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ABSTRACT

The extent until which plastics are present in our surrounding environment completely exceeds our expectations.
Plastic materials in the form of microplastics have been found in terrestrial, freshwater and marine environments
and are transported through the atmosphere even to remote locations. However, we are still far from under-
standing the effects that they may have caused and are causing to biota. In the present study, we investigated the
alterations in the expression of twelve genes in the aquatic insect Chironomus riparius after 36 h exposures to
polystyrene and tire rubber microplastics at nominal concentrations of 1 and 10 mg L™'. The results indicated
that several genes encoding for heat shock proteins (hsp90, Glycoprotein 93 (Gp93), hsc70, hsp60, hsp40, and the
small HSP hsp17) were overexpressed respect to the control. In addition, the genes coding for manganese su-
peroxide dismutase (SOD Mn, related to alleviation of oxidative stress) and for the FK506-binding protein of 39
kDa. (FKBP39, related to development and pupation) showed altered expression. Most of the alterations on gene
expression level occurred at a concentration of 10 mg L7} of tire rubber microplastics, although specific mod-
ifications arose at other concentrations of both rubber and polystyrene. On the contrary, one hsp gene (hsp10)
and genes related to biotransformation and detoxification (Cyp9f2, Cyp12a2, and ABCB6) did not alter their
expression in any of the treatments. Overall, the results of the gene expression indicated that microplastics
(especially tire rubber) or their additives caused cellular stress that led to some alterations in the normal gene
expression but did not cause any mortality after 36 h. These results highlight the need for more studies that
describe the alterations caused by microplastics at the molecular level. Additionally, it opens questions about the
effects caused to aquatic fauna in environmental realistic situations, especially in hot spots of microplastic
contamination (e.g., tire rubber released in storm water runoff discharge points).

1. Introduction

To date, there is not a clear consensus on whether microplastics are a
real risk to the environment. Despite the myriad of articles reporting

The contamination of waters with plastics and microplastics is one of
the most important and distressing water risks and chemical pollution
episodes that has ever existed during the history of humankind.
Although the issue has produced an enormous concern among all levels
of stakeholders, these risks are not yet completely defined. Partially, the
main reason is that the extent until what microplastics are present in the
planet is still not fully understood, as we are likely underestimating the
amount of plastic in the water environment (Lindeque et al., 2020).
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toxic effects of microplastics, the reported concentrations Worldwide are
not high enough to cause toxic effects on organisms (Burns & Boxall,
2018). Therefore, there is a need to conduct more studies at all levels of
biological organization to achieve results that show realistic effects for
the protection of our environment.

To date, the evaluation of microplastics on aquatic organisms has
mainly focused on survival or growth alterations (Lin et al., 2019; Silva
et al.,, 2019). However, at the molecular level studies are scarce
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(Franzellitti et al., 2019; Zhang et al., 2020) but necessary to know the
underlying mechanisms by which microplastics may be potentially
toxic. In this line, there is a growing number of studies reporting that
microplastics cause oxidative stress or an activation of the mechanisms
to ameliorate it (e.g., Jeong et al., 2016; Liu et al., 2021; Silva et al.,
2021).

In the present study, we used two commonly used plastic materials:
polystyrene and automobile tire rubber. Polystyrene (PS) is a thermo-
plastic from the monomer styrene, confirmed to be carcinogenic (Na-
tional Research Council, 2014) and found as plastic pollution in marine
and freshwater environments (e.g.: Uurasjarvi et al., 2020). Recent
studies have evaluated the effects of PS on aquatic organisms, causing
behavioural alterations in Daphnia magna (Lin et al., 2019; Wang et al.,
2020). In sediment exposures, a decrease in the growth of Arenicola
marina (Besseling et al., 2013) and Gammarus pulex (Redondo-Hasse-
lerharm et al., 2018b) was reported, but in the latter study G. pulex was
the only freshwater invertebrate of six showing toxic effects. Further-
more, some studies have evaluated the molecular response in aquatic
organisms after exposure to PS microplastics, performing a massive
transcriptome analysis in shrimps or corals (Tang et al., 2018; Suman
et al., 2020). In addition, oxidative stress is commonly found in expo-
sures to PS (Jeong et al., 2016; Li et al., 2020; Liu et al., 2021; Ribeiro
et al., 2017; Yu et al., 2018). In long-term field experiments, PS nano-
and microplastics affected invertebrate communities (Redondo-Hasse-
lerharm et al., 2020), although the effects were detected at concentra-
tions which are not environmentally relevant as of today.

Regarding tire rubber, despite it may not strictly be considered as a
plastic material, its synthetic origin and use as a commodity material in
our modern society justify its addition to this category. Recently, Halle
et al. (2020) have wisely suggested the term “microrubber” to comprise
the wide terminology related to micronized rubber particles and their
inclusion in the broad category of “anthropogenic polymer particulates”.
Although their sources are varied, it is generally accepted that auto-
mobile transit is the main cause of microrubber emissions, that are
estimated to be almost 6 million tonnes per year (Kole et al., 2017).
Between 0.1 and 10% of these are projected to reach surface waters
(Wagner et al., 2018). The use of tire rubber is not strictly limited to
transport as for example, tire rubber crumbs are used in artificial turf
sport fields to increment the life cycle of these materials. This may create
new scenarios for the unintentional discharge of microrubber.

The toxicity of microrubber to aquatic organisms has been the sub-
ject of few studies, examining the effects of the particles in water (Khan
et al., 2019) and sediment (Panko et al., 2013; Redondo-Hasselerharm
et al., 2018a). While the latter did not reveal any toxicity to a wide array
of benthic invertebrates, the water experiments detected toxic effects to
Hyalella azteca at 500 particles ml~* (0.145 g L™1). In addition, the ECsg
for a range of aquatic species was established in the range of 0.01-7.45 g
of tire rubber L), considering the compounds leaching from these
amounts of rubber (Wik et al., 2009).

The focus of microplastic research has been mostly performed about
marine waters (Blettler et al., 2018), but soils and freshwaters eventu-
ally were found to be affected. Inland waters and their biota are a
common sink to plastic particles (Bellasi et al., 2020; Xu et al., 2020) and
therefore, freshwater biota may be at risk due to microplastic
contamination.

Among freshwater biota, Chironomus riparius is an insect belonging to
the family of chironomidae (~7500 species). Chironomids are a key
species in freshwater ecosystems (Tokeshi, 1995) and a link to terrestrial
riparian habitats (Baxter et al., 2005). As benthic dwellers during their
larval stage, chironomids may be threatened by pollutants associated
with water and sediments, being an ideal model animal for ecotoxico-
logical studies (e.g., OECD, 2010). Polyethylene (PE) microplastics
affected the normal life cycle of C. riparius (Silva et al., 2019) and caused
oxidative damage due to their ingestion (Silva et al., 2021). Scherer et al.
(2020), also found alterations in C. riparius life cycle in response to PVC,
although at concentrations not environmentally relevant. However, so
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far the OECD guidelines have not considered studies at the molecular
level, even though alterations in the gene expression patterns can be
used to explore the metabolic pathways modified in response to the
uptake of pollutants. To undertake this goal, a group of genes related to
essential metabolic pathways were selected as first approach to enrich
the knowledge of microplastics toxicity in aquatic invertebrates. The
genes employed were related to stress response (heat shock proteins
(HSPs): (hsp90, Gp93, hsc70(4), hsp40, hsp60, hspl0 and shsp17);
oxidative damage response (Manganese Superoxide dismutase (SOD
Mn), detoxification (CYPs: Cyp9f2, Cyp12al, ABC transporter (ABCB6)
and development (FK506-binding protein 39 (FKBP39).

Overall, the literature on the molecular effects of microplastics
covers only a few polymers (mostly PS), what hampers the comparison
among different materials. Often the plastic particles used in the tests are
manufactured spheres of fixed sizes, what contributes to the lack of
realistic conditions.

The aim of the present study was to determine the specific molecular
response of twelve genes related to crucial metabolic routes in in-
vertebrates, such as the stress response, development, detoxification and
amelioration of oxidative stress using Chironomus riparius as represen-
tative aquatic organism. For this, fourth instar larvae of C. riparius were
exposed to tire rubber and polystyrene as model materials at two
nominal concentrations (1 and 10 mg L™}) in water during 36 h.

2. Materials and methods
2.1. Materials: origin, preparation, characterization and quantification

2.1.1. Origin & preparation

Commercially available polystyrene (PS-Styron 678-E; 1.05 g cm™>)
was obtained in pellets (0.018 + 0.002 g, n = 25) and cryogrinded in a
liquid nitrogen-compatible mill (Retsch MM400). Once the polystyrene
pellets were inserted in the grinding jar, it was immersed in liquid ni-
trogen for 2 min and then ground at a frequency of 1/30 s for 10 min.
These two steps were repeated until the material was a fine powder
under visual inspection. The pellets were confirmed to be polystyrene by
comparing its Fourier transformed infra-red (FTIR) spectra to the known
PS spectra. A Thermo Nicolet iS50 instrument (Thermo Scientific,
Finland) was used in ATR mode, with 16 number of scans, 4 cm™!
spectral resolution and a spectral range of 4000-400 em L.

The tire rubber used in the present study was provided as a fine
powder. Tires of unknown model or brand at the end-of-life stage, ready
to start the recycling process, were crushed and part of the resulting
material was cryogrinded to the final fine powder.

2.1.2. Characterization

A representative sample of the microplastics used was photographed
with a camera (Zeiss Axiocam ERc 5s) attached to an optical microscope
(Zeiss Steni 508). The particle size distribution of both materials was
determined by measuring the feret diameter of ~2000 particles from
each of the materials with ImageJ software.

Microrubber was extracted under acidic conditions with modifica-
tions from the methods described in Canepari et al. (2018). Briefly,
known amounts of microrubber (n = 3) were extracted in a sonicator for
~11 h with 10 ml of acetic acid 0.5 M (Fisher Scientific). Suspensions
were diluted to 30 ml and filtered through gamma sterile MCE mem-
branes (0.22 pm pore size, 47 mm @; Fisher Scientific). The extracts were
further diluted by sampling 2 ml and mixing with 11 ml of milliQ water.
Extraction blanks were also set and handled with the same method as the
tire rubber samples. Metals were measured by ICP-MS as described in
the Supplemental information.

2.1.3. Quantification

The number of particles per unit of mass was determined by
weighing known amounts of each material and counting the number of
particles under an optical microscope (Zeiss Stemi 1000).
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2.2. Animals

Chironomus riparius (Insecta) were reared at the Department of
Environmental and Biological Sciences of the University of Eastern
Finland in Kuopio (Finland) in aquaria containing Lake Hoytidinen
sediment (62° 41’ 21" N, 29° 23'49" E) and artificial freshwater (AFW;
hardness Ca®" and Mngr 0.5 mM, pH = 6-9) at 20 + 2 °C and under a
light regime of 16:8 light: dark. Tetramin® (Tetrawerke, Germany) was
added three times per week as a food source and the culture was aerated
permanently. This culture originated from a population that had been
recently sampled from Hasselbach (Hessen, Germany, 50.167562°N,
9.083542°E; Pfenninger and Foucault, 2020).

The larvae used in the exposures were obtained from egg ropes laid
by adults collected from the permanent cultures. When hatching
occurred, the larvae were transferred to an aquarium containing inor-
ganic sand (<400 pm particle size) and AFW and allowed to grow for
approximately 10 d in the same conditions as described above.

2.3. Experimental design

Suspensions of tire rubber and polystyrene microplastics were made
in AFW at nominal concentrations of 1 and 10 mg L™! (according to our
measurements, this corresponds to 1181.9 and 11819 particles L™! for
microrubber and 7588.4 and 75884 particles L7 for PS). Stock sus-
pensions of microrubber (66.66 mg L) and polystyrene (69.1 mg L™1)
were made by adding known amounts of the materials in 0.5 L of AFW.
The experimental waters were prepared by sampling the needed vol-
umes from the stock suspensions after a vigorous shake. The experi-
mental units (n = 3) consisted in glass flasks (5.5 cm in diameter)
containing 150 ml of the experimental waters or control, clean AFW. Ten
fourth instar C. riparius larvae were added to each experimental unit.
Aeration was provided throughout the test and temperature was 20 +
1 °C. The duration of the exposure was 36 h and larvae were not fed.
Surviving larvae were sampled after 36 h, dried over paper towels and
frozen individually in Eppendorf tubes at —80 °C. Mortality was assessed
and compared to that of controls. The analyses of the gene expression
were performed in three larvae per experimental vessel (n = 3, per
replicate, total n = 9).

2.3.1. Quantification of microplastics in experimental waters

The experimental waters were stored in the dark at 6 °C until further
analyses. The real concentrations of microplastics in experimental wa-
ters were measured by filtration in previously weighed paper filters and
MCE gamma sterile membranes (0.22 pm pore size, 47 mm @ Fisher
Scientific). Additionally, the same measurements were performed for
the stock suspensions in three replicates of 125 ml

2.3.2. Quantification of metals in experimental waters

In order to measure the metals leached to water from tire rubber
strictly in 36 h, an additional experiment with the same conditions as the
exposures but without larvae was settled. After 36hrs, the experimental
waters were filtered (0.22 pm pore size, 47 mm () gamma sterile MCE
membranes, Fisher Scientific) and analyzed in ICP-MS as described in
the Supplemental information.

2.4. RNA extraction and cDNA synthesis

The total RNA was extracted from individual larvae (three larvae per
replicate) with a guanidinium isothyocyanate-based method using
TRIzol™ reagent (Invitrogen™) according to the manufacturer’s in-
structions. Followingly, RNA was purified and isolated according to
existing literature (Muniz-Gonzdlez & Martinez-Guitarte, 2020a).
Finally, RNA was resuspended in diethyl pyrocarbonate (DEPC)-treated
water and stored at —80 °C.

The whole quantity of isolated RNA was used to synthesize cDNA.
The RNA was retrotranscribed using the Moloney Murine Leukemia
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virus (MMLV) enzyme (Invitrogen™) as was previously described in
Muniz-Gonzalez and Martinez-Guitarte (2020a).

2.5. Real-time PCR

Real time PCR (RT-PCR) was used to evaluate the mRNA levels for
each gene using the cDNA as template. The reaction was carried out with
0.5 units of DNA polymerase (Biotools, Spain), 0.4 mM dNTPs (Biotools,
Spain) and 0.5x Eva Green (Biotium, USA). The RT-PCR was performed
employing CFX96 thermocycler (Bio-Rad, USA). The cycling conditions
were previously reported (Martinez-Guitarte, 2018). Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and ribosomal protein L11
(rpL11) genes were employed as endogenous reference controls. The
efficiencies were calculated following Ozaez et al. (2016). Primer se-
quences and their efficiencies can be found in Table S1. Finally, the total
mRNA levels of normalized gene expression (2’Acq) were calculated
using Bio Rad CFX Maestro software. Each sample was run in duplicate
wells as technical replicates and additionally, two independent plates
were done as replicates in each experiment.

2.6. Statistical analysis

The gene expression analyses were performed using IBM SPSS Sta-
tistics 25. The normality and homogeneity were tested by Shapiro-Wilk
(n < 50) and Levene’s tests, respectively. The analyses were performed
using the values obtained from nine individual larvae, three from each
replicate. The differences among treatments were evaluated by One-
Way ANOVA using a two-sided Dunnett’s test to assess which treat-
ment groups showed transcriptional activity significantly different from
the control group at the p < 0.05 level. The mortality % among the
treatments was analyzed for significant differences by One-Way ANOVA
(Sigma Plot v. 13.0).

3. Results and discussion

Overall, it is not clear whether the toxicity caused by microplastics of
different types is mainly caused by the particles or the additives present
in the plastic particles. Recently, Silva et al. (2021) found oxidative
damage in C. riparius in response to the ingestion of PE microplastics of
three sizes. Furthermore, plastic additives can be toxic to a range of
aquatic organisms (Capolupo et al., 2020; Li et al., 2016) and have been
found in natural water bodies (Schmidt et al., 2019). Moreover, zinc has
been identified as one of the most toxic compounds present in tire rubber
(Wik et al., 2009; Marwood et al., 2011). However, organic compounds
such as aniline, N,NO-bis(1,4-dimethylpentyl)-p-phenylenediamine
(77PD), benzothiazole and 1-indanone have been also identified as
tire rubber-associated toxic chemicals to aquatic organisms (Marwood
et al.,, 2011; Halle et al., 2021). Although the potential toxicity may be
caused by very complex mixture of chemicals, very recently a quinone
transformation product of a tire rubber antioxidant was identified as the
sole chemical inducing high toxicity in coho salmon (Tian et al., 2021).
This study opened a new horizon on the ecotoxicity of plastic additives
to aquatic organisms.

3.1. Materials tested

The PS-styron-678 E pellets were confirmed as polystyrene material
with Fourier transformed infrared spectroscopy (FTIR) (Fig. 1A). The
average particle size was 38.9 & 28.6 and 82.3 & 40 pm for polystyrene
and microrubber, respectively (Fig. 1B and C). The number of particles
per unit of mass was 1181.9 + 136.4 particles mg ™~ for microrubber and
7588,4 + 780 particles mg’1 for PS.

The concentrations of metals in microrubber are shown in Table 1.
Importantly, the concentration of zinc is the highest one by far, with a
concentration of ~2.3 g kg™ !. It is important to distinguish between the
extractable and total content of metals in tire rubber. In general, the
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Fig. 1. Microplastic materials used in the study. In (A), the FTIR spectra of PS-Styron 678-E pellets is shown. A representative sample of polystyrene microplastics

and microrubber is shown in (B) and (C), respectively.

Table 1

Concentrations of selected elements present in the microrubber used in the
present study. The values are the average concentrations (n = 3) and standard
deviation (SD).

Element Av. concentration (mg kg microrubber ™) SD
Aluminum Al 9.42 3.62
Barium Ba 1.20 0.37
Calcium Ca 52.83 16.65
Cobalt Co 5.53 0.62
Chromium Cr 0.52 0.11
Copper Cu 24.9 6.18
Iron Fe 311 28.7
Magnesium Mg 36.11 14.77
Manganese Mn 2.89 0.41
Nickel Ni 0.53 0.22
Phosphorus P 25.41 12.12
Lead Pb 1.81 0.53
Rubidium Rb 0.17 0.019
Strontium Sr 0.40 0.13
Vanadium \Y 0.044 0.008
Zinc Zn 2309.1 139.3

metal concentrations we obtained with an enhanced acidic extraction of
the microrubber are higher than in Canepari et al. (2018). However, the
smaller particle size and longer extraction times (~11 h) used in our
study justifies these results. In is also remarkable that the total zinc
present in tire rubber is still higher, ranging from 5.65 to nearly 27 g
kg’1 (Canepari et al., 2018; Halle et al., 2021; Redondo-Hasselerharm
et al., 2018a).

3.2. Experimental waters

The measured concentrations in the 1 mg L™! treatments could not
be determined due to the low amount present in 150 ml of experimental
waters (0.15 mg of both materials). In the high, 10 mg L ™! exposures, the

measured concentrations of tire rubber and PS were 13 + 1.8 (n = 3) and
12.45 + 4.9 mg L™! (n = 2), respectively. The high variability of the
measurements is attributed to the difficulties to handle these small
particles and quantities. To check whether the stock solutions, con-
taining a higher concentration, were made reliably, their concentrations
were also measured, yielding values of 65.25 + 4.31 and 69.94 + 13.1
mg L™}, for microrubber and PS, respectively (n = 3). The measured
concentrations for microrubber are more satisfactory (97.98 + 6.5% of
the nominal concentration) than for PS (+19.2% of SD). We hypothesize
that the reason for such variability in PS is that the material tended to
adhere to the glassware and that it was harder to observe than the tire
rubber due to its white colour.

The levels of metals in all experimental waters were similar as those
found in control waters and therefore it was concluded that metals did
not leach at relevant levels during 36h from microplastics at the con-
centrations used.

3.3. Mortality

The mortality during the test (Fig. S1) was not statistically significant
among the treatments according to One-Way ANOVA (F4, 19 = 0.568, p
= 0.692). None of the MPs used showed any risk for the survival of the
animals in the conditions tested. Microrubber may not be a threat for the
survival of aquatic organisms, as a similar result were obtained with
Hyalella azteca (LCspof 1 g L~L; Khan et al., 2019) which is at least 100
times higher than the concentrations used in the present study. We
believe that the mortality was caused by cannibalism. We conducted
exposures only with water, without any substrate and in this regard, for
example sediment has been deemed as necessary to reduce cannibalism
in chironomids (Choung et al., 2010). Although our short term expo-
sures did not cause any responses, it should not be ruled out that chronic
exposures produce harmful effects, since our results suggested that
microplastics can alter different processes at the molecular level (see
below).
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3.4. Gene expression

Currently, literature about the effects of microplastics on aquatic
organisms at the molecular level is scarce but growing consistently in the
last years. Studies have focused on fish (e.g., Rainieri et al., 2018), coral
(Tang et al., 2018) and crustacea (Suman et al., 2020; Liu et al., 2021),
among others. The present study investigated the expression of several
genes on the model aquatic insect C. riparius exposed to PS and tire
rubber. The effects of these microplastics on C. riparius gene expression
after 36 h water exposure are shown in Figs. 2-4.

3.4.1. Stress response

The role of HSPs involves maintaining and restoring cellular ho-
meostasis in response to environmental stressors such as temperature
variations, UV radiation, hypoxia, and pollutants (Sgrensen et al., 2003).
In Chironomus riparius, several HSP genes belonging to different families
have been characterized and studied in response to diverse toxicants
such as phthalates, metals or bisphenol A (BPA) (Martin-Folgar et al.,
2017; Morales et al., 2011; Park and Kwak, 2008) or heat stress (Mar-
tin-Folgar et al., 2015). In this study, seven genes: hsp90, Gp93, hsc70,
hsp60, hsp40, hsp10, and hsp17 were evaluated.

First, two genes belonging to the HSP90 family, hsp90 and Gp93,
showed increased expression in larvae exposed to microrubber at 10 mg
L1 (Fig. 2). This is an important finding, considering that this is an
environmental realistic concentration (Wagner et al., 2018). Hsp90
performs an essential role in the correct protein folding, combined with
hsp70 (Radli & Riidiger, 2018) so the exposure to tire rubber could
modify this function. Although the expression of hsp90 was not altered
by PS, there are studies reporting an increase on its expression in
Daphnia pulex after exposure to 75 nm PS particles (Liu et al., 2018,
2019). One explanation for this difference can be the considerably
smaller particle sizes used compared to our PS.

On the other hand, Gp93 is an endoplasmic reticulum (ER) chap-
erone, essential for the homeostasis of the gut epithelium and related to
the immune system (Maynard et al., 2010).Therefore, the alteration of
Gp93 could be related with an activation of the immune system as a
response to microrubber or its chemical components. Previous studies
found that the expression of Gp93 increased in C. riparius exposed to
copper and copper/cadmium mixtures (Martin-Folgar and
Martinez-Guitarte, 2019). The presence of zinc has been associated to
damage in three different aquatic organisms (Wik et al., 2009), sup-
porting the metal release from the microrubber as a possible reason for
the upregulation of this gene. However, the concentrations of metals in
experimental waters were not different from the control waters, what
lead us to think that there are other mechanisms involved in the over-
expression of this gene (see section 3.5).

Other important genes from the HSP family are hsp40 and the heat
shock constitutive form of 70kD (hsc70 (4), which showed an upregu-
lation at 10 mg L™! of microrubber, similarly to the members from the
hsp90 family. In addition, hsp40 also increased its expression at 10 mg
L~! of PS. These two proteins belong to different families, but they are
functionally related. The HSP70 family, which includes the HSP70s and
the constitutive cognates HSC70s, encompasses chaperones that require
the presence of a member of the HPS40 family (also called DNAJ pro-
teins) to function. Together, they carry out the prevention and repara-
tion of protein misfolding, aggregation or degradation (Alderson et al.,
2016). The upregulation of hsc70(4) in response to microrubber at 10
mg L7! is not in accordance with its maintained levels reported in
response to other contaminants (Morales et al., 2011). In line with our
results, hsc70(3), increased its transcriptional activity in response to an
UV filter after 8 h of exposure (Martin-Folgar et al., 2018). These results
suggest a differential activation of cognates genes depending on the
stress agent and such response could indicate a protective role, as was
observed in moths exposed to the plasticizer bisphenol A (Michail et al.,
2012).

Regarding hsp40, its expression was upregulated in response to
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Fig. 2. Expression of the hsp genes (hsp 90, hsp60, Gp93, hsp10, hsc70(4), hsp17
and hsp40). From left to right the expression of each gene in Controls (C, white
bar), microrubber (light grey) at low (MRL) and high (MRH) concentrations and
polystyrene (dark grey) at low (PSL) and high (PSH) concentrations. Asterisks
denote statistical differences compared to controls (p < 0.05). The horizontal
line indicates the median, the boundaries indicate the 25th and 75th percen-
tiles, while the whiskers denote the highest and lowest results. The mean of n =
9 values obtained is indicated by the plus sign inside the box.

microrubber and PS. These results suggest that the hsp40 studied does
not code a protein functionally related to hsc70 (4), what is plausible
considering the many members present in both families. Also, it is
possible that other members of the HSP70 family that were not analyzed
could be affected, involving those genes responsive to stress such as
hsp70. Supporting this idea, it has been observed that PS nanoplastics
upregulated hsp70 in Daphnia pulex (Liu et al., 2019). Therefore, it seems
evident that microplastics (as a whole) have a relevant role in the acti-
vation of these HSPs genes, showing a different pattern of alterations
depending on the polymer type, their sizes and/or additives.

Two genes, coding forchaperones related to the regulation and
control of protein folding in the mitochondria (hsp60, and hsp10), were
also analyzed (Hohfeld and Hartl, 1994; Kozlova et al., 1997). However,
our results showed that the response of these genes was not correlated
(Fig. 2): hsp60 was significantly upregulated in response to 10 mg L™* of
microrubber and to 1 mg L™} of PS, while no significant changes were
observed in hsp10. There are no previous data about the expression of
these genes in response to microplastics, although their expression did
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not change in C. riparius exposed to the UV filters benzophenone 3 and
4-MBC (Martin-Folgar et al., 2018). Additionally, hsp10 increased its
transcriptional activity during recovery from exposure to the plasticizer
butyl benzyl phthalate (BBP; Herrero et al., 2015). These data are
interesting because both UV filters and phthalates are additives
commonly used in the plastic industry. So, the differential expression
could be caused by the presence of some additive(s) which activate
differentially these genes, although BBP is mostly an additive in PVC
plastics (Andrady and Rajapakse, 2016). Furthermore, these proteins are
located mostly in the mitochondria so the alteration in the mRNA levels
could indirectly suggest toxicity towards this cellular organelle, which is
mainly focused on the ATP generation trough respiration.

Finally, hsp17 a member of the small HSPs (sHSPs), was analyzed,
showing upregulation by microrubber at 10 mg L1, sHSPs conform a
very diverse family of proteins, related to many cell processes that react
to adverse environments and diseases, control growth, or apoptosis
events (Arrigo et al., 2002; Zhu & Reiser, 2018). Despite the absence of
data about the expression of hsp17 in response to microplastics, expo-
sure to cadmium upregulated its expression in C. riparius (Martin-Folgar
and Martinez-Guitarte, 2017). Furthermore, higher mRNA levels of
other sHSPs have been detected in the oriental river prawn Macro-
brachium nipponense and in Musca domestica after exposure to metals
(Tian et al., 2018; Yuan et al., 2019). The lack of effect observed in
larvae exposed to PS could be explained by the leaching of some metals
from microrubber to the exposure waters. However, the level of metals,
including zinc, in experimental waters was so low that it could not be
differentiated from the levels in control waters. Other potential expla-
nations are described in section 3.5.

3.4.2. Detoxification response

The biotransformation and detoxification of xenobiotics in the cell
consist of phases I, II and IIl. Some of the most important enzymes
involved in these phases are the cytochrome P450 family, the
Glutathione-S- transferases and the ABC transporters, respectively. In
our study, we evaluated the expression of the genes coding two CYPs,
Cyp9f2 and Cyp12a2, and one ABC transporter, ABCB6. None of these
genes altered their expression in response to any microplastic or con-
centration tested (Fig. 3). This could be indirectly related to the uptake
of chemicals prone to undergo biotransformation and subsequent
excretion, such as polycyclic aromatic hydrocarbons (PAHs), present in
microrubber. However, due to the hydrophobicity of PAHs, it is known
that they minimally leach to water from tire rubber materials (Wagner
etal., 2018; Redondo-Hasselerharm et al., 2018a), supporting the lack of
response of genes encoding detoxification enzymes. It has been
described that CYP9 family is involved in the resistance to pyrethroids in
Aedes aegypti (Ishak et al., 2017) and CYP12 was described as a mito-
chondrial CYP family which can be involved in xenobiotic metabolism
(Guzov et al., 1998). Although information about these enzymes is
scarce in C. riparius, previous studies on Cyp9f2 reported no changes in
its expression in response to different UV filters (p-aminobenzoic acid
and crylene derivatives) in single and/or binary mixtures
(Muniz-Gonzalez and Martinez-Guitarte, 2018, 2020b) and a down-
regulation after exposure to another UV filter 4-methylbenzylidene
camphor (4-MBC) (Martinez-Guitarte, 2018). Another member of the
CYP9 family, Cyp9AAT2, was upregulated at 10 and 20 mg L~} of Cd
(Nair et al., 2013). Regarding Cyp12a2, its expression was upregulated
by triclosan (Martinez-Paz, 2018) but downregulated by 4-MBC (Mar-
tinez-Guitarte, 2018). Although no results about the response of these
families with MPs has been described, a downregulation of CyplA by
PVC exposure in zebrafish larvae (Sleight et al., 2017) and modulation of
members of the CYP4 family by PS MPs in crustacea (Wu et al., 2019)
have been reported. These results show the variety of responses for Cyp
genes depending on the xenobiotic or compound used and suggest that it
is necessary to extend the study to other families and to other enzymes
involved in the Phase I response.

Regarding ABCB6, it belongs to a family of ABC transporters,
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Fig. 3. Expression of the genes related to detoxification (Cyp9f2, Cyp 12a2 and
ABCB6). The genes shown in each figure are written in the top of each figure for
clarification. From left to right the expression of each gene in Controls (C, white
bar), microrubber (light grey) at low (MRL) and high (MRH) concentrations and
polystyrene (dark grey) at low (PSL) and high (PSH) concentrations. Asterisks
denote statistical differences compared to controls (p < 0.05).The horizontal
line indicates the median, the boundaries indicate the 25th and 75th percen-
tiles, while the whiskers denote the highest and lowest results. The mean of n =
9 values obtained is indicated by the plus sign inside the box.

involved in the transport through the membranes, with the final aim of
xenobiotic excretion from the cells (Xu et al., 2005). Contrarily to our
results, the ingestion of PS nanoplastics by mussels produced a down-
regulation of two genes coding ABC transporters, what likely caused a
change in the flux of the multixenobiotic resistance (MXR) system
(Franzellitti et al., 2019). As we know, the size and surface of the MPs
used may determine the possible effects, but the importance of putative
additives in different plastic materials cannot be discarded. Similarly to
our results, other ABC member (MRP-1) was unaltered after exposure to
triclosan in C. riparius (Martinez-Paz, 2018). On the contrary, altered
expression on diverse ABC members was observed in Helicoverpa armi-
gera exposed to pesticides (Jin et al., 2019), showing a specific response
for each compound. To sum up, the absence of response in the genes
coding for detoxification proteins could be explained by the short time
exposure employed comparing to previous studies. In future studies,
longer exposure times could be tested with the aim of evaluating the
response of these genes over time.

3.4.3. Antioxidant and developmental response
Finally, other genes, SOD Mn and FKBP39, related to oxidative stress
and development respectively, were analyzed (Fig. 4). SOD Mn was
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Fig. 4. Expression of SOD Mn and FKBP39. From left to right the expression of
each gene in Controls (C; white bar), microrubber (light grey) at low (MRL) and
high (MRH) concentrations and polystyrene (dark grey) at low (PSL) and high
(PSH) concentrations. Asterisks denote statistical differences compared to
controls (p < 0.05).The horizontal line indicates the median, the boundaries
indicate the 25th and 75th percentiles, while the whiskers denote the highest
and lowest results. The mean of n = 9 values obtained is indicated by the plus
sign inside the box.

upregulated in larvae exposed to 1 mg L™! of both materials tested. SOD
Mn encodes a mitochondrial protein that deactivates superoxide radicals
created during mitochondrial respiration and therefore protects the cell
from oxidative stress (Wang et al., 2018). It is therefore plausible that
the MPs used in the present study (at 1 mg L’l) caused oxidative stress,
stimulating the upregulation of SOD Mn to alleviate its effects. Sup-
porting this statement, signs of oxidative stress in response to low con-
centrations of MPs have been found in aquatic organisms (Tlili et al.,
2020; Yu et al., 2018). Furthermore, in Daphnia pulex PS nanoplastics
caused oxidative stress and upregulated the expression of SOD CuZn (Liu
et al., 2020), related to antioxidant response, like SOD Mn. Interestingly,
the upregulation of SOD CuZn was only observed at the lowest con-
centrations tested (Liu et al., 2020), like in our study. The fact that the
highest concentrations did not alter neither the SOD CuZn nor SOD Mn
expressions respectively in D. pulex and C. riparius could be due to a
disruption of the antioxidant systems that the cell is not able to
compensate, and that is caused by excessive levels of reactive oxygen
species (ROS). Another plausible explanation is that SOD Mn reacts to-
wards the amelioration of oxidative stress during a first stage of the
response. The level and speed at what oxidative stress occurs would
depend on the severity of external factors and therefore it is expected
that they would be higher with increasing concentrations of micro-
plastics. Therefore, C. riparius would adapt to this response according to
the levels of oxidative stress. At the low microplastics exposure, the
uptake of chemical additives to C. riparius would be slower and so would
be the generation of ROS. However, at the high microrubber exposure
the tendency is to find overexpression of the HSPs but not of SOD Mn. It
is plausible that the responses to oxidative stress caused by microplastics
would be sequential, involving first the upregulation of SOD Mn and
second, of HSPs. It could be hypothesized that these responses are
connected or alternatively, that HSPs are overexpressed to help the
correct folding of damaged proteins due to high oxidative stress. Along
with this hypothesis, metals can trigger the overexpression of HSPs in
aquatic organisms (Kim et al., 2014). Overall, the responses to oxidative
stress caused by microrubber and PS may be different due to the specific
constitution of each material (e.g.: higher number of metals present in
tire rubber).

FKBP39 was upregulated at 10 mg L1 of microrubber and at both
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concentrations of PS microplastics (Fig. 4). This gene codes an immu-
nophilin, proteins that exhibit versatile and key biological functions,
such as protein folding, receptor signalling, protein trafficking and
transcription (Harikishore and Yoon, 2016). Specifically, FKBP39 has
been proposed to act as a transcriptional modulator of gene expression
in 20-hydroxyecdysone (20-E) and juvenile hormone (JH) signal trans-
duction in D. melanogaster (Li et al., 2007) so it is related with growth
and development processes. FKBP39 was the only gene altered by both
concentrations of PS, suggesting that this material could alter the
development and the growth of the larvae. No previous data are avail-
able in the literature regarding the expression of FKBP39 in response to
xenobiotics on invertebrates.

In addition, FKBP39 has been identified as an inhibitor of autophagy
in D. melanogaster larvae, process that has a direct implication for the
correct pupariation and development (Juhasz et al., 2007). The molec-
ular processes that lead to metamorphosis include the induction of
developmental autophagy (leading to pupariation) by the insect molting
hormone ecdysone, through enhancing the expression of
ecdysone-responsive genes (Li et al., 2007). In this scenario, the levels of
FKBP39 are low. In our study, the overexpression of FKBP39 in both PS
and high microrubber exposures suggests that the induction of pupar-
iation by ecdysone is not activated, indicating a potential delay in
metamorphosis. In normal conditions, the high expression of FKBP39
occurs in early development stages, as was demonstrated in Drosophila
(Theopold et al., 1995). This potential delay in the development was
previously detected in chironomids in response to polyethylene MPs
(Silva et al., 2019; Ziajahromi et al., 2018). So, it appears that micro-
plastics have the potential to act as endocrine disruptors (EDCs) in
chironomids.

Summarizing, the highest molecular response was observed in the
exposure to the highest concentration of microrubber, where the
expression of seven of the genes studied was modified (hsp90, Gp93,
hsc70 (4), hsp40, hsp60, hsp17 and FKBP39). The lowest concentration of
microrubber altered the expression of SOD Mn. Furthermore, poly-
styrene only affected the expression of four of the genes evaluated at 1
mg L1 (hsp60, SOD Mn, FKBP39) and at 10 mg L ™! (hsp40, FKBP39).
This uneven response may be due to the ability of the microrubber to
release part of its additives to the water, therefore increasing its toxic
effects, as has already been observed previously in aquatic organisms
(Capolupo et al., 2020).

3.5. Potential causes of the toxicity

At the lowest concentrations of both materials, the response starts
with the overexpression of SOD Mn, that helps to alleviate oxidative
stress. However, what causes the oxidative stress is still not clear. We
hypothesized that the metals present in tire rubber and leached to water
caused the oxidative stress, however the concentration of metals in
water in the experimental conditions tested were under detection limits
and additionally, it would not explain the results with PS. Similarly, in
C. riparius PE microplastics obstructed its guts (Silva et al., 2021), what
likely caused a series of toxic effects that included inflammation and
oxidative damage. Furthermore, this could lead to an energy imbalance,
possibly delaying other vital processes such as development and meta-
morphosis, as suggested by the overexpression of FKBP39.

Although we did not study the ingestion of particles due to the
obvious destruction of the tissues during the RNA extraction, it is
plausible that it occurred. Therefore, as in Silva et al. (2021), the sole
ingestion may have caused the oxidative stress characterized by the
overexpression of SOD Mn and may have contributed to the cellular
stress that caused the overexpression of HSPs. Another possibility is that
with ingestion of the microplastics, the additives present (including
metals) would leach in the guts of C. riparius and enter its tissues. This
could imply two stressors: the ingestion of the particles and the chem-
icals released in the gut of the animal and could also explain the clear
differences in the responses to both materials. The ingestion of the
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particles would cause oxidative stress as described in Silva et al. (2021).
This would trigger the responses to its amelioration (overexpression of
SOD Mn) in both materials. However, in the case of microrubber, the
high presence of metals (up to 2 g Kg* of zinc) in the ingested particles
could promote their uptake, as it has been observed in dietary sources
with high metal content (van Hattum et al., 1989). The general over-
expression of HSPs is in accordance with the gene expression profiles of
single metals (Martin-Folgar and Martinez-Guitarte, 2017, 2019). In the
case of PS, the metal content is not as abundant as in microrubber
(Capolupo et al., 2020) and therefore it is logical that the responses of
the HSPs are not as high.

4. Conclusions

The observed results indicate a strong stress response in Chironomus
riparius at the conditions studied, involving the overexpression of several
HSPs and SOD Mn and aimed at the reduction of the effects derived from
oxidative stress. Additionally, the results obtained with FKBP39 suggest
that PS and microrubber can affect the development and metamorphosis
of C. riparius. This is the first report that analyses the effects of micro-
rubber on invertebrates at the molecular level. The comparative analysis
with PS microparticles shows that there is a specific gene expression
profile depending on the material and its concentration, likely due to
ingestion and metal uptake. Although the stress response was altered
after a short exposure time (36 h), the detoxification mechanisms
seemed to be not activated.

The environmental significance of the present study lies within the
relevant concentrations used, especially for tire rubber. This opens
questions about the significance of tire rubber contamination in fresh-
waters, although the short exposure time we used does not allow us to
conclude on ecosystem effects. However, it suggests for additional
research with longer exposure times, multiple generations and lower
concentrations. Our data support the utility of molecular tools to analyse
the effect of microplastics and highlight the risk that these emergent
contaminants supposed to freshwater ecosystems, mainly by their effects
in the basal links of the food web.
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