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ARTICLE INFO ABSTRACT

Keywords: Along with traditional ecotoxicological approaches in model organisms, toxicological studies in non-model or-
Transcriptional biomarker ganisms are being taken into consideration in order to complement them and contribute to more robust ap-
Detoxification

proaches. This allows us to figure out the complexity of the exposures involved in natural ecosystems. In this
context, in the present research we have used the model species Chironomus riparius (Chironomidae, Diptera) and
the non-model species Prodiamesa olivacea (Chironomidae, Diptera) to assess the aquatic toxic effects of acute 4-h
and 24-h exposures to 1 pgL™! of three common environmental pollutants: butyl benzyl phthalate (BBP),
bisphenol A (BPA), and benzophenone 3 (BP3). Individuals of both species were collected from a contaminated
river (Sar) in Galicia (Spain).

Regarding Chironomus, there are four OECD standardized tests for the evaluation of water and sediment
toxicity, in which different species in this genus can be used to assess classical toxicity parameters such as
survival, immobilization, reproduction, and development. In contrast, Prodiamesa is rarely used in toxicity
studies, even though it is an interesting toxicological species because it shares habitats with Chironomus but
requires less extreme conditions (e.g., contamination) and higher oxygen levels. These different requirements are
particularly interesting in assessing the different responses of both species to pollutant exposure.

Quantitative real-time PCR was used to evaluate the transcriptional changes caused by xenobiotics in different
genes of interest. Since information about P. olivacea in genomic databases is scarce, its transcriptome was ob-
tained using de novo RNAseq. Genes involved in biotransformation pathways and the oxidative stress response
(MnSOD, CAT, PHGPx, Cyp4g15, Cyp6al4-like and Cyp6a2-like) were de novo identified in this species. Our results
show differential toxic responses depending on the species and the xenobiotic, being P. olivacea the dipteran that
showed the most severe effects in most of the studied biomarker genes.

This work represents a multi-species approach that allows us to deepen in the toxicity of BBP, BPA, and BP3 at
the molecular level. Besides, it provides an assessment of the tolerance/sensitivity of natural populations of
model and non-model insect species chronically exposed to complex mixtures of pollutants in natural scenarios.
These findings may have important implications for understanding the adverse biological effects of xenobiotics
on P. olivacea, providing new sensitive biomarkers of exposure to BBP, BPA, and BP3. It also highlights the
suitability of Prodiamesa for ecotoxicological risk assessment, especially in aquatic ecosystems.

Oxidative stress
Emergent pollutants
Sentinel organism
Endocrine disruptor

1. Introduction disrupt the physical or biological components of the aquatic environ-

ments, and can lead to shifts in the viability of their populations. Among

Water pollution can be caused in many ways, including direct
sources such as effluent outfalls (from factories, waste treatment plants,
etc.), and indirect sources in which contaminants enter the aquatic
systems from soils or groundwater systems and the atmosphere via
rainwater. Substances such as fertilizers, pesticides, herbicides, and a
wide variety of toxic chemicals enter the dynamics of the ecosystems,
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the polluting substances, those that are most persistent in the environ-
ment often give rise to a particular concern, since the effects resulting
from their exposure can be prolonged over time. In this regard, butyl
benzyl phthalate (BBP), bisphenol A (BPA), and benzophenone 3 (BP3)
are ubiquitous contaminants whose presence in the environment is ex-
pected for decades.

Received 3 March 2020; Received in revised form 30 July 2020; Accepted 3 August 2020

Available online 13 August 2020
0166-445X/© 2020 Elsevier B.V. All rights reserved.


mailto:rplanello@ccia.uned.es
www.sciencedirect.com/science/journal/0166445X
https://www.elsevier.com/locate/aqtox
https://doi.org/10.1016/j.aquatox.2020.105593
https://doi.org/10.1016/j.aquatox.2020.105593
https://doi.org/10.1016/j.aquatox.2020.105593
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquatox.2020.105593&domain=pdf

L. Llorente et al.

The primary use of BBP is as a softener (plasticizer) in PVC products,
but it is also used in sealants, adhesives, paints, inks and lacquers, car
care products, cosmetics, food conveyor belts, or vinyl gloves (CPSC,
2010; EC, 2007). Based on its widespread use worldwide, it is considered
a global pollutant. According to Annex I of Directive 67/548/EEC, this
substance is classified as toxic to reproduction in humans, capable of
damaging the unborn child and with a possible risk of causing infertility.
It is further classified as very toxic to aquatic organisms, and susceptible
to cause long-term adverse effects in aquatic environments (EC, 2007;
EFSA, 2019). Alterations caused by BBP in the ecdysone hormone
pathway, the cellular response to stress, the energy metabolism, and
several detoxification mechanisms have been described in Chironomus
riparius larvae (Herrero et al., 2015; Planello et al., 2011).

BPA is also considered a ubiquitous pollutant. It is mainly used in the
manufacture of polycarbonate plastics, epoxy resins, or thermal papers,
and its release to the environment can occur from long-life materials
used in flooring, furniture, toys, construction, curtains, foot-wear,
leather products, paper and cardboard products, electronic equipment
(ECHA, 2020a). BPA is classified as toxic for reproduction, and also as a
skin-sensitizing product and an endocrine-disrupting chemical. Based on
its toxic properties, in recent years, its use in toys, thermal paper, and
materials in contact with food has been restricted (ECHA, 2020b). Itis a
representative endocrine disruptor in both vertebrate and invertebrate
species, including chironomids (Lee and Choi, 2007; Planello et al.,
2008).

BP3 is one of the most frequently used UV filters, and it is also
included in a variety of products to protect them from light damage. Due
to the extensive use of sunscreens, it has been detected in natural water,
sediments, and even in tap water (Kim and Choi, 2014; Ramos et al.,
2015). Although the compound displays a low acute toxicity profile (EC,
2008), it is currently under assessment due to its endocrine-disrupting
properties (ECHA, 2020c). In recent years, some studies tried to eluci-
date the molecular effects of BP3 in C. riparius, and alterations on rele-
vant genes (related to the endocrine system, detoxification mechanisms,
and the stress response), enzyme activities (immune system, oxidative
stress), and the emergence and development rates have been described
(Campos et al., 2019; Martin-Folgar et al., 2018; Muniz-Gonzalez and
Martinez-Guitarte, 2020).

The selection of appropriate protocols for the study of contaminants
in invertebrates is one of the priority objectives for the evaluation of
their environmental impact (OECD, 2006). Species selection should be
based on the ecological relevance of the group of invertebrates to which
they belong, and the existence of standardized tests. Macroinvertebrates
are useful organisms in water quality monitoring, and their presence or
absence are indicators of the degree of contamination (Gresens et al.,
2009). In this group of animals, the use of chironomids as bioindicators
have significantly increased in the last decades (Arimoro et al., 2018;
Ospina-Pérez et al., 2019; Rosenberg, 1992). Chironomids are critical
elements for the functioning of freshwater ecosystems, as they sustain
higher trophic levels and contribute to the carbon cycle in streams and
rivers. The group includes relevant species in ecotoxicology and is at the
base of the trophic chain of aquatic ecosystems. Besides, their benthic
nature makes them especially suitable, since some pollutants tend to
accumulate in the sediments of inland waters. Due to that, certain
developmental stages within their life cycle are particularly vulnerable
to environmental stressors, and chronic exposures during these critical
periods may have irreversible consequences (Weis, 2014).

The status of the organisms and their biological responses are used in
ecotoxicology studies to determine water quality. In this regard,
different internationally standardized tests using Chironomus species
have been widely used to assess the quality of water and sediment
samples (OECD, 2011, 2010, 2004a,b). This benthic species is ubiqui-
tously distributed in the Northern hemisphere at temperate latitudes,
and very easy to maintain in the laboratory, usually in organically
enriched water (Charles et al., 2004). Several ecotoxicity studies have
been carried out with this species, using both natural populations (Im
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et al.,, 2019; Khosrovyan and Kahru, 2020; Lee and Choi, 2007), or
laboratory cultures (Arambourou et al., 2020, 2019; Ding et al., 2011;
Herrero et al., 2016; Lee et al., 2009; Planell¢ et al., 2011). Alterations in
growth, fecundity, sex ratio, genotoxicity, expression levels of relevant
genes (related to the stress response, the hormonal system, and the
detoxication metabolism; e.g., CypP450, EcR, GST, Hsp70), and antiox-
idant enzymatic activities (e.g., CAT, GPx, GST, SOD) have been
described in C. riparius after exposure to heavy metals, UV filters, BPA,
or pesticides, among others (Herrero et al., 2015; Ilkova et al., 2017;
Monteiro et al., 2019; Muniz-Gonzalez and Martinez-Guitarte, 2018;
Planello et al., 2008). Other species, such as Chironomus tentans, Chiro-
nomus plumosus, or Chironomus prasinus, have also been used for eco-
toxicity studies (Meehan et al., 2014; Sanchez et al., 2005; Sanchez and
Tarazona, 2002; Tang et al., 2018). These approaches have acquired
great importance in recent years, thanks to improvements in laboratory
protocols (Arambourou et al.,, 2019; Martinez-Paz et al., 2017;
Muniz-Gonzalez and Martinez-Guitarte, 2020).

Prodiamesa olivacea (Chironomidae; Diptera) is an aquatic dipteran
that has the same ecological niche than C. riparius, although P. olivacea
usually lives in less extreme conditions and requires higher environ-
mental oxygen levels (Servia et al., 1998). Few studies with Prodiamesa
species describe their sensitivity to polluted environments (Ilkova et al.,
2018; Michailova et al., 2003; Servia et al., 2000). Furthermore, to date,
there is no information available on this species in genomic databases, so
ecotoxicological studies equivalent to those mentioned in the case of
Chironomus, where classical toxicity parameters are assessed in parallel
with effects on gene expression, could not yet be carried out.

Determining water quality based on the health status of Chironomus
species could sometimes lead to underestimating environmental alter-
ations, since these organisms tend to have a high tolerance to the
presence of contaminants or other stress factors. In fact, under natural
conditions, it is sometimes difficult to find populations of this organism
in unpolluted environments, since they usually require a certain degree
of eutrophication for their development, generally due to the discharge
of nutrient-rich effluents into water bodies (Armitage et al., 1995). In
contrast, the use of more sensitive chironomids, such as Prodiamesa
species, could be very useful to improve the accuracy of ecosystem
health assessments. Therefore, the apparent lower tolerance of
P. olivacea to changes in biotic and abiotic factors in ecosystems (Ilkova
et al., 2018) could be an advantage in the detection of early-effect tar-
gets. Furthermore, the concurrent use of different taxa provides a
broader perspective in the ecological assessment of water quality, since
each biological entity may respond differently to certain environmental
variables (Cheimonopoulou et al., 2011).

In the present study, and for the first time in P. olivacea, we have
characterized six de novo genes related to biotransformation pathways
and the oxidative stress response (MnSOD, CAT, PHGPx, Cyp4gl5,
Cyp6al4-like, Cyp6a2-like), in order to assess their usefulness as early
biomarkers of ecotoxicological effect in this species. We have also
studied the toxic effects of an environmentally relevant concentration of
BBP, BPA, and BP3 (1 pg/L) on the transcriptional activity of these six
genes in the aquatic larvae of P.olivacea. Although these have been our
two main objectives, we have additionally selected three of these mo-
lecular biomarkers to analyze possible differential responses between
individuals of P. olivacea and C. riparius after exposure to the three xe-
nobiotics studied.

2. Material and methods
2.1. Testing animals and sampling site

The experimental animals were the aquatic fourth larval stage of the
P. olivacea and C. riparius midges. Larvae were collected the 6th and 7th
of May in 2016 in the Sar River, one of the most polluted watercourses in
Galicia (Spain) (Prego et al., 2008; Planell6 et al., 2015). The sampling
site (UTM: 29 T 528728E 4744922 N) is located about 4 km downstream
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of the Santiago de Compostela (100,000 inhabitants) sewage plant. The
sampling was performed choosing the most suitable microhabitats for
these species, i.e., places with fine sediment, accumulated organic
matter, and slow current. The harvesting was carried out with a small
hand net (15 cm diameter, 20 cm deep, and 250 pm mesh size), and the
study organisms were quickly transported to the laboratory maintaining
natural temperature and aeration conditions in buckets containing
water and sediment from the sampling point. Once in the laboratory, the
buckets were immediately emptied into trays that were kept for 2 h with
constant aeration until the collection of the larvae needed for the ex-
periments. The fourth larval stage was determined by the size of the
head capsule (USEPA, 2000).

2.2. Experimental design of the bioassay

Solutions of butyl benzyl phthalate (BBP, CAS No. 85-68-7, purity >
98 %), bisphenol A (BPA, CAS No. 80-05-7, purity > 99 %), and
benzophenone-3 (BP3, CAS No. 131-57-7, purity > 98 %) were pur-
chased from Sigma-Aldrich (USA) and dissolved in analytical grade
ethanol to provide a stock concentration of 10 g/L. The test solutions
were constructed in culture medium with a final ethanol concentration
of 0.01 v/v %, which was tested to have no effect on the biomarkers
analyzed. Negative (culture medium only) and solvent (0.01v/v %
ethanol) controls were included in both 4 h and 24 h experiments. 4th
instar larvae of P. olivacea and C. riparius were exposed for 4 h and 24 h
to 1 pg/L BBP, BPA, or BP3 in 100 mL glass beakers with 50 mL of
culture medium. This nominal concentration was chosen based on its
environmental relevance and previously published data (Herrero et al.,
2018, 2016; Ozaez et al., 2016). Each experimental condition was tested
in a separate glass beaker, in triplicate, with 45 larvae per beaker (n =
135 larvae/condition). Larval survival rate was measured after 4 or 24
-h exposures, and 5 survivors per replicate and experimental condition
were randomly selected for the subsequent gene expression analyses.

2.3. Sequencing, de novo assembly and annotation of a reference
transcriptome

Three cDNA libraries were constructed by the Macrogen company
following the Tru-Seq Stranded mRNA (Illumina, USA) protocol and
sequenced on an Illumina Hi-Seq 4000 using a 100 cycles paired-ended
protocol. For each sample, total RNA was extracted from ten 4th instar
larvae using TRIzol Reagent (Invitrogen), following the manufacturer’s
instructions. RNA was then treated with DNase I (Invitrogen) and
extracted with phenol:chloroform:isoamyl alcohol (Fluka, Germany)
using 5PRIME Phase Lock Gel Light tubes (Quantabio, USA). Purified
RNA was resuspended in nuclease-free water, quantified by spectro-
photometry at 260 nm using a BioPhotometer (Eppendorf, Germany),
and stored at —80 °C.

A reference transcriptome was assembled by integrating the RNA-seq
reads from the three libraries obtained. Before assembly, the quality of
the sequences was checked using FastQC v0.11.7 (Andrews, 2007), and
reads with low-quality (Phred value < 33) and adaptor sequences from
the raw data were removed using Trimmomatic v0.32 (Bolger et al.,
2014). The filtered reads were then de novo assembled into contigs with
Trinity software (Grabherr et al., 2011) using default parameters. All
unigenes > 200 bp were searched using BLASTx with the following
protein sequences databases: UNIPROT (v20170706), Kyoto Encyclo-
pedia of Genes and Genomes (KEGG_v20170706) and GO (v20150407)
(e-value < 10~>), to identify proteins with high sequence similarity, and
to assign putative functional annotations. Subsequently, Gene Ontology
(GO) annotations of the unigenes were obtained using Blast2GO (Conesa
et al., 2005).

2.4. Gene characterization and sequence alignment

The nucleotide sequences for relevant genes related to
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biotransformation and the oxidative stress response were obtained from
our P. olivacea de novo transcriptome (Project reference PRIEB36742):
MnSOD (manganese superoxide dismutase), CAT (catalase), PHGPx
(phospholipid-hydroperoxide glutathione peroxidase), Cyp4gl5,
Cyp6al4-like, and Cyp6a2-like. SnapGene ® (GSL Biotech), BLAST
(Agarwala et al., 2018), and DOG 2.0 (Ren et al., 2009) software were
used in the identification and characterization of these genes.

Through the GenBank database, a selection of sequences from the
main insect taxa was obtained for each characterized gene and analyzed
using BLAST software. For the different genes studied, the alignment of
the sequences was done with Clustal 2 (Larkin et al., 2007) and MAFFT
version 7 (Katoh and Standley, 2013) software. GenBank Accession
numbers, length of homologous amino acid sequences, and identities are
shown in Table SM1.

2.5. Phylogenetic analyses

Phylogenetic trees were generated using the MEGA X version 7
software (Kumar et al., 2018) with the UPGMA method (Sokal and
Michener, 1958). The bootstrap consensus tree inferred from 1000
replicates (Felsenstein, 1985), and the evolutionary distances were
computed using the Poisson correction method (Zuckerkandl and
Pauling, 1965).

2.6. Gene expression studies

Three biological replicates with 5 larvae per replicate were used for
each experimental condition (n = 15 larvae/condition) in the gene
expression analyses. Total RNA of P. olivacea or C. riparius larvae was
extracted using TRIzol Reagent (Invitrogen, Germany), following the
manufacturer’s instructions. After that, RNA was treated with RNase-
free DNase (Roche, Germany) and extracted with phenol:chloroform:
isoamyl alcohol (Fluka) using 5PRIME Phase Lock Gel Light tubes
(Quantabio). Aliquots containing 7 pg of isolated RNA were reverse-
transcribed in an MJ Mini Thermal Cycler (Bio-Rad, USA) using
iScript Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad), according
to kit instructions. The obtained cDNA was conserved at -20 °C and used
as a template for subsequent qPCR analyses.

The primers used for the amplification of the selected genes were
designed based on the de novo P. olivacea transcriptome obtained in our
laboratory and using Primer 3 version 0.4.0 software (Untergasser et al.,
2012). The sequences of the primers and the size of the amplified frag-
ments are shown in Table 1. The size of the PCR products was checked in
a 9% acrylamide gel at 85 V for 2 h in 1x TGE buffer (40 mM Tris-Cl (pH
8.5), 200 mM glycine and 2.5 mM EDTA), stained with ethidium bro-
mide and visualized with Chemigenius3 (Syngene, USA). The identities
of the amplified fragments were verified using BLAST (Altschul et al.,
1990). Amplification efficiencies and correlation coefficients for each
primer pair were calculated as described in the Real-Time PCR Appli-
cations Guide (Bio-Rad catalog #170-9799). For all genes, the effi-
ciencies were between 90 % and 105 % (R2 > 0.980).

The conditions for the RT-qPCR were the same as those described
previously in Herrero et al. (2018). Genes encoding the 26S ribosomal
subunit and actin were used as endogenous reference genes. Fragments
of these genes were amplified using the same pair of primers designed
for C. riparius, and their identities were confirmed by Sanger sequencing
(STABvida company). The statistical validation of the stability of the
reference genes was performed by means of CFX Manager 3.1 software
(Bio-Rad), using an iterative test for pairwise variation, according to
Vandesompele et al. (2002). The 274 method was used to analyze
relative changes in gene expression with CFX Manager 3.1 software.
Each sample was run in duplicate wells, and for each experimental
condition studied (with three biological replicates) three technical
replicates were carried out. Gene expression results were normalized to
the control values for subsequent analysis.
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Table 1

Primers used for cDNA sequencing and qPCR analyses in P. olivacea (Po)
and C. riparius (Cr). Forward (F) and reverse (R) sequences, length of the
amplified fragments, and origin of primers (when corresponds) are detailed.
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Table 3
De novo characterized P. olivacea genes. Gene name, ORF and protein lengths
of the de novo characterized P. olivacea genes as well as their database accession
number.

Gene Primer sequence (5'-3') Fragment size
CAT-Po F CGCCAAGGGTGAAGAAGTTTT 270 b

R CCAACAGGAATCAACGGGAAT P
MnSOD-Po F GTCACCCGAGAAGTCAAATCCTT 227 bp

R TGCCAAACAATGGAACGAGA
PHGPx-Po F TGCATGACCAGGATTTCCCTA 203 bp

R TTCTGAGCCTTCCCGTTCTG
Cyp6a2-Po F CCTCCTGCAACAATTATCAATCG

R CGCCGAATGGGAGTAAGACA 217 bp
Cyp6al4-Po F TTGTTGGCGTTGGAATTGTTC 213 bp

R TCGGATCATGCTTTTCGTTAAAG
Cyp4g15-Po F GACATTGATGAGAATGATGTTGGTG 232 bp

R TAAGTGGAACTGGTGGGTACAT
CAT-Cr F CGTGATCTTCGTGGTTTTGCTG 100 bp

R GGATTGGATCGCGGATGAAG (Nair et al., 2011)
MnSOD-Cr F CTGATGCACTCCAAAAAGCA 86 bp

R AACTCCAACAGCAGCGACTT (Park et al., 2012)
PHGPx-Cr F AAGTGTGGTTACACAGCTAAGCATT 112 bp

R GATATCCAAATTGATTACACGGAAA (Nair et al., 2012)
Actin-Po/Cr F GATGAAGATCCTCACCGAACG 201 bp

(Martinez-Guitarte

R CGGAAACGTTCATTACCG et al., 2007)
26S-Po/Cr F TTCGCGACCTCAACTCATGT 220 bp

R CCGCATTCAAGCTGGACTTA (Planell6 et al., 2011)

2.7. Data analysis

The statistical analyses were performed using R. 3.4.3 software (R
Core Team, 2018). Mean and median were calculated respectively as the
average and the middle of a data set, while the standard deviation
represented the square root of the variance. Regarding the survival
studies, the Student t was used to check the statistically significant dif-
ferences (p < 0.05) between the different experimental conditions. For
transcriptional analyses, the normality and homoscedasticity of the data
were checked with the Shapiro-Wilk and Levene tests, respectively.
Normal and homoscedastic data were analyzed by ANOVA followed by
Bonferroni’s post hoc test. Otherwise, differences in transcript levels
were evaluated using the nonparametric Kruskal-Wallis test followed by
Mann-Whitney-Wilcoxon post hoc test. p-values < 0.05 and < 0.1 were
used as cutoffs for statistical significance.

3. Results
3.1. Survival rates

Overall, P. olivacea was more sensitive than C. riparius in 4 or 24 -h
exposures to 1 pg/L BBP, BPA, or BP3 (Table 2). After 24 h, a significant
(p < 0.05) reduction in survival compared to controls was observed in
P. olivacea larvae exposed to 1 pg/L BBP (11.7 %), BPA (15 %), or BP3
(15 %). Meanwhile, C. riparius larvae showed significant mortality only
in the case of BBP (13.3 %) and BP3 (4.2 %). For BP3 24 h, the response
was also significantly different between the two species. On the other

Table 2

Gene ORF Protein Accession number
length length

MnSOD 654 bp 217 aa MN862061

CAT 1506 bp 501 aa MN862062

PHGPx 603 bp 200 aa MN862064

Cyp4gl5 1707 bp 568 aa MN862063

Cyp6al4-like 1491 bp 496 aa MN862066

Cyp6a2-like 1117 bp (incomplete) ~ 371 aa (incomplete) ~ MN862065

hand, while C. riparius showed no mortality in the 4 -h studies, the
survival of P. olivacea was again affected in the case of BBP (3.2 %) or
BPA (3.3 %), although without statistical significance.

3.2. Reference transcriptome

The cDNA of the reference transcriptome was assembled by pooling
the data from three libraries, built from the whole body-RNA of
P. olivacea larvae collected in the Sar River. After trimming, a total of
60,247,802 reads were used to construct the reference transcriptome of
this species, with a GC content of 42.13 % and a ratio of reads with Phred
quality score over 30 (Q30) of 92.15 %. Data was deposited in the Eu-
ropean Nucleotide Archive (ENA) at EMBL-EBI under the accession
number PRJEB36742.

The assembly of the high-quality reads reported a total of 34,900
contigs with an N50 length of 808 bp. The number of successfully an-
notated contigs was 22,413. Among them, the GO categorization iden-
tified 62 GO Terms, within three categories: biological process (22),
cellular component (19), and molecular function (21).

3.3. Characterization of P. olivacea genes involved in detoxification or
oxidative stress pathways

We identified genes related to the oxidative stress response and
several detoxification pathways: MnSOD, CAT, PHGPx, Cyp4gl5,
Cyp6al4-like, and Cyp6a2-like. Their sequences were recorded in the
NCBI database as: MN862061 (MnSOD), MN862062 (CAT), MN862064
(PHGPx), MN862063 (Cyp4gl5), MN862066 (Cyp6al4-like), and
MN862065 (Cyp6a2-like). A systematic search in our P. olivacea de novo
transcriptome rendered sequences with open reading frames (ORFs) for
their corresponding proteins. Five sequences with the complete ORF
(MnSOD, CAT, PHGPx, Cyp4gl5 and Cyp6al4-like) and one incomplete
(Cyp6a2-like) were obtained (Table 3). Relevant domains of each ORF
are presented in Fig. 1. To confirm the identity of each de novo charac-
terized protein in P. olivacea, a phylogenetic study was conducted to
evaluate the relationship between each identified protein and homo-
logue proteins in other insects and arachnids (Fig. 1; Table SM1).

The complete ORF for MnSOD was 654 bp in length and encoded a
217 aa protein (Fig. 1A), sharing 87 % sequence identity with C. riparius,

Larval survival rates in P. olivacea and C. riparius 4th instar larvae exposed during 4 h or 24 h to 1 pg/L BBP, BPA, and BP3. Results are expressed as the mean
of three biological replicates + standard deviation (n = 135 larvae/condition). (*) Significant differences with respect to the corresponding control (p < 0.05). (@)

Significant differences for the same condition between the two species (p < 0.05).

Species Exposure Control BBP BPA BP3
time (h)
P. olivacea 4 99.3+0 96.8 + 1.6 96.7 + 3.3 100 + 0
Survival rate 24 100 £ 0 88.3 + 1.67* 85 + 4.47* 85 + 0*+
(mean =+ sd) C. riparius 4 100 £ 0 100 £0 100 £ 0 100 £ 0
: 24 100 + 0 86.7 + 1.6* 93.3+4.4 95.8 + 3.3*"
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Fig. 1. Detoxification and oxidative stress proteins of P. olivacea identified from its de novo transcriptome. Left) Diagram of the proteins identified as putative
mRNAs, and their conserved domains: MnSOD (A), CAT (B), PHGPx (C), Cyp4gl5 (D), Cyp6al4-like (E), Cyp6a2-like (F). SodA: Superoxide dismutase conserved
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69 % with Aedes aegypti, and 64 % with Papilio xuthus (Table SM1). The
ORF for CAT was 1506 bp in length, encoding a protein with 501 aa
residues and a highly conserved catalase domain at the N-terminal end
(Fig. 1B); it shared 91 % identity with C. riparius and more than 70 %
identity with other selected dipteran and lepidopteran species
(Table SM1). The ORF for PHGPx was 603 bp in length and encoded a
protein with 200 aa residues and a glutathione peroxidase family
domain at the C-terminal end (Fig. 1C); it shared 88 % identity with
C. riparius and more than 60 % identity with representative dipteran,
lepidopteran and hymenopteran organisms (Table SM1).

Three nucleotide sequences encoding different P450 cytochromes
were identified, all of them with a Cyp450 domain; two ORFs were
complete (Fig. 1D, E) and one was incomplete (Fig. 1F). The first Cyp450
complete ORF was a 1707 bp DNA encoding a 568 aa protein, with more
than 70 % identity with representative species such as Clunio marinus,
Aedes aegypti, Anopheles darlingi, Drosophila eugracilis, Papilio xuthus, or
Nasonia vitripennis (Table SM1). The second Cyp450 complete ORF was a
1491 bp sequence encoding a protein with 496 aa residues and sharing
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65 % and 48 % identities with C. marinus and A. aegypti, respectively
(Table SM1). Finally, the incomplete ORF had 1117 bp and encoded a
371 aa sequence corresponding to the 3’ end of the protein Cyp6a2,
sharing more than 50 % identity with other dipterans and around 40 %
identity with the hymenopterans Apis mellifera and N. vitripennis
(Table SM1).

3.4. Alterations in transcriptional activity of P. olivacea larvae exposed to
BBP, BPA, or BP3

In general, larval exposure to BPA, BBP, or BP3 showed a time-
dependent differential response of selected genes (MnSOD, CAT,
PHGPx, Cyp4gl5, Cyp6al4-like, and Cyp6a2-like) in the non-model spe-
cies P. olivacea (Fig. 2).

Compared to controls, MnSOD reduced its transcriptional activity
under all the experimental conditions tested (Fig. 2A), especially in BBP
4 h (60 % below control values; p < 0.05), BBP 24 h (54 %; p < 0.05),
and BPA 4 h (50 %; p < 0.1). The smallest decrease was observed for BP3
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Fig. 2. Transcriptional activity of MnSOD, CAT, PHGPx, Cyp4g15, Cyp6al4-like, and Cyp6a2-like in P. olivacea exposed to BBP, BPA, and BP3. Box and
whisker plots represent the expression patterns of MnSOD (A), CAT (B), PHGPx (C), Cyp4g15 (D), Cyp6al4-like (E) and Cyp6a2-like (F), measured by real-time RT-
PCR. Box and whiskers represent the 25-75 percentile and the minimum/maximum measured values; mean is represented by a dot; the horizontal line separating the
lower (dark) and the upper (light) area represents the median. Asterisks indicate significant differences with respect to control values: p < 0.1 (*) or p < 0.05 (**).
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24 h (14 %).

CAT (Fig. 2B) was downregulated in 4 -h exposures to BBP (76 %
below control values; p < 0.05), BPA, and BP3 (38 %; p < 0.1). In 24 -h
studies, BBP and BPA led to significant drop in the transcriptional ac-
tivity (46 % and 73 %; p < 0.05), while BP3 induced a strong over-
expression (338 %; p < 0.05).

BBP caused the downregulation of PHGPx (Fig. 2C), significantly
only in 24 -h experiments (79 %; p < 0.05). 4 -h exposures to BPA also
led to a decrease in the transcriptional activity (53 %, p < 0.05),
although 24 -h experiments showed no effects (Fig. 2C). On the other
hand, while not statistically significant, 24 -h exposure to BP3 triggered
transcriptional activity to 206 % (Fig. 2C).

Cyp4gl5 (Fig. 2D) showed similar responses to those observed for
CAT. Except for the strong overexpression detected for BP3 24 h (201 %;
p < 0.05), all other experimental conditions led to a decrease in its
transcriptional activity, especially significant (p < 0.05) for BBP 24 h
(54 % below control values), BPA 4 h (66 %), and BPA 24 h (42 %).

Aquatic Toxicology 227 (2020) 105593

No statistically significant responses could be detected for the other
two studied P450 cytochromes. In the case of Cyp6al4-like (Fig. 2E), 4 -h
exposures showed values close to the controls, while in 24 -hs treatments
there was a general trend towards downregulation, remarkable for BP3
(80 % below control values). Data for Cyp6a2-like (Fig. 2F) showed high
dispersion, and no differences were found with respect to the controls.

3.5. Comparative analysis of the transcriptional responses of antioxidant
genes between the aquatic dipterans P. olivacea and C. riparius after
exposure to xenobiotics

Among all the genes analyzed in P. olivacea, those involved in the
cellular response to oxidative stress (MnSOD, CAT, and PHGPx) were
selected to assess possible differences in their transcriptional responses
with respect to C. riparius larvae after exposure to BBP, BPA, or BP3
(Fig. 3).

Regarding MnSOD, while P. olivacea showed clear downregulation at
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Fig. 3. P. olivacea and C. riparius transcriptional activity of MnSOD, CAT, and PHGPx genes after exposure to BBP, BPA, and BP3. Box and whisker plots
represent the expression patterns of MnSOD, CAT, and PHGPx measured by real-time RT-PCR. Results were normalized to the control values. A horizontal red dotted
line represents the control values. Box and whiskers represent the 25-75 percentile and the minimum/maximum measured values; mean is represented by a dot;
horizontal line separating the lower (dark) and the upper (light) area represents the median. Asterisks indicate significant differences with respect to control values: p
< 0.1 (*) or p < 0.05 (**). Triangles (a) indicate significant differences (p < 0.05) between species.
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4 and 24 -h exposures to BBP (60 % and 54 %; p < 0.05) and for BPA 4 h
(50 %; p < 0.1), C. riparius larvae were unaffected at 4 h and triggered
overexpression at 24 h (168 % for BBP, and 243 % for BPA; p < 0.05)
(Fig. 3A, 3D). This effect on C. riparius was also observed in BP3 24 h
(177 %; p < 0.05) (Fig. 3G), while P. olivacea showed no transcriptional
alterations. In all cases, statistical analyses detected differences between
the performance of both species (p < 0.05).

CAT showed similar results to those observed for MnSOD. On the one
hand, the significant changes already described in P. olivacea after 4 and
24 h of exposure to xenobiotics were attenuated in the case of C. riparius
larvae exposed 4 h to BBP (34 % inhibition, compared to 76 % in
P. olivacea) (Fig. 3B), or disappeared for BPA or BP3 (Fig. 3E, 3 H).
Furthermore, in the 24 -h experiments, the downregulation detected in
P. olivacea for BBP and BPA became over-expression in C. riparius (107 %
for BBP; p < 0.1) (155 % for BPA, no significance), while the increase
observed in P. olivacea for BP3 was not reflected in the other species. As
observed for MnSOD, differences were found (p < 0.05) in the CAT
response between the two study species after exposures to BBP and BPA.

Finally, the differential effects between species regarding PHGPx
mRNA levels were assessed and were significant (p < 0.05) after BBP
exposures (Fig. 3C). BBP induced a differential expression at 4 h, with a
tendency towards downregulation in P. olivacea (52 % below control
values) that was turned into over-expression in C. riparius (142 % above
control), although without statistical significance. On the other hand,
while in P. olivacea a decrease in transcriptional levels of PHGPx was
observed in BBP 24 h (79 %; p < 0.05), C. riparius maintained the levels
close to control values. This effect was similar in BPA 4 h, with inhibition
in P. olivacea (53 %; p < 0.05) and no effect in C. riparius (Fig. 3F). No
differences were detected between the two species under BP3 exposures
(Fig. 3I).

4. Discussion

The assessment of ecosystem health is a complex task that requires
not only a multidisciplinary approach but the use of a variety of bio-
logical indicators that can provide a global and detailed overview of the
alterations that may be taking place. To this end, model species are very
valuable tools, since they have a broad scientific consensus and allow
the assessment of environmental disturbances from molecular mecha-
nisms to population dynamics. However, many other species could be
considered as good bio-indicators, but for which there is not enough
knowledge or research tools.

Sometimes the difficulty lies in the lack of information on a specific
aspect of the species of interest, which is more frequent when we move
away from the classic ecological targets and move on to newer end-
points, such as molecular biology. For this reason, these newer ap-
proaches often require previous work to fine-tune the methodology to be
used and to confirm its usefulness. From this perspective, in the present
work, we intended to use in the non-model species P. olivacea gene
expression studies usually carried out in the model species C. riparius.
Both chironomids have some similar physiological and developmental
characteristics (Armitage et al., 1995), coexist in many aquatic ecosys-
tems, and may be useful to assess the health of those environments
through molecular biomarkers. However, to date, there is a significant
lack of genetic information in the case of P. olivacea, which has impeded
its use in this type of study.

In this work, we have built a de novo transcriptome
(Ref. PRJEB36742) of P. olivacea from whole 4th instar larvae collected
from the Sar River (Galicia, Spain). In addition, in order to assess their
response as biomarkers of exposure to xenobiotics, we have identified
and characterized for the first time in this species genes related to
biotransformation pathways and response to oxidative stress (Table 3):
MnSOD, CAT, PHGPx, Cyp4gl5, Cyp6al4-like, and Cyp6a2-like. We have
also exposed P. olivacea larvae to an environmentally relevant concen-
tration (1 pg/L) of BBP, BPA or BP3, in order to test the response of these
genetic biomarkers in 4 -h and 24 -h laboratory exposures. And finally,
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we have compared the transcriptional responses induced by xenobiotics
in the non-model species P. olivacea with those obtained under the same
experimental conditions in the model species C. riparius.

When organisms are exposed to a variety of toxic chemicals, reactive
oxygen species (ROS) are formed and play an important role in the
occurrence of oxidative stress (Macherey and Dansette, 2008). ROS
accumulation in cells damages a variety of macromolecules such as
nucleic acids, lipids, and proteins. Evolution of an antioxidant defense
system let organisms to prevent oxidative damage caused by toxic sub-
stances and to maintain body homeostasis (Ighodaro and Akinloye,
2018). Detoxification enzymes are important components of the anti-
oxidant defense system, and genes related to this system are expected to
respond to exposure to toxic chemicals (Liu et al., 2019).

The genes manganese superoxide dismutase (MnSOD), catalase
(CAT), and phospholipid-hydroperoxide glutathione peroxidase
(PHGPx) are part of the first line of defense in the antioxidant response
(Ighodaro and Akinloye, 2018). Their role is essential in maintaining the
normal metabolism of organisms together with the cytochrome P450
monooxygenases, which are involved in xenobiotic transformation as a
detoxification mechanism (Martinez-Paz et al., 2012). MnSOD gene
encodes for an enzyme that participates in the oxidative stress response;
since it catalyzes at the mitochondrial matrix the transformation of su-
peroxide anion radical (03°) to hydrogen peroxide (H205) (Sierra et al.,
2015). CAT catalyzes the degradation or reduction of hydrogen peroxide
(H205) to water and molecular oxygen, as well as PHGPx, which
breakdowns H20; into water and lipid peroxides (Ighodaro and Akin-
loye, 2018).

There are no previous data regarding the effects of BBP, BPA, or BP3
on genes related to detoxification in P. olivacea. In the present work, BBP
showed the most toxic effects on most of the analyzed genes, with sig-
nificant repression after 24 h of exposure, observable even after only 4 h
in some cases (MnSOD and CAT). Our results are consistent with those
observed with laboratory larvae of C. riparius exposed up to 96 h to BBP
(Herrero et al., 2015), in which the compound induced time-dependent
downregulation of genes related to critical cellular processes, such as
stress response, hormonal pathways, energy metabolism, and detoxica-
tion activities. However, using larvae from natural populations of
C. riparius, a previous study with BBP (Herrero et al., 2014) induced a
significant overexpression of the genes studied, in line with the obser-
vations for this species in the present work and contrary to what we have
detected in P. olivacea. Taken together, the results of these studies seem
to indicate that 1) the genetic history and pressures of each population
modify their response to xenobiotic exposure, 2) responses observed in
laboratory populations of model organisms may not be extrapolated to
natural scenarios, and 3) nearby species may show different sensitivity
to the same study conditions, as observed with P. olivaea. Also regarding
BBP, a previous work with earthworms (Song et al., 2019) showed the
activation of CAT enzymatic activity, contrary to the transcriptional
inhibition observed in this work for our two study species.

Similar responses were detected in P. olivacea under BPA exposure,
with general repression on the activity of detoxification genes, espe-
cially CAT and Cyp4g15. Previous results in other organisms reported the
BPA- induced downregulation of Cyp4gl5 in C. riparius (Martinez-Paz
etal., 2012), or CAT in the fish Oryzias javanicus (Woo et al., 2014). BPA
also inhibited the expression of SOD in Atlantic salmon kidney cells
(Yazdani et al., 2016) and the mollusk Mytilus galloprovincialis (Balbi
et al., 2016).

In contrast to the repression observed in the CAT gene in P. olivacea,
C. riparius exposed 24 h to BPA triggered an increase in transcript levels.
In addition, previous works showed the activation of the catalase
enzyme (Lee and Choi, 2007), and the upregulation of this gene in
M. galloprovincialis after 24 and 48 -h exposures (Balbi et al., 2016).
These results might reflect that the transcriptional activity of CAT could
be species-specific. Considering the significant drop observed in
cyp4g15, CAT and MnSOD gene expression in P.olivacea for BBP or BPA,
the Phase I and II biotransformation processes might be compromised in
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this species as a consequence of exposure to both xenobiotics.

Finally, BP3 showed completely different effects on the studied genes
in P. olivacea. CAT, PHGPx, and Cyp4gl5 showed a time-dependent
upregulation in 24 -h exposures, which contrasts with their drop in
transcriptional levels induced by BPA and BBP. This effect could be
related to a prooxidative state of the larvae. These findings suggest that 1
pg/L BP3 is enough to activate the Phase I and Phase II detoxification
responses, and also the oxidative stress response at the genetic level. A
previous study reported no effect on genes encoding different P450 cy-
tochromes, in contrast to the activation of Phase Il-related genes in
C. riparius larvae exposed to BP3 (Martinez-Guitarte, 2018).

These novel results suggest that BBP, BPA, and BP3 may compromise
the detoxification and the oxidative stress responses in different ways.
They provide valuable information about detoxification mechanisms in
the non-model species P. olivacea, and also about its ability to metabolize
these compounds and trigger an adaptive response against toxic expo-
sures in natural scenarios. Additionally, this study reveals new potential
biomarkers of toxicity in P. olivacea that could be useful in water quality
monitoring and complements C. riparius data obtained in natural sce-
narios. Our observations provide a broader view of possible molecular
effects of natural stressors in these organisms, as well as novel infor-
mation about crucial detoxification mechanisms.

Time-dependent alterations were observed in the comparative study
of the effects of BBP, BPA, and BP3 on exposed 4th instar larvae. The
response of the studied genes differed depending on the species and the
pollutant. In general, C. riparius showed an upregulation after 24 -h
exposure to any of the xenobiotics tested. In contrast, BBP and BPA
caused a time-dependent inhibition of P. olivacea gene activity. These
differences might reflect a prooxidative state in C. riparius, which re-
sponds to pollutants by activating Phase II reactions, whereas these
compounds could compromised the detoxification capacity in P. olivacea
under the same conditions. A critical aspect of aerobic life is the
potentially dangerous effects derived from the imbalance between
antioxidant defences and oxidative forces, leading to a prooxidative
state. DNA damage, protein and enzymatic inactivation and peroxida-
tion of cells components are some examples of deleterious effects re-
ported in aquatic organisms as a consequence of prooxidative state
(Winston and Di Giulio, 1991). The induction observed in C. riparius in
detoxification genes may be the first step towards to response against
oxidant effects of BPA and BBP. This could be translated into a higher
capacity to respond to possible harmful effects derived from a proox-
idative state. On the other hand, the gene repression observed in
P. olivacea could point out that these larvae do not activate the detoxi-
fication machinery, suggesting a lower capacity to respond to a poten-
tially harmful prooxidative state provoked by xenobiotic exposures.
Nevertheless, this new hypothesis makes necessary further studies
related to MnSOD, CAT and PHGPx enzymatic variations in both species.
The relation between detoxification capacity and adaptation has been
previously described, specially related to insects-host plant interaction
but also after exposure to xenobiotics. Adaptation to insecticides by
insects is given by a more refined detoxification mechanism (Alyokhin
and Chen, 2017). As an example, it has been reported that insects that
are resistant to host plants (Helicoverpa armigera), natural insecticides
(Leptinotarsa decemlineata) or chemical insecticides (Drosophila mela-
nogaster), have upregulated levels of cytochromes compared to
non-exposed and more sensitive individuals (Jin et al., 2019; Zhu et al.,
2016; Perry et al., 2011).

This study provides for the first time valuable information about the
effects of BBP, BPA, and BP3 in the non-model aquatic dipteran
P. olivacea at the molecular level. It offers new putative biomarker genes
related to detoxification and oxidative stress that could be useful in
ecotoxicological studies and risk assessment. The next step in our study
will be to investigate new biomarker genes related to relevant metabolic
pathways (cell response to stress, immune system, hormonal pathways,
etc.) to deepen the physiological response of P. olivacea to different
xenobiotics. Since BBP, BPA and BP3 have been previously described as
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endocrine disrupting compounds in C. riparius (Herrero et al., 2015;
Ozaez et al., 2014; Planell¢ et al., 2008), ecdysone-responsive genes and
genes related to hormone synthesis/degradation are of special interest.

The possible influence of the origin of the larvae must be taken into
account in the results obtained. We have previously reported differences
among data obtained between laboratory cultures and natural popula-
tion of C. riparius in both the toxicity of BBP and the behavior of some
targets (Herrero et al., 2015,2014). This emphasizes the need of carrying
out studies with different populations to get a more realistic approach to
the effects of contaminants. We aim to implement laboratory cultures of
P. olivacea, to carry out studies in different populations in order to define
more precisely the effect targets that are altered by exposure to these
compounds, as well as the type of response that they trigger depending
on the particular circumstances of a real scenario, where larvae are
chronically exposed to complex mixtures of contaminants.

5. Conclusions

The assembled transcriptome of P. olivacea is a valuable resource for
various derivative applications, such as the identification of potential
molecular biomarkers to deepen the knowledge of the physiological
effects on this species caused by exposure to xenobiotics. Besides, the de
novo genomic information obtained in this non-model species will
complement the toxicological studies carried out on model species
providing a more global vision of the effects that pollutants cause in
aquatic ecosystems.

The differential responses detected between P. olivacea and
C. riparius provide novel information on the harmful effects of BBP, BPA,
and BP3 on aquatic midges. In addition, they reflect possible differences
in the ability of each species to adapt to altered environments through
metabolic pathways related to detoxification and response to oxidative
stress. This work illustrates the potential of the analyzed genes to be
used as sensitive molecular biomarkers in P. olivacea, which could be
considered as a suitable sentinel organism for ecotoxicity studies in
natural scenarios. The combination of molecular tools and multi-
organism testing, with both tolerant and sensitive species, could lead
to more robust environmental risk assessments and a better under-
standing of the risks that emerging contaminants may bring to aquatic
biota.
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