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Abstract — Plastic materials are increasingly present in our lives. It is estimated that more than 360 million
tonnes of plastics are produced annually worldwide. Particularly, single-use plastics represent an important
segment in plastic production. In this context, plastic contamination, and consequently microplastic release,
has become a growing concern for aquatic ecosystems. In this study, we investigated the effects of exposure
to polyethylene terephthalate (PET) microplastics (<32 wm) on Chironomus sancticaroli larvae. The larvae
were exposed to different concentrations of PET particles (0 (control group), 500, and 5,000 particles.kg ™"
of dry sediment) for 10 days. Our results demonstrated that C. sancticaroli larvae displayed PET
microplastics in their digestive tracts, and the ingestion increased with increasing PET concentrations.
Plastic particles in the digestive tract can reduce the energy obtained by larvae feeding and, consequently,
impair their development. The adult emergence rate displayed a significant decrease observed at the highest
PET concentration compared with the control group. These findings reinforce existing concerns that
microplastics, at concentrations currently found in the natural freshwater environments, can impact the
development of benthic macroinvertebrates and, consequently, result in an unbalance in the freshwater

ecosystems.
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1 Introduction

Since the advent of the mass production of plastic
materials, the presence of plastic waste in marine and
freshwater ecosystems has been documented (Geyer et al.,
2017). In recent decades, the dissemination of this waste in the
environment has reached alarming proportions, resulting in
significant concerns for the health of aquatic ecosystems
(Kasavan et al., 2021). The weathering of larger plastics has
led to the release of countless particles with a diameter smaller
than 5 mm, known as microplastics (Zhang et al, 2021). These
plastic particles have spread widely in oceans and freshwater
bodies due to their resistance to natural degradation processes
(Ashrafy et al., 2023).

Despite plastics being structurally stable and therefore
considered inert materials, microplastics pose an environmen-
tal concern due to their size, which makes them bioavailable to
various organisms in natural environments, with the potential
for biomagnification throughout the food chain (Law and
Thompson, 2014). In addition to being found in large
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quantities in the water column and sediments, recent studies
have shown that plastic particles are also present in various
organs of aquatic organisms, encompassing a wide range of
species, such as fish (Zazouli et al., 2022), crustaceans (Yin
et al., 2023), and insects (Ribeiro-Brasil ef al., 2022). This
widespread distribution and accumulation of microplastics in
aquatic organisms raise concerns about potential ecological
and health impacts. Ecotoxicological evaluation provides
important information about the impacts of contaminants on
the biota and, for this purpose, different model organisms can
be used in these studies.

Dipterans of the Chironomus genus are among the most
used organisms as model organisms in assessing the toxicity of
various contaminants (Pinto et al., 2021; Rebechi et al., 2021).
Chironomus sancticaroli (C. xanthus, C. domizii) has recently
been used in Latin America as it is an endemic organism of
great importance in the freshwater ecosystem food webs,
making it more representative of South American ecosystems
(Felipe et al., 2021). Chironomids are often the most abundant
macroinvertebrate group distributed in lentic and lotic
ecosystems. They play an important link between producers
and consumers (Karima, 2021). These organisms live in direct
contact with the sediment and can remain buried a few
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Fig. 1. Process of obtaining and visualizing polyethylene terephthalate (PET) microplastics with a size range of 24 to 32 wm. A) The original
bottle of mineral water was obtained commercially. B) Plastic from the bottle cut into approximately 2 x 2cm pieces for grinding.
C) Visualization of PET particles under stereo microscopy after grinding.

centimeters deep (Viveiros, 2012). The larvae have a non-
selective detritivorous feeding behavior, which means they can
ingest environmental pollutants, such as plastic particles, along
with the sediment while feeding (Palacio-Cortés et al., 2022).
Given this context, scientific investigations aiming to elucidate
the relationship between microplastics and the success of
insect larval emergence are crucial for assessing the potential
impacts of these pollutants on the structure and functioning of
aquatic ecosystems.

In this context, the present study aimed to investigate the
chronic effects of ingestion of irregular PET particles
(< 32 pm) on developing C. sancticaroli under environmen-
tally relevant concentrations. Polyethylene terephthalate (PET)
occupies the sixth position among the most produced plastic
polymers representing approximately 10% of the global
production (Geyer et al., 2017) and, for this reason, represents
a significant portion of microplastic pollution in freshwater
environments.

2 Materials and methods

2.1 Culture and maintenance of Chironomus
sancticaroli

The C. sancticaroli larvae used in this study were obtained
from a continuous culture maintained at the Laboratory of
Limnology of the University of Sdo Paulo. The culture
followed the recommendations of Fonseca and Rocha (2004).
Briefly, the culture of C. sancticaroli was kept in a plastic tray,
covered by nylon mesh support to prevent the escaping of
winged individuals. Cultures were maintained under constant
aeration using an aquarium air pump (Boyu SC-7500). The
tray contained a thin layer of fine sand calcined (0.5 cm) as a
substrate for larval-stage individuals. Mlneral water (Mmalba
— pH 7.7, conductivity 143 pS.cm™") was used as a culture
medium. The tray was maintained in a room with a controlled
temperature (25+2 °C) and photoperiod (12-12 / light-dark).
The feeding consisted of a 40 mL of TetraMin  fish food

suspension (5gL™") offered 3 times a week. For obtaining
larvae for experiments, newly laid eggs were transferred to
glass containers containing sediment and mineral water and
maintained under the same culture conditions. After hatching,
organisms at 5 days of age (second instar) were selected for the
experiment.

2.2 PET microplastics

PET microplastics were obtained by grinding a blue-
colored bottle of mineral water obtained commercially. The
PET bottle was cut into pieces of approximately 2 x 2 cm using
metal scissors, and these fragments were subjected to high-
energy grinding (Cadence MDR302-127) for approximately
15 min. The resulting fragments were passed through a system
of metal sieves until particles within the size ranging from 24
to 32 wm were obtained (Fig. 1). This size range was chosen to
be similar to the particles present in the sediment and naturally
ingested by this species (Viveiros, 2012).

To facilitate the visualization of the microplastics inside
the organisms, the particles were stained with the fluorescent
dye Nile Red (99% pure, INLAB, Brazil) at a concentration of
300mgL~". The stained part1cles were suspended in ultrapure
water, and the concentration was determined by manual
counting of 10wl (n=3) using a Zeiss Discovery V12
stereomicroscope (10 wL=16.45+3.15 particles). The solu-
tion was kept at 4°C in the dark until its use.

The shape of the particles was observed and characterized
using a Zeiss Discovery V12 stereomicroscope. The chemical
composition was determined using Fourier-transform infrared
spectroscopy (FTIR). The FTIR spectra were measured using a
Bruker Alpha spectrometer in the 400-4000 cm ™' region, with
a standard KBr beam splitter and a highly sensitive DLATGS
detector. The spectra were recorded using the Attenuated Total
Reflection (ATR) module: ATR Platinum, equipped with a
diamond crystal as the reflecting element. The spectra were
obtained with 128 accumulations and a resolution of 2 cm™'
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2.3 Exposure to PET microplastics

For the chronic exposure assay, three treatment groups
were prepared, where the second-instar larvae were exposed to
irregular PET particles (24-32 wm) at concentrations of 500
and 5,000 particles kg~' of dry sediment, referred to as C1 and
C2, respectively. A control group with no PET particles was
also prepared. The concentrations used were selected based on
studies that revealed an average of approximately 129 particles
g~ ! of microplastics in freshwater sediments (Yin and Zhao,
2023).

Each PET treatment and the control group comprised four
replicates (n=4). Each replicate consisted of a glass vessel
with a diameter of 8 cm, containing 60 g of calcined fine sand.
In the PET treatments, an aliquot of the PET particle
suspension corresponding to the desired concentrations was
added to each test vessel. Then, 1 mL of TetraMin" suspension
was added to the sand. The control treatment received only the
food suspension. The containers were then kept in an oven at
60°C until completely dried. The drying process was an
important step to promote the adhesion of PET particles in the
sediment grains avoiding their resuspension when water is
added to the test vessel. After completely drying, 340 mL of
mineral water, previously aerated for 48 h, was carefully added
to avoid resuspension of the PET particles. Subsequently, 25
larvae were added to each replicate. The test vessels were
covered with nylon mesh and kept under constant aeration
(1 bubble s~') using an aquarium air pump. The experiment
was maintained under the same temperature and photoperiod
conditions as the culture. The test vessels were monitored daily
for verification of mortality during the exposure period. The
larvae were fed every two days with 1 mg of TetraMin® food
per organism. Evaporated water was replenished as needed to
maintain a volume of 340 mL per test vessel.

On the 11th day of the experiment, larvae from the fourth
replicate of each treatment and the control group were
collected, and photographed, and their length was measured
using Image] software. The counting of PET microplastics
ingested was carried out under inverted fluorescence micros-
copy (Leica DMi8). The remaining replicates were maintained
for emergence analysis until no live larvae or pupae were
found. The emerged adults were collected daily and preserved
in 70% ethanol. The adult emergence rate (ER) (OECD, 2023)
was calculated as follows:

ne

ER = —
na

)

where:
ER =emergence rate; ne =number of emerged mosquitoes
per replicate; na=number of larvae introduced per replicate.

2.4 Statistical analysis

The data obtained in this study were expressed as mean +
standard deviation (SD) or mean percentage (%). The normality
of the data was assessed using the Anderson-Darling test (p <
0.05). One-way analysis of variance test (ANOVA) along with
Dunnett’s test (p < 0.05) was used to compare treatments to the
control group from the normal data obtained in the development
and emergence analysis. Mann-Whitney test (p < 0.05) was used

to compare the ingestion data between treatments. The statistical
analyses were performed using MINITAB 14 software.

3 Results

3.1 Characterization of PET microplastics

The PET microplastics displayed irregular morphology
and expected size (<32 pm) (Fig. 1C). FTIR (ATR) analysis
confirmed the polymer composition, polyethylene terephthal-
ate (PET), as shown in Figure 2. The bands at 1711 and 1239
cm ! are related to the C=0 and C=O stretching of the ester
group. Moreover, the bands at the region of 1016 and 1091
cm  indicate the 1,4- substitution of the benzene ring and the
band at 722 cm™ ' is the out-of-plane deformation of the
carboxylic substituents on the aromatic ring. The region
between 2700 and 3200 cm ™' is related to the aliphatic CH
stretching, here we observed at ca. 2960 cm ™' and aromatic
CH at ca. 3060 cm™' (Holland and Hay, 2002).

3.2 PET microplastic effects on C. sancticaroli

Throughout the experiment, no larval mortality (0.0%) was
observed in any treatment groups (control group, C1, and C2).
Considering PET ingestion, we observed a significant
difference between treatments (Mann-Whitney, p < 0.05).
The average ingestion per individual was determined at
0.4+0.7 and 1.64+1.4, for Cl1 and C2, respectively. In the
lower concentration treatment (C1), particles were detected in
the digestive tract of 32% of organisms (Fig. 3A). Among the
larvae that had particles in their digestive tract in C1, 75% had
only one particle and 25% had two particles (Fig. 3A). In the
highest concentration (C2), 80% of organisms in the higher
concentration treatment (C2) (Fig. 3B). Of these, 45% of
larvae had one particle, 30% had two particles, 5% had three
particles, 15% had four particles, and 5% had five particles
(Fig. 3B). The presence of PET microplastics in the digestive
tract of C. sancticaroli was confirmed by the images obtained
through fluorescence microscopy (Fig. 4).

After 10 days of the assay, there was no significant
difference in the length of larvae between both PET treatments
(C1 and C2) and the control group (Dunnett’s test, p < 0.05)
(Fig. 5A). However, we observed a significant decrease in the
emergence rate of C. sancticaroli. At the end of the test, the
emergence rate of adults showed a significant difference in the
treatment with high PET concentration (C2). The emergence in
this treatment was reduced by 22.41% compared to the control
group (Dunnett’s test, p < 0.05) (Fig. 5B).

4 Discussion

In the present study, we observed the presence of PET
microplastics in the digestive tract of C. sancticaroli. Our
results suggest that the ingestion and presence of particles in
the digestive tract of C. sancticaroli seem to be directly related
to the availability of particles in the sediment. At the highest
concentration (C2), the incidence of particles was higher in
number and frequency compared with the C1 treatment.

Freshwater benthic macroinvertebrates are particularly
susceptible to the consumption of microplastics present in the

Page 3 of 8



L.O. Hallai et al.: Knowl. Manag. Aquat. Ecosyst. 2024, 425, 12

o~
\
-3
g8 _
W
9 : /
g \
©
£
o
@D
o
<
3
¥
SN
T b T . I . L - T . I . T o
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber / cm'”’
Fig. 2. FTIR analysis confirms the polymeric composition of PET microplastics.
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Fig. 3. Ingestion of PET microplastics by Chironomus sancticaroli. Percentage of Chironomus sancticaroli individuals that presented particles
in the digestive tract after 11 days of exposure to two concentrations of PET: C1: 500 particles.kg™' (A) and C2: 5000 particles.kg™' (B).

sediment of these environments (Scherer et al., 2017). The
ingestion of microplastics by chironomids has already been
reported in other studies. In toxicological assays, larvae of
C. riparius ingested PS beads (1-90 pm) (Scherer ez al.,2017),
irregular polyethylene (PE) particles (40-350 pwm) (Silva et al.,
2019), polyvinyl chloride (PVC) particles (<50 pum)
(Scherer et al., 2020), and PET fibers (50 wm) (Setyorini
et al., 2021). Studies that also used the species C. sancticaroli
observed the ingestion of polypropylene (PP) microplastics

(26 wum) (Rani-Borges et al., 2023), polystyrene (24 pm)
(Queiroz et al., 2024b), and nylon particles (<50 pm)
(Palacio-Cortés et al., 2022). The literature data demonstrate
that particles up to 350 um can be ingested by Chironomus sp.
larvae, although particles between 32—63 wm tend to be more
consumed (Silva et al., 2019). This information is particularly
relevant since microplastics up to 300 um may constitute the
most representative size class in freshwater environments
(Alam et al, 2019; Queiroz et al., 2024a). Thus, in
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Fig. 4. PET microplastics ingested by Chironomus sancticaroli larvae.
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Fig. 5. Length (A) and adult emergence rate (B) of Chironomus
sancticaroli larvae (mm) per treatment (Control group, Cl: 500
particles.kg ™' dry sediment, and C2: 5000 particles.kg ' dry sediment).
The square symbol ([T]) represents the mean length of larvae for each
treatment. The asterisk (*) indicates a significant difference compared to
the control group according to the Dunnett test (p < 0.05).

contaminated environments, these organisms are constantly
exposed to plastic particles that can be ingested resulting in
negative effects on different aspects of their life cycle.
Different effects have been observed on chironomids after
ingestion of microplastics. These studies have observed

changes in the survival rates, growth, and reproduction of
chironomids, such as C. riparius (Scherer et al., 2017; Silva
et al., 2019) and C. tepperi (Ziajahromi et al., 2018). More
recently, larvae of C. sancticaroli have been studied regarding
the effects of particle ingestion on survival rates and changes in
enzymatic biomarkers (Rani-Borges et al., 2023; Queiroz
et al., 2024b) and the composition of the intestinal microbiota
(Palacio-Cortés et al., 2022). Changes in growth and
emergence of chironomids seem to be related to pseudo-
satiation. The sense of pseudo-satiation is promoted by the
presence of microplastics in the digestive tract which reduces
foraging behaviors (Prata et al., 2023). Once exposed to
contaminants, chironomids have energy costs increased to
supply energy demand related to their metabolism, such as the
detoxification mechanisms (Péry et al., 2003). The impaired
obtaining of energy combined with other energetic demands of
the organism, such as inflammatory reactions, oxidative stress,
or physiological changes, contribute to the negative energy
balance (Prata et al., 2023). Thus, if we consider scenarios with
higher microplastic concentrations, the inanition of Chirono-
midae larvae can be even more accentuated.

From an ecological perspective, the ingestion of micro-
plastics is also concerning as C. sancticaroli serves as food for
other species (Viveiros, 2012). Thus, the presence of micro-
plastics in the gastrointestinal tract of this species can enhance
the transport of particles along the food chains in freshwater
ecosystems. Some studies have suggested a trend of
bioaccumulation of microplastics in aquatic organisms.
However, further field research is needed to corroborate the
results of laboratory experiments helping to understand the
potential impacts of microplastic bioaccumulation on different
species and its ecological implications in freshwater ecosys-
tems (Bhatt and Chauhan, 2022; Neves et al., 2022). Another
aspect associated with microplastic ingestion is related to the
ability of chironomids to fragment microplastics. It was
demonstrated that C. sancticaroli larvae have an important role
in the biofragmentation of microplastics. The biofragmenta-
tion process causes damage to plastic particles and reduces
them through digestive processes resulting in the formation of
nanoplastics (Queiroz et al., 2024b).

The influence of size on microplastic toxicity has been
reported in the literature. Some studies have suggested that the
toxicity of microplastics can be increased as the size of
particles decreases. For example, Silva ef al. (2019) exposed
Chironomus riparius larvae to PE microplastics (4048 pwm)
and observed a reduction in larval growth starting from a
concentration of 2.5 gkg ' sediment. Furthermore, the authors
observed that the effects caused by larger particles (125 and
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350 wm) on larval development only occurred at concen-
trations of 10 gkg ™' sediment and above. These data suggest
that smaller particles may be more toxic. On the other hand,
our results related to the larval length did not show a significant
decrease even using plastic particles smaller (<32 wm) than
the mentioned study. This absence of effects on larvae growth
can be attributed to the low concentrations adopted in the
present study. Unlike the investigation conducted by Silva
et al. (2019), we used concentrations closer to those found in
the natural environment to provide more realistic responses
occurring at environmentally relevant concentrations.

In the present study, we observed a significant decrease in
the emergence rate at the highest PET treatment (C2)
compared with the control group. The emergence of
C. sancticaroli in the control group was 77%, meeting the
OECD (2023) standard of ER > 70%. Other studies
investigating the effect of microplastics on the emergence
rate of Chironomus spp. have also observed changes in the life
cycle of these organisms. Ziajahromi et al. (2018) exposed
individuals of Chironomus tepperi to PE particles of different
size classes (1 to 126 wm). They observed a reduction in the
emergence rate in all treatments, with no significant difference
among the size treatments. The emergence of C. riparius was
affected after exposure to polyamide (PA) microparticles
(<180 wm) at concentrations of 100 and 1000mgkg '
(Khosrovyan et al.,2020). On the other hand, at environmentally
relevant concentrations (100 mgkg ™" or 10,000 particles kg "),
PA did not cause changes in the emergence of C. riparius
(Khosrovyan et al., 2020). Other studies also did not observe
significant changes in the emergence of C. riparius after
exposure to two different treatments containing tire
rubber particles with average sizes of 82 and 3,724 um
(Carrasco-Navarro et al., 2021). Castro et al. (2022) also did
not observe significant changes in the emergence of
C. sancticaroli exposed to different concentrations of PE (40—
48 pm). Relative to the PET polymer, Setyorini et al. (2021)
exposed C. riparius to PET fibers of 50 wm at different
concentrations (500-50,000 particles kg~') and demonstrated
that particles can be carried through life stages until adulthood.
However, no changes in the larval emergence and growth were
observed.

It is important to highlight that the difference in the effects
of microplastic exposure on the development and emergence
of chironomids appears to be associated with the specific
toxicity of each microplastic type, which is dependent on the
particle size and its concentration in sediment (Silva et al.,
2019; Scherer et al., 2020). Furthermore, most studies use
microplastics at concentrations higher than those found in
natural environments and for a short exposure period (Phuong
et al., 2016). Here, we reinforce that we aimed to approach the
levels of microplastic pollution currently found in freshwater
environments to assess its impact on the life cycle of
C. sancticaroli.

From an ecological perspective, microplastic pollution can
affect not only individual health but also the associated
ecosystems. Considering that benthic macroinvertebrates
represent an important group in the degradation of organic
matter and food webs of aquatic systems, negative effects on

this community may represent an unbalance in the freshwater
ecosystems. Moreover, terrestrial ecosystems can also be
impacted because chironomid adults are inserted in terrestrial
food webs. By examining the life cycle impacts of microplastic
pollution on this key species, we shed light on the broader
consequences for freshwater ecosystems.

5 Conclusion

The ubiquitous presence of microplastics in freshwater
environments can trigger relevant impacts on these ecosys-
tems. This study adopted environmentally relevant concen-
trations (500 and 5,000 particles kg ') to bring more realistic
information about impacts of microplastic pollution.
C. sancticaroli larvae ingested irregular PET microplastics
(< 32 wm) demonstrating that ingestion can represent an
important exposure pathway to these organisms. The presence
of plastic particles in the digestive tract can induce pseudo-
satiation in these organisms and, consequently, an energetic
imbalance impairing their development. The exposure to these
particles resulted in a reduction in the emergence rate of these
larvae at the highest concentration tested. These results
indicate that PET microplastics, at concentrations currently
found in the natural freshwater environments, pose a risk for
maintaining chironomid populations. This study constitutes an
initial approach to investigating the effects of PET particles on
Chironomus sancticaroli larvae. For future studies, sensitive
endpoints should be considered to understand the toxic effects
at the physiological level that could reflect the changed
emergence of insect larvae. Also, generational tests should be
developed to comprehend the populational effects.
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