
hepatopancreas of control Macrobrachium bor-
ellii larvae. A. Overview of a longitudinal sec-
tion of the normal structure of one of the paired
lateral lobes of the hepatopancreas (Hp)
showing B-cells (B), R-cells (R), and E-cells (E).
B. Detail of a section showing F-cells (F), and R-
cells (R). C and D. Hepatopancreas from larvae
exposed to 0.005 mg/L of STM. C. Histological
section showing the epithelium with numerous
R-cells (R) and E-cells (E) in the tip of a tubule.
D. Overview of the hepatopancreas showing the
atrophied epithelium (arrow) and tubules with
R-cells (R) and E-cells (E). E and F. Hepato-
pancreas from larvae exposed to 0.015 mg/L of
STM. E. Detail of a hepatopancreatic tubule
showing a reduction of the epithelial thickness
(arrow), wide lumen (lu), and some cells with
pyknosis (p) and karyolysis (k). F. Detail of a
necrotic tubule (nt).

more sensitive than other aquatic invertebrates to several environmental
stressors (Bae and Park, 2014).

3.4. Histological alterations in larvae

The morphology of the hepatopancreas and gills of M. borellii larvae
exposed for 96 h to 0.005 and 0.015 mg/L of STM were analyzed. In
crustaceans, both organs are particularly sensitive to oxidative stress
caused by ROS (Romero et al., 2011).

The hepatopancreas of crustaceans is involved in the digestion and
absorption of nutrients, excretion, and storage as well as in the detoxi-
fication of pollutants. (Collins, 2010; Vogt, 2019). These characteristics
make this organ very sensitive to physiological and environmental
conditions, being a very suitable control organ to evaluate the impact of
xenobiotics (Saravana Bahavan and Geraldine, 2000; Wei and Yang,
2015; Lavarias et al., 2022).

Histological sections of the hepatopancreas of control larvae showed
a simple columnar epithelium with different cell types (Fig. 4A, B). The
R cells (resorptive cells) with a medium-sized nucleus and lightly stained
cytoplasm, B cells (blister-like cells) with distinct supranuclear vacuoles,
E cells (embryonic cells) characterized by a high nucleus to cytoplasm
ratio, and F cells (fibrous cells) with large nucleus and strongly stained
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Table 3

Histological alterations observed in the hepatopancreas and gills of Macro-
brachium borellii larvae exposed to different spirotetramat (STM) concentrations.
(—) no histopathology in any field, (+) mid histopathology present in < 25% of
the slides, (++) moderate histopathology present in 25%— 75% of the slides and
(+++) severe histopathology present in > 75% of the slides.

STM (mg/L)

Histological alteration Control ~ 0.005  0.015

Hepatopancreas  Epithelial disorganization - + ++
Increased R-cells — + + -
Atrophied epithelium - + + +
Necrosis - - + +

Gills Hemocytes accumulation - + +++
Hyperplasia of the epithelial cells - ++ ++
Disorganization of gill lamellae - - ++

cytoplasm. The hepatopancreas of M. borellii larvae include the same
type of cells as the adults (Lavarias et al., 2022), in agreement with that
observed for other penaeid larvae (Vogt, 2008, 2019).

The microscopic and histopathological analysis clearly revealed that
STM damaged the hepatopancreas of M. borellii larvae (Table 3, Fig. 4C-
F). Larvae exposed to STM showed evident disorganization and rupture
of the epithelial cell layer (Fig. 4C-E) and at the highest concentration
the entire hepatopancreas was damaged (Fig. 4F). At 0.005 mg/L of STM
exposure, the hepatopancreas showed an increment in the number of R-
cells in concomitance with the absence of B-cells (Fig. 4C). E-cells were
present in the tip of the tubules (Fig. 4C). Also, the digestive tubules
showed a moderate atrophied epithelium, characterized by a notable
reduction in the epithelial height (Fig. 4D). Larvae exposed to 0.015 mg/
L of STM showed the epithelium of the hepatopancreas atrophied
(Fig. 4E). At this STM concentration, the first evidence of acute cell
injury appeared, with the presence of nuclear abnormalities such as
shrinkage of the nucleus (pyknosis) and dissolution of the chromatin
(karyolysis) (Fig. 4E). Besides, the hepatopancreas showed severe ne-
crosis in some larvae (Fig. 4F). At the highest pesticide concentration,
there was no evidence of the presence of B-cells in this study.

In decapods, the hepatopancreas is regenerated from the E-cells
located at the tip of the tubules. The reduction in the number of this cell
type might impair the normal phase of each digestive cycle. According to
the evidence presented in this work at a low STM concentration, the high
number of R-cells could indicate that a detoxification mechanism would
be activated. However, at 0.015 mg/L STM, several cellular damages
were observed indicating a failure in the detoxification process and a
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point-of-no-return, as was observed in adults of M. borellii exposed to
cypermethrin (Collins, 2010).

Regarding the structure of the gill filaments, the control larvae
showed a normal arrangement, with small hemocoel spaces and
conserved lamellae (Fig. 5A). Several progressive alterations were
observed in prawns exposed to different STM concentrations (Table 3).
Hyperplasia of the epithelial cells were commonly observed in prawns
exposed to 0.005 mg/L of STM (Fig. 5B). In larvae exposed to 0.015 mg/
L of STM, hyperplasia of the epithelium was also observed along with the
accumulation of intercellular hemocytes (Fig. 5C). In addition, gills fil-
aments lost their normal structure. It is possible that hyperplasia and
hemocyte infiltration induced the formation of disorganized tissue in the
gills. Similar lesions were observed in other Macrobrachium species
exposed to other pesticides (Saravana Bahavan and Geraldine, 2000;
Pereira Soares et al., 2019).

In freshwater crustaceans, gills are vital organs involved in gas ex-
change, salt absorption, acid-base equilibrium, and excretion of nitrogen
compounds (Dutra et al., 2017). As gills are in close contact with water,
when they are exposed to xenobiotics, lesions such as hyperplasia of the
epithelial cells and inflammatory responses could be interpreted as basic
defense reactions (Dutra et al., 2017). Both types of histological damage
may reflect an adaptive change to oxidative stress induced by STM
exposure, leading to a thickening of the lamellae and thus, increasing the
distance between the central hemolymphatic space and the surrounding
freshwater. Histopathological damage may compromise physiological
gill functions causing hypoxia as well as xenobiotic metabolism and
osmoregulation alterations, which finally may lead to the death of the
organism (Wei and Yang, 2015).

STM detection in aquatic environments has received very little
attention so far (Babic et al., 2018; Sjerps et al., 2019); and although the
concentrations measured in this study are lower than those predicted for
natural environments (Houssou et al., 2020), the negative impact and
damage caused on the larvae prawns are clear. Therefore, it would be
interesting to evaluate other sensitive parameters in vulnerable stages of
development that may aid in predicting damage from emerging
pesticides.

4. Conclusions

This study showed that larvae of M. borellii are very sensitive to STM
compared to embryos. It is likely that the high resistance of embryos to
pesticide is due to the protective effect of the egg coat, restricting the
bioavailability of the toxicant to an immature and susceptible life stage.

Fig. 5. A. Histological sections of the gill filaments of control Macrobrachium borellii larvae with a reduced hemolymphatic space (hl) and a low number of hemocytes
(h). B-C. Histological section of the gills from larvae exposed to 0.005 mg/L STM showing hyperplasia (hy) of the epithelial cells (B) and 0.0015 mg/L STM (C)

showing hyperplasia (hy) of the epithelial cells and accumulation of hemocytes (h).
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The pesticide caused histopathological alterations in the gills and
hepatopancreas of the larvae, while in the embryos it only caused a
significant increase in lipid peroxidation. Therefore, the results of this
study could represent the starting point to continue evaluating addi-
tional parameters at different levels of organization to relate the toxic
effect of STM and biological responses in non-target organisms.
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