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Abstract

The activation of insects” immune system due to the ingestion of microplastics (MPs)
has only been evidenced by the upregulation of specific genes. The activation of
phenoloxidase (PO) system is one of the primary responses involved in insects' innate
immunity when facing parasites and pathogens, and ingestion of MPs can trigger a
similar process. This study aimed at addressing the activities of basal PO and total PO
(PO+ prophenoloxidase - proPO), in Chironomus riparius larvae (a model species in
ecotoxicology) exposed to sediments spiked with polyethylene microplastics (PE-MPs;
size-range 32-63 um; concentrations: 1.25; 5; to 20 g kg™*) for 48 h.

The ingestion of PE-MPs by larvae triggered a significant increase of basal PO activity
at 5 and 20 g PE-MPs kg™, by 26 and 29%, respectively, whereas total PO increased
significantly in the latter (+48%), suggesting de novo synthesis of proPO by organisms.
Considering the particle size, the immune response's activation is probably linked to
damage in the epithelial cells of the gut lumen. This research work provides the first

evidence on the activation of the insect's innate immune system after ingestion of MPs



and underlines the PO activity as a good indicator of the immune response induced by

MPs' ingestion.
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1. INTRODUCTION

The ingestion of microplastics (MPs) by freshwater benthic invertebrates, particularly
detritivore-collector species, such as chironomid larvae and lumbriculids, has been
previously observed and characterised (Scherer et al., 2017, 2019; Ziajahromi et al.,
2018; Silva et al., 2019, 2021a). Although MPs ingestion rarely results in significant
mortality in such invertebrates, it can reduce somatic growth (Silva et al., 2019) and
developmental rates (Ziajahromi et al., 2018; Silva et al., 2019; Silva et al., 2021b). The
observed impairments on organisms’ life-history traits suggest that MPs' ingestion can

reduce feeding and/or alter resource trade-offs between maintenance and growth



processes. In fact, ingestion of MPs seems to cause gut clogging or abdominal
distention, particularly in chironomids which ingest high quantities of MPs (Nel et al.,
2018; Silva et al., 2019), which could have affected feeding and digestion processes;
thus, resulting in a deficit on energy acquisition/assimilation (Avio et al., 2015;
Ziajahromi et al., 2018). Such energy constraints can partially explain why chironomids
failed to prevent oxidative stress and damage (Silva et al., 2021a). In addition, the
potential inflammation processes and activation of immune responses in organisms that
ingest and accumulated MPs may also increase the energy requirements and add
additional pressure on energy reserves that are being affected by suppressed feeding

activity (Silva et al., 20214, 2021b).

The activation of the immune responses due to exposure to MPs have only been
suggested by the upregulation of genes related to the immune system as observed in
mussels and oysters (Détrée & Gallardo-Escarate, 2017, 2018; Gardon et al., 2020), and
with the increased phagocytic activity of particles smaller than 10 um as observed in
polychaeta (Browne et al., 2013; Wright et al., 2013) and bivalves (Avio et al., 2015;
Pittura et al., 2018). However, the pathway through which MPs elicit these sub-cellular
responses is poorly documented, particularly in sediment-dwelling invertebrates that
ingest a significant amount of MPs (Wright et al., 2013; Ziajahromi et al., 2018; Silva et
al., 2019, 2021a; Khosrovyan & Kahru, 2020; Stankovi¢ et al., 2020). This study
hypothesised that the retention or blockage of MPs in organisms’ gut, particularly of
particles larger than 10 um and cannot be phagocyted, may cause
mechanical/proteolytic damage in the epithelial cells of the gut lumen. Since the gut
epithelium is an immunologically active tissue that produces PO (Wilson et al., 2001) is
likely that the damage signals (by-products generated during mechanical/proteolytic

damage) will trigger the activation of PO system (Krautz et al., 2014).



The activation of phenoloxidase (PO) is one of the mechanisms involved in
invertebrates innate immune system, ultimately leading to encapsulation followed by
melanisation of pathogens, parasitoids, damaged tissues (Davis and Engstrom, 2012;
Gonzéalez-Santoyo & Cdrdoba-Aguilar, 2012), and potentially MPs. Phenoloxidase
system is controlled by an inactive zymogen prophenoloxidase (proPO), mostly
synthesised in haemocytes (Cerenius & Sdderhall, 2004) and activated to PO by
numerous microbial surface components, such as peptidoglycans, p-1,3-glucan,
lipopolysaccharide, and zymosan (Smith et al., 1984; Eleftherianos & Revenis, 2011)
via controlled proteolysis controlled by the action of a serine protease cascade
(Eleftherianos & Revenis, 2011). The PO activation ultimately leads to a melanisation
process (Gonzalez-Santoyo & Cordoba-Aguilar, 2012). Phenoloxidase activity has been
used as a biomarker of the immune response of several invertebrate species to organic
contaminants, generally measured in haemolymph samples of organisms (Lee et al.,
1998; Lilley et al., 2012; Yousefi-Lardeh & Zibaee, 2020). However, more recently,
whole-body samples of chironomids were also used to assess the immune response of
larvae to bioinsecticides (Bordalo et al., 2020) and ultraviolet filters (Mufiiz-Gonzéalez
& Martinez-Guitarte, 2020). Moreover, PO has also been used as a proxy for disease
resistance of several invertebrate species (Cotter & Wilson, 2002; Aladaileh et al., 2007;

van Ooik et al., 2007, 2008; Lilley et al., 2012).

Therefore, this study aimed to assess if microplastics (foreign and inert particles)
ingested by insects trigger an immune response through the in vivo activation of
phenoloxidase system. For this purpose, Chironomus riparius (Diptera: Chironomidae)
was used as test species because its larvae are known to ingest and retain, in their gut, a
considerable number of MPs (Silva et al., 2019, 2021a). C. riparius larvae were

exposed for 48 h to irregularly-shaped polyethylene microplastics (PE-MPs; 32 to 63



pum), one of the most found in freshwater sediments, and considering concentrations
previously determined in field-sediments (9 g kg™; Hurley et al., 2018) up to a worst-
case scenario (20 g kg™). Moreover, in order to confirm that the ingestion of MPs
triggered a true PO system by larvae, PO inhibition was estimated using an inhibitor of
true PO, phenylthiourea (PTU). The activity of PO measured in whole-body samples
was also optimised and characterised using in vitro activation by chymotrypsin as well
as the response and sensitivity to pathogen-associated molecular patterns (PAMPS) such

as lipopolysaccharide (LPS) and zymosan (Z5s).
2. MATERIALS & METHODS
2.1. Chironomus riparius culture conditions

Chironomus riparius were cultivated and maintained under controlled conditions at the
Department of Biology, University of Aveiro. Organisms were reared in glass aquaria
containing fine inorganic sediment (<1 mm), previously burnt at 500 °C (5h), and
American Society for Testing and Materials (ASTM) hard water medium (ASTM,
1980). The culture room was kept at 20 = 1 °C and under a photoperiod of 16 h light
under constant aeration. Food was provided every two days in the form of macerated

commercial food fish TetraMin® (Tetrawerke, Melle, Germany).
2.2. Detection and characterisation of phenoloxidase (PO)
2.2.1. Homogenisation and isolation of the samples

Fourth instar C. riparius larvae (twelve-days old) were selected and used to characterise
the PO system. For all determinations, each sample consisted of fifteen larvae that were
cultivated in a separate container, being collected in the twelfth day, rinsed, quickly
dried on filter paper, being subsequently frozen in liquid nitrogen and stored at -80 °C

until further analysis. Briefly, samples were homogenised by sonication (Branson



SONIFIER 250) on ice and using 0.2 M phosphate buffer pH=7.4 (3200 pL).
Homogenates were then centrifuged for 20 minutes at 9000 g (4 °C). After

centrifugation, the supernatant was collected and reserved on ice.
2.2.2. Basal PO and total PO activity: activation of proPO using chymotrypsin

Five samples comprising 30 pL each of the above-mentioned supernatant were
incubated for 10 minutes in the absence (50 pL of Milli-Q water); and presence of
chymotrypsin (CAS Number: 9004-07-3 from Sigma-Aldrich) (50 pL of 0.5 mg
chymotrypsin mL™), and 100 pL of 0.2 M phosphate buffer pH=7.4 at 25 °C. After
incubation, 100 pL of sodium cacodylate (CAS Number: 6131-99-3 from Sigma-
Aldrich) (CAC, 10 mM) buffer (pH 7.4) and 20 pL of L-DOPA (CAS Number: 59-92-7
from Sigma-Aldrich) (200 mM) were added (Pang et al., 2004), to start the reaction.
Reaction blanks were added and consisted of phosphate buffer in substitution of the
sample. Half of the replicates (of the same sample) were incubated in the presence of
chymotrypsin, whereas the other half was incubated in its absence. After the addition of
L-DOPA, the absorbance was instantly read at 490 nm (time 0) and monitored for up to
6 hours. Each sample was tested four times (technical replicates) for higher accuracy.
All microplate readings were performed on Thermo Scientific Multiskan Spectrum
microplate reader. The enzymatic activity was expressed as units (U), with one unit

defined as 0.001 OD (Optical Density) change per mg protein (Pang et al., 2010).
2.2.3. Inhibition of basal PO and total PO by phenylthiourea (PTU)

Larval basal PO was also analysed in the presence of a widely applied PO inhibitor —
the phenylthiourea (PTU), which inhibition achieves a high percentage when facing a
true PO (Asokan et al., 1997; Pang et al., 2005). Five samples (30 uL each) were added
in quadruplicate (four technical replicates for each sample) and incubated in the absence

(50 pL of Milli-Q water) and presence of chymotrypsin (50 puL of 0.5 mg chymotrypsin



mL™). Each condition was then tested in the absence and presence of PTU. To test PO
inhibition by PTU, 100 pL of PTU solution (0.1 mg mL™ PTU in 2 M phosphate buffer
pH 7.4) (Hellio et al., 2007), and incubated for 10 min at 25 °C. In the samples tested
for the absence of PTU, the same volume of phosphate buffer (2 M, pH 7.4) was added
before incubation. After incubation, 100 pL CAC buffer (10 mM, pH 7.4) were added
to the samples, followed by 20 uL of L-DOPA (200 mM) (Pang et al., 2004). Reaction
blanks consisted of the replacement of the sample by 30 uL of phosphate buffer. The
incubation and remaining procedure were performed as explained above for each
condition (e.g., presence and absence of PTU). After the addition of L-DOPA, the
absorbance was instantly measured (time 0) at 490 nm and monitored for up to 6 hours.
PO activity was expressed as U min™ mg protein™.
2.2.4. Effects of the addition of zymosan (Zs) and lipopolysaccharides (LPS) on

PO activity

Four samples consisting of 30 pL of homogenate were added to a microplate containing
50 pL of Milli-Q water in the absence (100 pL of 2 M phosphate buffer pH=7.4) and
presence of zymosan (CAS Number: 58856-93-2 from Sigma-Aldrich) (100 pL of 0.1
mg mL™ zymosan in 2 M phosphate buffer pH=7.4). The microplate was then incubated
at 25 °C for 10 min. After incubation, 100 pL CAC buffer (10 mM, pH 7.4) and 20 pL
of L-DOPA (200 mM) (Pang et al., 2004) were added. Reaction blanks were performed
by replacing the sample volume with phosphate buffer (30 pL) followed by incubation
as explained above. Four samples (30 pL of the homogenate) were added to a
microplate performing four technical replicates per sample, followed by the addition of
Milli-Q water (50 pL) in the absence (100 puL of 2M phosphate buffer pH=7.4) and
presence of LPS solution (100 uL of LPS solution- 1 mg mL™, in 2M phosphate buffer

pH=7.4) and incubated for 10 min at 25 °C. After incubation, CAC buffer (100 pL of 10



mM, pH 7.4) and L-DOPA (20 pL of 200 mM L-DOPA) were added (Pang et al.,
2004). Reaction blanks were performed by replacing the volume of the sample with an
equal volume of phosphate buffer followed by incubation as explained above. After the
addition of L-DOPA, the absorbance was instantly measured (time 0) at 490 nm and
monitored for up to 48 hours. PO activity was expressed as U min™ mg protein™.

2.3. Basal PO and total PO after ingestion of microplastics

2.3.1. Short-time exposure to polyethylene microplastics (PE-MPS)

contaminated sediment

The exposure of fourth instar Chironomus riparius larvae to PE-MPs followed the
procedures of previous studies (Silva et al., 2019, 2021a). Briefly, C. riparius larvae
(12-day old) were exposed for 48 h to three PE-MP concentrations (1.25 - 5 - 20 g kg™
dry sediment) of PE-MPs pool of small-sized particles (32-63 pum; CAS Number: 9002-
88-4 from Sigma-Aldrich UK). The PE-MP concentrations and size range were based
on previous studies in which cellular and organismal level effects were described thus
allowing for an integrative discussion of the obtained results (Silva et al., 2019, 2021a).
Each PE-MP condition plus a control treatment (uncontaminated inorganic sediment)
was prepared to contain seven replicates. Each replicate consisted of fifteen larvae
exposed to PE-MPs. For exposure, PE-MPs were directly mixed (except for control
treatment) in the sediment (50 g of fine sediment <Imm) and 150 mL of ASTM hard
water. During the experiment, no food was offered to the larvae. After the exposure
period (48 h), larvae were gently collected from the sediment, briefly rinsed (Milli-Q
water) to minimize the possibility of having microplastics adhered to the larval cuticle.
After rinsing, larvae were instantly dried (using filter paper), they were weighed (fresh
weight. — FW) and subsequently frozen in liquid nitrogen, being stored at —80 °C until

further analysis.



2.3.2. Determination of basal PO and total PO in PE-MPs exposed larvae

Samples were homogenised by sonication (on ice) using 0.2 M phosphate buffer
pH=7.4 (3200 pL), and homogenates were then centrifuged for 20 minutes at 9000 g (4
°C). After centrifugation, the supernatant was collected and reserved on ice. Each
sample (30 pL) was incubated 10 minutes in the absence of chymotrypsin (using 50 pL
of Milli-Q water) and in the presence of chymotrypsin (using 50 pL of 0.5 mg mL"
chymotrypsin) for the determination of basal PO and total PO (PO+ProPOQ) activity,
respectively. After incubation, 100 pL of sodium cacodylate (CAC, 10 mM) buffer (pH
7.4) and 20 uL of L-DOPA (200 mM) were added to start the reaction. Reaction blanks
were added and consisted of phosphate buffer (0.2 M, pH= 7.4) in substitution of the
sample. Half of the replicates (of the same sample) were incubated in the presence of
chymotrypsin, whereas the other half was incubated in its absence. After the addition of
L-DOPA, the absorbance was instantly read at 490 nm (time 0) and monitored for up to
6 hours. Each sample was tested four times (technical replicates) for higher accuracy.
The enzymatic activity was expressed as U, being one unit defined as 0.001 OD
(Optical Density) change per mg protein (Pang et al., 2010).

2.4. Protein determination

The determination of the protein levels on each sample followed the method described

by Bradford (Bradford, 1976), adapted for microplate reader.
2.5. Data analysis

Data analyses were performed using one-way analysis of variance (ANOVA), followed
by Dunnett’s post hoc test or using t-tests to identify significant differences between
each condition tested and the respective control or between two conditions of the assay,
respectively. The type of analysis is also signalised in the figure caption. The

homoscedasticity and normality of data were assessed using Bartlett’s and Brown-—



Forsythe tests and residual probability plots. The significance level was set at p < 0.05
for all statistical tests. GraphPad Prism version 6.00 for Windows (GraphPad Software,

La Jolla, California, USA) was used for statistical analyses.
3. RESULTS
3.1. Basal PO and proPO activation by chymotrypsin

Values of PO activity (2.97 = 0.92 Units/min/mg protein) on larvae of Chironomus
riparius were significantly lower (tg=5.568, p=0.0005) than the activity of total PO
(9.34 + 2.39 Units/min/mg protein) determined in the presence of 0.5 mg mL™
chymotrypsin (Figure 1). This significant increase in the activity of total PO
(PO+proPO) by chymotrypsin compared to basal PO (+218 + 9%) suggests activation

of ProPO by chymotrypsin through proteolysis of proPO (Figure 1).

Phenoloxidase (PO) activation
by chymotrypsin
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104 T
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Fig. 1. Basal Phenoloxidase (PO) activity in the absence of chymotrypsin and total PO
(PO+ProPO) after activation by 0.5 mg mL™ chymotrypsin in fourth instar larvae of
Chironomus riparius. Values are presented as mean of five samples £ SEM. *

symbolizes a significant difference compared to control (0) treatment at p < 0.05 (t-test).



3.2. Inhibition assay of basal PO activity by phenylthiourea (PTU)

The PTU significantly inhibited basal PO activity (tg=3.571, p<0.0073) and total PO
(te=8.358, p<0.0001) compared to control (Figure 2A and B). The presence of 0.1 mg
mL™* PTU inhibited ~50 + 10% the activity of basal PO and more than 95 + 1%,
showing that all total PO measured in larvae of Chironomus riparius is due to a true PO

activity (Figure 2B).
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Fig. 2. Effect of PTU (0.1mg mL™) on A: basal phenoloxidase (PO) (absence of
chymotrypsin) and B: total PO (PO+ProPO; 0.5 mg mL™ chymotrypsin) activities of
Chironomus riparius. Values are presented as the mean of five samples + SEM. *

symbolizes a significant difference compared to control (0) treatment at p < 0.05 (t-test).

3.3. Effects of zymosan (Zs) and lipopolysaccharides (LPS) on basal PO and

proPO activation

Significant increases of basal PO were observed on larvae of C. riparius after in vitro
treatment with 1 mg mL™ LPS (t =5.849, p=0.0011; Figure 3A) and 0.1 mg mL™ Zs (t
(6)=3.156, p=0.0197; Figure 3B) compared to respective control. Basal phenoloxidase

activity increased 100 £ 13 % in the presence of LPS and 52 + 23 % in the presence of



zymosan, suggesting activation of PO system in the presence of bacterium and fungi

components (Figure 3A, B).

A: Basal PO activity after in vitro incubation with LPS B: Basal PO activity after in vitro incubation with Zs
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Fig. 3. Basal phenoloxidase (PO) activity on homogenates of Chironomus riparius larvae
after in vitro exposure to 1mg mL™ lipopolysaccharides (LPS) (A) and 0.1 mg mL™
zymosan (Zs) (B). Values are presented as the mean of four samples + SEM. *

symbolizes a significant difference compared to control (0) treatment at p < 0.05 (t-test).

3.4. Basal PO and total PO activities in Chironomus riparius larvae exposed to

PE-MPs

Basal phenoloxidase activity was significantly increased in larvae exposed to 5 and 20 g
kg' PE-MPs compared to control (F23= 5,251, p=0.0066, Figure 4), reaching
increases of 26 + 8 % and 29 + 7 %, respectively. The activity of total PO was
significantly increased (48 + 9 %) in larvae exposed to the highest concentration of PE-
MPs (20 g kg™) tested compared to total PO activity of control (Fe23= 9,071, p=
0.0004, Figure 4). Moreover, and considering all treatment conditions, the total PO
activity was always significantly higher than basal PO activity (t=6.130, p=0.0009).
1

The activity of total PO observed in larvae of control and exposed to 1.25 and 5 g kg

was 6,41+0,33; 6,95+1,22 and 6,87+0,77 Units/min/mg protein, respectively,



representing activation of +177; and +108 compared to basal PO activity, respectively.
The activity of total PO observed in larvae exposed to 20 g kg™t was 9,50+ 1,92
Units/min/mg protein representing activation of +182 % compared to basal PO activity.
The increased total PO activity (Figure 4) shows the activation of almost all existent
proPO (+182%) and suggests its de novo synthesis (+48%).

Basal PO and Total PO activities
after in vivo exposure to polyethylene microplastics

141
1 Basal PO

1219 B Total PO (PO+ProPO)
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[N)
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Hix
i+

PE concentration (g kg’1 sediment)

Fig. 4. Activities of basal phenoloxidase (PO) and total phenoloxidase (PO+proPO) in
larvae of Chironomus riparius after in vivo exposure to PE-MPs (0, 1.25, 5 and 20 g kg™
dry sediment). Values are the mean of seven replicates performed in quadruplicated +
SEM and expressed as Units/min/mg protein. * represents significant statistical
differences (p<0.05) from control (PO) and (+) represents statistical differences from

control (total PO).



4. DISCUSSION
4.1. Phenoloxidase system in Chironomus riparius

The present study showed that phenoloxidase activity in C. riparius larvae (whole-body
homogenates) was activated by chymotrypsin. In fact, in vitro activation of proPO by
chymotrypsin was previously observed using whole-body samples of larvae of
Chironomus riparius (Bordalo et al., 2020). However, the characterisation of this
activity was not carried out by studying the effect of specific inhibitors of true type o-
diphenoloxidase. Our results show that the typical o-diphenoloxidase inhibitor — PTU —
significantly inhibited the activity of not only total PO (> -95 %) but also PO activity (~
-50%), which confirms the occurrence of PO system in C. riparius (Hellio et al., 2007)
and that the measured PO activities of whole-body samples of larvae result mainly from
a true type of o-diphenoloxidase. Phenoloxidase system is a key element of the immune
response of many insects (Gonzélez-Santoyo & Cérdoba-Aguilar, 2012), including C.
riparius (Lilley et al., 2012). As in all insect species (Ashida & Brey, 1995), C. riparius
larvae hold a latent pro-enzyme (proPO). ProPO is activated by a cascade of enzymatic
reactions that include pattern recognition proteins, proteinases, and regulatory factors
(Cerenius & Soderhall, 2004). Moreover, this PO system was significantly increased in
C. riparius larvae homogenates by the presence of LPS (+100.35 %) and Zs (+52.04 %)
in vitro, confirming that phenoloxidase present in the homogenates is activated in the
presence of bacterial and fungal PAMPs. This fact is in good agreement with a previous
work that reported increased PO activity on whole-body samples of larvae of C.
riparius exposed to bioinsecticides based on bacterial and fungal components (Bordalo
et al., 2020). Other studies using haemolymph of insects exposed to bacteria, fungi, and
viruses also showed an increased PO activity (Gotz et al., 1987; Staczek et al., 2020).

The use of whole-body measurement of phenoloxidase allows for simultaneous



determination of several other parameters since it only needs a small volume aliquot of
the homogenate and also reduces the number of organisms needed for the measurements
of phenoloxidase activity.

4.2. Effects of PE-MPs on C. riparius PO system and potential physiological

costs

The novelty of this study was the unequivocal activation of the immune system of
larvae of C. riparius expressed in the PO system activation, probably triggered after
mechanical damage caused by PE-MPs in their gut. Fourth instar C. riparius larvae are
known to present a significant number of PE-MPs in their gut after 48 h exposure,
which can be dependent on PE-MP concentration in the sediment if the particles size is
compatible with larval mouth apparatus for their ingestion (up to ~2400
particles/organism, with the size range of 32-64 um) (Silva et al., 2021a). The presence
(and previously suggested potential accumulation) of such PE-MPs in the larval gut
triggered the activation of the immune system of C. riparius observed as increased
activity of PO in exposed organisms (PO system activation) to PE-MPs concentrations
equal or higher than 5 g kg™. The activation of this immune response occurred in larvae
that ingested large amounts of PE-MPs (>2000 PE-MPs/larvae) (Silva et al., 2021a).
Furthermore, the total PO's increased activity was observed on larvae exposed to 20 g
kg™, suggesting the possibility of de novo synthesis of proPO. Additional ProPO
synthesis indicates a possible attempt to refuel the zymogen levels, capable of being
readily activated in the active form (PO) to be involved in the melanisation process.
Likewise, increased levels of proPO after infection have already been reported in insects
(Gillespie et al., 2000). The here observed activation of PO together with possible de
novo synthesis of ProPO may indicate a stronger stimulation of immune response on

larvae exposed to the highest concentration of PE-MPs (20 g kg™). This possibility is in



good agreement with the maximum ingestion of PE-MPs (up to ~2400 PE-MPs/larvae)
previously observed, related to potential gut passage block or retention (Silva et al.,

2021a).

The activity of phenoloxidase and activation of the inactive form ProPO can be
associated with encapsulation of foreign particles and/or immune response after
mechanical damage to the epithelial cells of the gut lumen of larvae. The encapsulation
of foreign bodies, like MPs into nodules, i.e., granulocytomas, has been observed after
short exposure to MPs (size: < 10 um) in the mussel Mytilus edulis (Von Moos et al.,
2012). However, the MPs ingested by C. riparius were generally too large to cross the
gut lumen and be encapsulated in the haemolymph (size range 32-63 pum). Thus, the
observed immune response translated in basal and total PO activation after the ingestion
of PE-MPs may be linked to damage to the gut epithelium, which is a recognised
immunologically active tissue (Wilson et al., 2001; Krautz et al., 2014). Mechanical
damage to gut epithelium can also activate other components of the immune system,
namely, haemocytes, which are involved in wound repair (Rowley & Powell, 2007;
Grizanova et al., 2014). Several other studies have described immune responses mainly
through increased phagocytic activity after exposure to MPs (Von Moos et al., 2012;
Wright et al., 2013; Avio et al., 2015; Rodriguez-seijo et al., 2017). Moreover, a
potential damage in epithelial gut’ cells can also represent an entrance door for
pathogens present in the gut, allowing them to enter the main body cavity. In response
to this entrance, the immune system can also be activated, and the pathogens generally

phagocytosed by immune cells (Rowley & Powell, 2007).

The damage of tissues inside the intestinal tract of invertebrates induced by
microplastics has been associated with increased oxidative stress (Magara et al., 2019).

The activation of PO system for the melanisation process involves the production and



release of quinones, phenols, and reactive oxygen species (ROS) by hemocytes and can
even harm the host if produced in excess (Siva-Jothy et al., 2005; Saad and Siva-Jothy,
2006; Gonzalez-Santoyo & Cordoba-Aguilar, 2012; Stahlschmidt et al., 2015). The
increased production of ROS as a product of PO activation may partially explain the
alteration in antioxidant capacity and subsequent oxidative damage observed in C.
riparius larvae exposed to similar-sized PE-MPs (Silva et al., 2021a). This possibility
has already been suggested after the reported oxidative damage that was linked to
possible gut passage blocking and probable prolonged residence time of inert particles

inside C. riparius larval gut (Scherer et al., 2017; Silva et al., 2021a).

It is thus clear that induction of the immune challenge triggered by MPs can further
increase the energy constraints suffered by organisms since energy is diverted from
growth/reproduction to maintenance, i.e., to sustain multiple energetically expensive
processes related to melanogenesis and other cellular responses (Olsen et al., 2015;
Wolowczuk et al., 2008) and thus may imply physiological costs (Siva-Jothy et al.,

2005).

Physiological costs of immune responses and increased phenoloxidase activity were
shown before as the reduced growth of the damselfly Coenagrion puella exposed to
non-pathogenic bacteria (Janssens & Stoks, 2014), and the reduced longevity of the
beetle, Tenebrio molitor after insertion of a inert sterile nylon monofilament (Armitage

et al., 2003).

The activation of the innate immune response induced by MPs ingestion (here
confirmed by the PO activation); the possible de novo synthesis of prophenoloxidase;
the production of ROS and associated mechanisms of infection tolerance (e.g.,
glutathione synthesis to cope with increased ROS) are all energy-demanding processes

that can carry physiological costs and affect life-history traits of the organisms. In fact,



reductions in growth, altered development rates or in reproduction have been observed
before in Chironomus tepperi (Ziajahromi et al., 2018), Chironomus riparius (Scherer
et al., 2019; Silva et al., 2019; Khosrovyan et al., 2020; Stankovi¢ et al., 2020), and
Hyalella azteca (Au et al., 2015) after exposure to MPs at similar concentrations as
tested here. These effects are, at least in part, a likely consequence of the costs
associated with the activation of immune response after mechanical damage induced by

MPs.
5. Conclusions

This investigation provides the first evidence of the activation of insects’ innate immune
system in response to foreign agents such as MPs. The ingestion and retention of MPs
in C. riparius larval gut induced the immune response through the activation of
phenoloxidase (PO) system. However, the size of the PE-MPs ingested by C. riparius
larvae was considerably large to cross biological barriers; thus, the activation of
immune response — PO activation and the subsequent melanin production is probably

linked to mechanical/proteolytic damage of the gut epithelium rather than endocytosis.

PO activation and melanisation processes are linked to ROS production, consequent
oxidative stress, and increased energy expenditure, which might explain the deleterious
effects in life-history traits observed in C. riparius. Changes in the immune system,
energy metabolism and antioxidant defences induced by MPs might increase the
susceptibility to further deal with pathogens, other pollutants, and abiotic stressors,

compromising population fitness under natural conditions.

Additional studies, including co-exposure of different polymer-type MPs and
pathogens, can be interesting to investigate immune responses under realistic exposure
scenarios and its physiological consequences for invertebrates. It is also of great

importance to further understand which damage signals might be involved in the



activation of PO isoforms in C. riparius after ingestion of MPs using omics approaches
and analysis of gene expression (Reverse Transcription Polymerase Chain Reaction -
RT-PCR) to confirm/corroborate de novo synthesis of prophenoloxidase and ratio of
basal PO and total PO. Finally, the innate immune responses would be important
sensitive endpoints to assess the effects of nanoplastics that, besides their potential
physical damage to gut epithelium, might also be internalised by cells and accumulate

in different tissues.
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Highlights

e Phenoloxidase was characterized in Chironomus riparius larvae whole-body
homogenates

¢ Phenoloxidase activity was induced by ingestion of microplastics in C. riparius
larvae

e Immune responses can be sensitive indicator of the sub lethal effects induced by
microplastics ingestion





