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Exposure to heavy metal-contaminated sediments disrupts gene
expression, lipid proﬁle, and life history traits in the midge
Chironomus riparius

le
ne Arambourou a, 1, Lola Llorente b, 1, In
~ igo Moreno-Ocio c, Oscar
He
Herrero b,
d
d
a
ndez-Ferna
ndez e,
Carlos Barata , Inmaculada Fuertes , Nicolas Delorme , Leire Me
b
,
*

Rosario Planello
a

IRSTEA Lyon, Riverly Research Unit, Villeurbanne, France
n a Distancia (UNED), Madrid, Spain
Biology and Environmental Toxicology Group, Faculty of Science, Universidad Nacional de Educacio
c
Department of Zoology and Animal Cellular Biology, University of the Basque Country (UPV/EHU), Leioa, Spain
d
Department of Environmental Chemistry, Institute of Environmental Assessment and Water Research (IDAEA), Spanish Research Council (CSIC), Barcelona,
Spain
e
Department of Plant Biology and Ecology, University of the Basque Country (UPV/EHU), Leioa, Spain
b

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 17 April 2019
Received in revised form
28 September 2019
Accepted 5 October 2019
Available online 7 October 2019

Despite the concern about anthropogenic heavy metal accumulation, there remain few multi-level
ecotoxicological studies to evaluate their effects in ﬂuvial ecosystems. The toxicity of ﬁeld-collected
sediments exhibiting a gradient of heavy metal contamination (Cd, Pb, and Zn) was assessed in Chironomus riparius. For this purpose, larvae were exposed throughout their entire life cycle to these sediments, and toxic effects were measured at different levels of biological organization, from the molecular
(lipidomic analysis and transcriptional proﬁle) to the whole organism response (respiration rate, shape
markers, and emergence rate). Alterations in the activity of relevant genes, as well as an increase of
storage lipids and decrease in membrane ﬂuidity, were detected in larvae exposed to the most
contaminated sediments. Moreover, reduced larval and adult mass, decrease of larval respiration rate,
and delayed emergence were observed, along with increased mentum and mandible size in larvae and
decreased wing loading in adults. This study points out the deleterious effects of heavy metal exposure at
various levels of biological organization and provides some clues regarding the mode of toxic action. This
integrative approach provides new insights into the multi-level effects on aquatic insects exposed to
heavy metal mixtures in ﬁeld sediments, providing useful tools for ecological risk assessment in freshwater ecosystems.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Human activities release a wide range of chemical compounds
into aquatic systems, and exposure to this complex mixture can
affect the health of aquatic animals at the molecular, tissue, organ
and whole organism level, even contributing to population decline
€ ro
€smarty et al., 2000). Insects are key ele(Floury et al., 2013; Vo
ments for the functioning of freshwater ecosystems, as they sustain
higher trophic levels and contribute to the carbon cycle in streams
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and rivers. Certain developmental stages within their life cycle are
particularly vulnerable to environmental stressors, and toxic exposures during these critical periods may have irreversible consequences (Weis, 2014). Indeed, early-life exposures could translate
into phenotypic variations in adults, which can affect their ﬁtness.
In line with this, developmental abnormalities after exposure to
chemical compounds have been reported in insects, particularly in
chironomid larvae (Di Veroli et al., 2014; Martinez et al., 2003).
The current study focuses on the Oiartzun River (Basque
Country, Spain), in the Natural Park of Aiako Harria. Study sites are
located downstream the Arditurri mines, a complex of abandoned
old Pb/Zn mines, characterized by a gradient of heavy metal
ndez-Fern
contamination in sediments along the river (Me
andez,
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2013; Basque Water Agency, 2016). Our aim was to investigate the
effects of exposure of Chironomus riparius (Diptera, Chironomidae),
a widely distributed insect in European freshwater ecosystems, to
sediments contaminated with heavy metals. C. riparius (the two
sexes) has an aquatic larval (developmental) stage and a terrestrial
adult stage, which allows for its reproduction and dissemination.
This species is widely used in the assessment of toxicity of water
and sediments and four validated tests are included in the OECD
Guidelines for the Testing of Chemicals (OECD, 2011, 2010, 2004a;
2004b). Given that molecular alterations have implications at larger
scales in terms of morphology and physiology which may ultimately compromise population survival, we studied the toxic effects on different levels of biological organization ranging from
molecular effects to the whole organism response. Unfortunately,
few integrated and multilevel approaches studying toxic alterations
in chironomids are available in the literature (Lee et al., 2018;
Arambourou et al., 2019; Im et al., 2019). In this regard, and complementary to classical ecotoxicological endpoints, genetic biomarkers were proposed as early indicators of chemical toxicity. For
example, transcriptional alterations of genes related to hormonal
pathways, oxidative stress response, biotransformation metabolism (phase I and phase II) or DNA repair have been reported
under different stress conditions (e.g. xenobiotic exposure, temperature) in laboratory and ﬁeld studies with C. riparius (Herrero
 et al., 2015). We also analyzed effects on
et al., 2016; Planello
respiration rates and on the lipid proﬁle using ultra-high performance liquid chromatography/time-of-ﬂight mass spectrometry.
Given that it is often assumed that an animal’s metabolic rate can
be estimated through measuring the respiration rate (Salin et al.,
2015), respiration rates were studied as a potential indicator of
oxidative metabolism, since it is known that heavy metals can alter
the metabolism of insects either by increasing detoxiﬁcation
pathways or by inhibiting key metabolic enzymes (Long et al.,
2015). Taking into account that lipids can be mobilized for detoxiﬁcation processes under toxic exposure and that heavy metals can
induce lipid peroxidation, we hypothesize that the lipid proﬁle will
be disturbed by the heavy metal exposure.
Thus, through the use of C. riparius exposed to heavy metalpolluted sediments, our speciﬁc objectives were: i) to measure
biochemical (lipidome analysis and transcriptional proﬁle), physiological (respiration rate) and teratogenic (shape markers) effects;
ii) to evaluate the relevance of life history traits (emergence rate,
emergence time, and male-female ratio); and iii) to integrate multilevel responses.
2. Material and methods
2.1. Chironomid culture
The strain of C. riparius was maintained in the laboratory of
ecotoxicology (IRSTEA) under a 16:8 h light:dark photoperiod at
20 ± 1  C. Aquaria were composed of 2 cm of Fontainebleau sand
layer (Fontainebleau sand Technical; VWR), surrounded by drill
water (electrical conductivity ¼ 450 mS cm1; pH ¼ 4.47; alka1
linity ¼ 219 mg HCO
3 l ), with constant oxygenation provided.
2.2. Study area and sampling methods
Two sites were studied in the Oiartzun River basin (Basque
Country, Spain; Fig. 1): one reference (unpolluted) site (OIA) not
affected by the mining activities; and one site downstream of the
Arditurri mining district (ARD) (Table 1). The study area is located
in the Paleozoic Cinco Villas Massif, west Aia granitic intrusion
(Pesquera and Velasco, 1989), and rocks are rich in Pb, Zn, F and Ag
ore deposits. Mining activities were carried out for about 2000

years, from Roman times until 1984 (Urteaga, 2008), and generated
very large tailings heaps in the catchment of the Oiartzun River.
Additionally, a sediment obtained from a large pool ﬁlled with

groundwater at Iturbatz (ITU) (Entzia Mountains, Alava,
Basque
Country; Fig. 1) was included as a negative control (for physicondez-Fern
chemical characterization see Me
andez et al., 2013).
At each study site, a composite sediment sample was taken from
the upper layer (5e10 cm) of sediment deposits during the low
water period on July 4th, 2017. After sifting the sediment through a
500-mm mesh to eliminate coarse particles and indigenous fauna
(Reynoldson et al., 1994), 2 l of the sample were obtained for
sediment bioassays and chemical analyses of metal concentration.
An unsifted subsample was also collected to gravimetrically
determine the particle size distribution of the sediment, and the
total organic content percentage (%TOC) was measured using the
loss on ignition (LOI) method at 450  C for 6 h (Bryan, 1985). Water
physicochemical properties were measured at each site during the
sampling day (Table 1).
2.3. Physicochemical characterization of the sediments
Seven metals (Cd, Cr, Cu, Hg, Ni, Pb, and Zn) and one metalloid
(As) were quantiﬁed in the air-dried 63-mm sediment fraction
(hereafter, we will refer to all these elements as “metals”). This
sediment fraction was acid-digested using the microwave extraction method (USEPA, 2007) at the Technical Services of SGIker
(UPV/EHU) and analyzed by ICP-MS (Agilent 7700X), or ICP-AES
(Horiba Yobin Yvon Activa). The instrumental detection limits
were: 0.001 mg l1 As, 0.01 mg l1 Cd, 0.07 mg l1 Cr, 0.07 mg l1 Cu,
0.03 mg l1 Hg, 0.09 mg l1 Ni, 0.06 mg l1 Pb, and 0.04 mg l1 Zn. The
analytical batch included three replicates of the standard Buffalo
River sediment (RM8704, USA) and Sewage Sludge-3 (SS3) as
reference materials for quality control. The recovery rates for all
metals were within certiﬁed values (76e105% for RM8704, and
83e106% for SS3). The metal sediment concentrations are reported
on a dry weight basis (mg kg1 dw).
2.4. Experimental design of the bioassay
Glass jars were maintained at 16 ± 1  C, under a 16:8 h light:dark
photoperiod with constant oxygen supply. A 1.5-cm layer of ﬁeldcollected sediments was provided as a substrate, and 4 vol of drill
water was added. Water and sediment were left for 4 days to allow
settlement of suspended solids. One hour before introduction of the
larvae, overlying water was aerated, and measurements of the pH,
temperature, conductivity, dissolved oxygen and nitrite were taken
at day 0 and at subsequent 3-day intervals through the end of the
test. Twenty newly hatched C. riparius larvae (1st stage) were
introduced in each glass jar and fed daily ad libitum with 1 mg
Tetramin® food per larva. The study design included 15 glass jars
per condition (ntotal ¼ 300 larvae/condition); for each experimental
condition, larvae from 9 jars were removed after 15 days of exposure for gene expression, lipidomic, respiration and shape analyses,
while the other 6 jars were ﬁtted with lids to retain emerging
chironomids.
2.4.1. Studied endpoints
2.4.1.1. Mass measurement. Larvae were gently dried on a paper,
pooled in groups of ﬁve individuals, and weighed using an ultramicrobalance (Sartorius Ultra Micro Balance MSU2.7S000DM;
readability 0.1 mg, repeatability ± 0.25 mg).
2.4.1.2. Respiration rate. Larvae were left for 24 h in clean water to
remove gut content. After that, 10 larvae were introduced into a
glass jar containing a 1.5 cm sand layer surrounded by drill water.
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Fig. 1. Geographical localization of the three sampling sites in the Basque Country: ARD (Arditurri); OIA (Oiartzun); ITU (Iturbatz).

Jars were then hermetically sealed to allow CO2 accumulation in the
headspace. After 5 h, CO2 content in the headspace was measured
by gas chromatography. Four replicates per condition were tested,
with a blank jar with no larvae also included. Respiration rate was
expressed as ppm CO2 min1 mg1 fresh mass.
2.4.1.3. Lipidomic analyses. Lipidomic analyses were performed as
~o et al. (2015), with minor modiﬁcations. Larvae
described by Jorda
were normalized by mass to remove variation between conditions
due to different larval growth. Five replicates, consisting of a pool of
5 normalized larvae, were analyzed per condition. Each replicate
was homogenized in 1 ml of chloroform:methanol (2:1) with 2,6di-tert-butyl-4-methylphenol (BHT; 0.01%) as an antioxidant, and
lipid extraction was performed following a modiﬁed Folch method
(Folch et al., 1957). Brieﬂy, 100 ml of the homogenized sample was
mixed with 750 ml of chloroform and 250 ml of methanol, and internal standards (pmol) were added (Table S1) for lipid semiquantiﬁcation. Samples were then dried under N2, and lipid extracts were solubilized in 200 ml methanol. The LC-MS/MS consisted of a Waters Aquity UPLC system connected to a LCT premier

orthogonal accelerated time-of-ﬂight mass spectrometer (Waters),
operated in positive and negative ESI mode. Full-scan spectra from
50 to 1800 Da were obtained. Mass accuracy and reproducibility
were maintained using an independent reference spray (LockSpray; Waters). An Acquity UPLC BEH C8, 100 mm  2.1 mm, 1.7 mm
(Waters) analytical column was used. A total of 200 lipids were
identiﬁed and semi-quantiﬁed: 68 triacylglycerols (TAGs), 44
phosphatidylcholines (PCs), 23 phosphatidylethanolamines (PEAs),
21 diacylglycerols (DAGs), 14 phosphatidylserines (PSs), 11 lysophosphatidylcholines (LPCs), 9 sphingomyelins (SMs), 7 lysophosphatidylethanolamines (LPEAs) and 4 monoacylglycerols (MAGs).
2.4.1.4. Shape markers. Sixty head capsules were mounted on microscope slides using Eukitt® medium to present a ventral view,
examined at 100 magniﬁcation on a Leica DM2000 LED microscope (Leica), and photographed with a Leica MC170 HD camera.
Mentum deformities and mentum length ﬂuctuating asymmetry
were then evaluated as described in Arambourou et al. (2014).
Deformity rate was calculated as the ratio of the number of individuals with deformed mouthparts to the number of examined
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Table 1
Geographical information, physicochemical characteristics, sediment granulometry (distribution of gravimetric particle size), and metal composition of sediments collected in:

ITU (Iturbatz; bioassay control), OIA (Oiartzun; reference site, unpolluted) and ARD (Arditurri; test site, contaminated). Abbreviations: Alt., site altitude; C, temperature; k,
water conductivity; O2, dissolved oxygen in water; %SAT O2, oxygen saturation; %TOC, Total Organic Content. Values for Threshold Effect Concentrations (TEC) and Probable
Effect Concentrations (PEC) where obtained from McDonald et al. (2000). Grey cells indicate metal levels > PEC, while bold values indicate concentrations >10x PEC.
ITU

OIA

ARD

Geographical information

UTM-X
UTM-Y
Alt. (m)

556,697
4,740,896
1020

595,738
4,792,511
72

596,001
4,793,075
104

Physico-chemical properties

pH

C
k (mS cm1)
O2 (mg l1)
%SAT O2
%TOC

7.84
12.8
464
13.39
141.7
2.67

7.12
14.8
81
10.06
100.3
1.86

7.62
21.6
128
13
149.6
4.18

Sediment granulometry

%2-1 mm
%1 mm-500mm
%500 mme250mm
%250 mme125mm
%125 mme63mm
%<63 mm

13.63
17.83
14.32
13.71
19.83
20.68

7.34
41.12
36.88
9.57
3.24
1.87

44.58
33.61
13.28
4.70
2.27
1.57

Metal concentration (mg kg1)

As
Cd
Cr
Cu
Hg
Ni
Pb
Zn

18.2
0.5
26
5.6
0.04
12.6
16.3
53.3

8.39
0.97
48.4
24.9
0.18
25.7
85.8
336

53
27.8
40.7
165
1.87
45.7
1905
11,221

individuals. After emergence, adults were collected and sexed, their
wings removed and placed on microscope slides in Eukitt® medium and then scanned using a Plustek OpticFilm 7400 scanner.
Wing shape variations were measured by geometric morphometrics after digitizing 8 “type 1” landmarks, according to Arambourou
et al. (2014). Wing area was calculated as the polygon delimited by
the landmarks 1, 2, 3, 4, 5 and 8.
2.4.1.5. Gene expression analysis. Total RNA of 24 individuals
(distributed among 6 independent experiments) was extracted
using TRIzol Reagent (Invitrogen), following the manufacturer’s
protocol. 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). Puriﬁed RNA was resuspended in diethylpyrocarbonate
(DEPC) water, quantiﬁed by spectrophotometry at 260 nm using a
BioPhotometer (Eppendorf), and stored at 80  C. For each condition and sample, 7 mg of isolated RNA was reverse-transcribed using
Script Reverse Transcription Supermix (Bio-Rad), according to the
manufacturer’s instructions. The obtained cDNA was conserved
at 80  C and used as the template for subsequent qPCR analyses.
Transcriptional activity studies were carried out for a set of
target genes, related to relevant metabolic processes: i) EcR, InR, Vtg
(hormonal pathways); ii) GST, GPx, SOD, CAT, TrxR1, cyp4G, FeH, FeL
(biotransformation and oxidative stress response); iii) HbA, HbB,
GAPDH (oxygen transport and energy metabolism); iv) hsp70,
hsp40, hsp10, gp93 (stress response); and v) NLK, XRCC1, ATM,
DECAY (DNA repair and apoptosis). Quantitative real-time RT-PCR
(RT-qPCR) was carried out in a CFX96 Real-Time Detection System
(Bio-Rad) using the Quantimix Easy Kit (Biotools, Spain). Genes
encoding actin and the 26S ribosomal subunit were used as
endogenous references. The statistical validation of the stability of
the reference genes was performed by means of CFX Manager™
software, using an iterative test for pairwise variation according to
Vandesompele et al. (2002).

9.79
0.99
31.6
43.4
0.18
22.7
35.8
121

33
4.98
149
111
1.06
48.6
128
459

TEC

PEC

The RT-qPCR was run as described in Herrero et al. (2018), with
primer sequences shown in the supplementary material (Table S2).
The mRNA level of each target gene was normalized against the
expression of the two reference genes, and the 2DDCt method was
used to analyze relative changes in gene expression, using a CFX96
Real-Time Detection System and CFX Manager 3.1 software (BioRad). Each sample was run in duplicate wells (technical replicates),
and three biological replicates were performed for each experimental condition. Ampliﬁcation efﬁciencies and correlation coefﬁcients for each primer pair were calculated as described in BioRad’s Real-Time PCR Applications Guide (catalog #170e9799). For
all genes, the efﬁciency of the assay was among 90e105%
(R2 > 0.980).
2.5. Statistical analysis
Statistical analyses were carried out using R 3.4.3 software (R
Core Team, 2018). After checking data normality and homoscedasticity, differences in life history traits, biochemical markers
(energy reserves) and normalized gene expression levels were
evaluated using a non-parametric Kruskal Wallis test followed by a
post hoc pairwise Mann-Whitney-Wilcoxon test. Differences in
emergence time among the experimental conditions were analyzed
using a Kaplan-Meier model. Lipids were grouped by family and
compared among groups using one-way ANOVA. Mentum deformity rate variations were studied using a c2 proportion test. For
length ﬂuctuating asymmetry (FA) calculation, we used the FA10
index, which describes the average difference between sides after
measurement error has been partitioned out (Palmer and Strobeck,
2003). Because FA10 is a variance estimate, we used F-tests to
compare differences in FA among treatments (Palmer and Strobeck,
2003). Wing shape variation among treatment groups were
analyzed by canonical variate analysis on Procrustes coordinates
using MorphoJ software (Klingenberg, 2011). The Procrustes distance between each group was calculated and the signiﬁcance was
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assessed by a permutation test (10,000 permutations). A p
value < 0.05 was used as the cutoff for statistical signiﬁcance of
differences among treatments.

Table 2). Reduced dispersal among samples, depicted by the standard deviation, was observed for respiration rate in both OIA and
ARD groups (Table 2).

3. Results

3.2.2. Lipidomic analysis
Strong differences in the lipid proﬁle were observed in ARDtreated larvae compared with those treated with ITU and OIA.
Moreover, by comparison with both ITU and OIA groups, the
dispersal among samples was higher in the ITU group (Fig. 3A).
Although the total quantity of lipids did not differ among the three
study groups, there were important differences in lipid composition among the groups, which are shown in the PCA (Fig. 3A) and
heat map (Fig. 3B). The ﬁrst axis of the PCA explained 38% of lipid
variance, and the PC1 coordinates of the ARD group differed
signiﬁcantly from those of both ITU and OIA groups (ANOVA,
F2,12 ¼ 48.7, p < 0.01). The PC1 axis was positively correlated with
some TAGs and unsaturated PCs while negatively correlated with
some saturated SMs, saturated PCs, LPCs, LPEAs and TAGs (Fig. 3A).
The heatmap performed on the lipids contributing most to the
ﬁrst axis of the PCA showed a clear difference between the ARD
group and ITU/OIA. In particular, the ARD group exhibited a higher
content of TAGs and PCs (Fig. 3A).
PEA is the major component of phospholipids (about 55%), followed by PC (about 30%). Both the PC fraction and PC unsaturated/
saturated ratio were signiﬁcantly increased in the ARD group
relative to ITU (Table 3). Furthermore, the PC/PEA ratio (membrane
ﬂuidity index) and general unsaturated/saturated ratios tended to
increase in the ARD group (Table 3).

3.1. Physicochemical characteristics of water and sediments
The physicochemical characteristics of the water and sediments
tested are shown in Table 1. Field water temperature ranged from
12.8 to 21.6  C for the three sites, and high levels of dissolved oxygen in water were observed, ranging from 10.06 to 13.039 mg O2
l1 (mean ± sd ¼ 12.15 ± 1.82 mg O2 l1), with 100.3e149.6% saturation (mean ± sd ¼ 130.5 ± 26.5% saturation). Recorded pH values
varied slightly and were considered natural for the study area,
being
neutral
to
slightly
alkaline
(range
7.12e7.84)
(mean ± sd ¼ 7.53 ± 0.37). Water electrical conductivity was low in
the Oiartzun River basin, ranging from 81.0 to 464.0 mS cm1
(mean ± sd ¼ 224.3 ± 208.9 mS cm1). The studied sediments had
low-to-medium organic content (TOC ¼ 1.86e4.18%) and were
predominantly sandy, with a mean value at the three study sites of
8% silt-clay.
In the absence of Sediment Quality Guidelines (SQGs) in Spain,
metal concentrations in sediments were evaluated using TEC
(threshold effect concentration) and PEC (probable effect concentration) for North American freshwater sediments (MacDonald
et al., 2000) (Table 1). The control site (ITU) showed metal concentrations about the same as the TEC values, except for As which
was less than 1.1 times the TEC value. Metal contents in the studied
ARD sediment were very high for Pb and Zn, with up to
1905 mg kg1 and 11,221 mg kg1, respectively (Table 1). The
reference site, OIA, did not exceed the TEC values except for Cr, Ni,
Pb, and Zn concentrations (1.5, 1.1, 2.3 and 2.7 times above the
thresholds, respectively). In contrast, sediments from the test site
located downstream of the abandoned mines (ARD) had concentrations which exceeded the PEC value for 6 of 8 metals, up to 14
times higher (14x) for Pb, 24x for Zn, and 5x for Cd. These metal
concentrations therefore represent an environmental risk for
aquatic communities (MacDonald et al., 2000).
3.2. Effects on C. riparius
3.2.1. Life history traits
Non-signiﬁcant differences were observed in larval survival rate
among the three studied sites (Table 2). However, there were signiﬁcant differences in sublethal effects between larval and adult
(both male and female), with the reduction of biomasses between
ARD and ITU/OIA (Table 2). In addition, signiﬁcant differences were
observed between ARD and ITU regarding larval respiration rates
and emergence rates (Table 2), and a delayed emergence in the ARD
group of about 5 days for females and 4 days for males (Fig. 2 and

3.2.3. Shape markers
Relative to the ITU and OIA groups, both the mentum and the
mandible lengths were signiﬁcantly increased in the ARD group,
with an observed higher variability in appendage length (Fig. 4A
and B).
Length measurement error was lower than 15% for the mentum
and lower than 23% for the mandibles, and no signiﬁcant allometric
effect was detected. As we detected slight side effects for the
mentum in OIA and ARD groups, and for the mandible in the OIA
group (Table 4), we cannot conclude that all the observed asymmetries in these groups were genuine FA. There was no signiﬁcant
difference in FA among the groups, neither for the mentum nor the
mandibles.
The wing centroid size (Fig. 4C and D) was slightly reduced in
males from the ARD group, with signiﬁcant differences when
compared to the OIA group. As a consequence of the mass decrease
in the ARD group (Table 2), wing loading (Fig. 4E and F) calculated
as the ratio between wing area and mean dry weight was sharply
decreased in ARD males and females. The relationship between
Procrustes coordinates and centroid size was signiﬁcant in both
males and females (permutation tests, p < 0.05), which suggested
an allometric effect. To get rid of this allometry, for wing shape

Table 2
Measured life-cycle parameters. *: signiﬁcantly different from ITU (p < 0.05).

Larval survival rate (mean ± sd) 9 replicates
Larval mass (mg ± sd) 16 replicates of 5 pooled larvae
Larval respiration rate (CO2 ppm min1 mg1 ± sd) 5 replicates
Emergence rate (mean ± sd) 6 replicates
Male/female ratio (mean ± sd) 6 replicates
Male emergence day (mean ± sd)
Female emergence day (mean ± sd)
Male mass (mg ± sd) 6e10 replicates of 5 pooled males
Female mass (mg ± sd) 6e8 replicates of 5 pooled females

ITU

OIA

ARD

85 ± 4
8.3 ± 0.7
13.7 ± 5.2
79 ± 7
1.2 ± 0.6
23.7 ± 1.5
24.5 ± 1.5
0.93 ± 0.08
2.58 ± 0.33

86 ± 5
8.0 ± 1.0
8.1 ± 2.1
88 ± 14
1.0 ± 0.4
23.6 ± 1.7
24.3 ± 1.9
0.99 ± 0.05
2.41 ± 0.21

93 ± 6
7.0 ± 1.2*
6.2 ± 1.7*
92 ± 7*
1.2 ± 0.8
27.4 ± 1.9*
29.3 ± 1.7*
0.49 ± 0.04*
1.50 ± 0.15*
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Fig. 2. Kaplan-Meier emergence curves for (A) female and (B) male C. riparius larvae treated with sediments collected from three different locations: ITU (Iturbatz; bioassay control;
green), OIA (Oiartzun; reference site, unpolluted; orange) and ARD (Arditurri; test site, contaminated; red). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the Web version of this article.)

Fig. 3. PCA scores of the lipidome from larvae exposed to sediments from three sites: ITU (Iturbatz; bioassay control), OIA (Oiartzun; reference site, unpolluted) and ARD (Arditurri;
test site, contaminated). (A) The two ﬁrst components of the PCA together with sample scores are plotted, (B) A heatmap of lipids mostly contributing to the PC1. Hierarchical
clustering analysis (represented as a heatmap) was performed using autoscale standardisation, Pearson’s distance measure, and Ward’s clustering algorithm. The colour key indicates the relative fold change across samples and lipid classes. TAG: triacylglycerols; PC: phosphatidylcholines; LPC: lysophosphatidylcholines; SM: sphingomyelins; LPEA:
lysophosphatidylethanolamines. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

analysis we then used the residuals of the regression between
shape and size. Canonical variate analysis on these residuals did not
reveal any signiﬁcant wing shape differences among groups neither
for males nor for females (permutation tests on Procrustes distances, p  0.05).

3.2.4. Gene expression analysis
Interesting dose-dependent alterations in the expression proﬁles were observed among the studied conditions. From a general
perspective, most of the signiﬁcant differences were observed in
larvae exposed to the ARD sediment, compared to the OIA and ITU
groups.
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Table 3
Fraction of phospholipids and indexes of membrane ﬂuidity (mean ± sd) in larvae exposed to sediments from 3 sites: ITU (Iturbatz; bioassay control), OIA (Oiartzun; reference
site, unpolluted) and ARD (Arditurri; test site, contaminated); *: signiﬁcantly different from ITU (p < 0.05).

Fraction of phospholipids

Indexes of membrane ﬂuidity

PEA
PC
PS
LPEA
LPC
Fluidity (PC/PEA)
Unsaturated/saturated
Unsaturated/saturated
Unsaturated/saturated
Unsaturated/saturated
Unsaturated/saturated

PEA
PC
PS
LPEA
LPC

ITU

OIA

ARD

57.0 ± 3.1
28.6 ± 0.7
11.0 ± 0.7
2.0 ± 1.4
1.4 ± 0.7
0.50 ± 0.04
672 ± 64
222 ± 20
29 ± 3
4±1
9±4

56.1 ± 0.8
29.3 ± 1.0
11.1 ± 0.3
2.0 ± 0.6
1.5 ± 0.4
0.52 ± 0.02
606 ± 64
210 ± 15
29 ± 2
4±1
7±1

54.9 ± 1.2
32.4 ± 1.5*
10.6 ± 0.3
1.2 ± 0.3
0.9 ± 0.2
0.59 ± 0.04
905 ± 182
288 ± 23*
30 ± 2
5±2
12 ± 4

Fig. 4. Shape markers in larvae exposed to sediments from 3 sites: ITU (Iturbatz; bioassay control), OIA (Oiartzun; reference site, unpolluted) and ARD (Arditurri; test site,
contaminated). (A) Mentum and (B) mandible lengths were measured (F test, all p  0.05). Wing centroid size (mm) in (C) males and (D) females and wing loading (mg mm2) in (E)
males and (F) females were compared among treatments. Different letters indicate signiﬁcant differences (pairwise Mann Whitney Wilcoxon test).

Table 4
Deformity rates and FA affecting the mentum and the mandibles in the three study
conditions: ITU (Iturbatz; bioassay control), OIA (Oiartzun; reference site, unpolluted) and ARD (Arditurri; test site, contaminated).

Mentum
Mandible

Deformity rate (%)
FA index (102)
Deformity rate (%)
FA index (102)

ITU

OIA

ARD

6
3.54
12
2.7

4
2.87
4
2.83

9
2.86
8
2.65

Genes coding for the ecdysone and insulin receptors (EcR and
InR) (Fig. 5AeB) were signiﬁcantly down-regulated in larvae
exposed to ARD sediments, with a mean decrease in transcription
of 45% and 30%, respectively, relative to ITU. A similar (though not
statistically signiﬁcant) tendency was also observed in the vtg gene
(Fig. 5C).
Regarding biotransformation and detoxiﬁcation processes,
genes were differentially affected depending on the condition, with
a decreasing mRNA abundance among ﬁeld sediments. The transcription of GST and SOD genes showed similar responses to those
observed for hormone-related genes, with a signiﬁcant downregulation in ARD samples compared to ITU (Fig. 5D, F). However, in
the case of GPx, CAT, and TrxR1, OIA samples were signiﬁcantly
repressed (up to 40% for CAT) (Fig. 5E, G-H), with no changes for

ARD. ARD sediments reduced the transcript levels of cyp4g,
showing similar effects to those observed for EcR and InR (signiﬁcant when compared to OIA) (Fig. 5I). These repressions reached
values of 47% for GST, 30% for SOD and 20% for cyp4g, when
compared to the ITU control group. In the case of genes coding for
ferritins (Fig. 5JeK), a completely different effect was observed,
consisting of strong overexpression in ARD samples (3.5-fold for
FeH and 2.1-fold for FeL with respect to ITU; signiﬁcant for FeL).
Genes related to oxygen transport (HbA and HbB) responded
differentially across the studied sediment samples (Fig. 6AeB). A
strong and signiﬁcant up-regulation of HbB was observed for ARD
(41 and 9-fold compared to ITU and OIA, respectively), while HbA
remained unaltered. GAPDH stayed constant among larvae from the
three studied conditions (Fig. 6C).
The transcription of genes involved in the cell stress response
(hsp70, hsp40, hsp10, gp93) showed different patterns. In the ARD
group, hsp10 and gp93 (Fig. 6FeG) showed an increase (up to 2fold) in transcription, whereas OIA samples had a repression of
around 50% compared to ITU (signiﬁcant for hsp10). In contrast,
hsp70 and hsp40 remained unchanged (Fig. 6EeF).
Finally, no differences were detected in the expression proﬁles
of DNA repair and apoptosis genes (Fig. 6HeK), although there was
remarkable variability in the transcription of the DECAY and ATM
genes in larvae exposed to ARD sediments.
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Fig. 5. Changes in expression of genes related to hormonal pathways, biotransformation and oxidative stress response in C. riparius 4th instar larvae exposed to sediments from 3
sites: ITU (Iturbatz; bioassay control), OIA (Oiartzun; reference site, unpolluted) and ARD (Arditurri; test site, contaminated). Box-and-whisker plots represent the expression
patterns of the studied genes measured by real-time RT-PCR: (A) EcR; (B) InR; (C) vtg; (D) GST; (E) GPx; (F) SOD; (G) CAT; (H) TrxR1; (I) cyp4G; (J) FeH; and (K) FeL. For each
experimental condition, six independent experiments were performed, and RNA was extracted from groups of 6 larvae (n ¼ 24). Box and whiskers represent the 25e75 percentile
and the minimum/maximum measured values, respectively; the mean is represented by a dot, whereas the horizontal line separating the lower (dark) and the upper (light) area
represents the median.

4. Discussion
Mining activity in areas close to particularly sensitive environments such as aquatic ecosystems is currently of special concern. It
is necessary to elucidate the mechanisms responsible for the
observed effects in order to better understand the ecological impacts of mining on stream ecosystems (Besser et al., 2009). However, few studies have exhaustively evaluated medium and longterm multilevel responses caused by complex polluted sediments
in natural biota (Arambourou et al., 2019). Thus, the aim of this
work was to evaluate the potential toxicity of high levels of heavy
metal contamination in sediments near a mining area, using the
key species C. riparius. This species is widely used as an in vitro
model for the evaluation of toxic effects of environmental contaminants. We used an integrative approach based on response
patterns observed in this species, from the molecular to the organism level, which may also be applied to environmental risk
assessment processes. The present study demonstrated that
exposure to water/sediments contaminated by heavy metals
resulted in reproduction and growth impairment, respiration

reduction, morphometric and allometric changes, differential
accumulation of storage lipids (i.e. TAGs) and some glycerophospholipids (PCs), as well as alterations in gene expression in
C. riparius.
The delayed emergence seen in both males and females exposed
to metal contaminated ARD sediments has been widely observed in
chironomids exposed to contaminated sediments (Arambourou
et al., 2014), and might be due to a higher energy investment
necessary to counteract toxic stress, with a consequent decrease in
growth. Moreover, the endocrine disrupting activity could be also
 et al., 2010; Cao et al., 2019),
responsible for these effects (Planello
given the observed alterations in some of the genes related to
hormonal pathways (Fig. 5AeC). The expression of the ecdysone
receptor gene (EcR) ea well-known biomarker of endocrine disruptione and the insulin receptor (InR) were analyzed as they are
two key genes involved in the control of insect development.
Exposure to ARD sediments led to downregulation of both genes,
suggesting that contaminants can prevent the action of these hormones, possibly disrupting their genetic signaling cascades. The
interaction between insulin and ecdysteroid signaling pathways are

H. Arambourou et al. / Water Research 168 (2020) 115165

9

Fig. 6. Changes in expression of genes related to oxygen transport, cell stress response and DNA repair/apoptosis in C. riparius 4th instar larvae exposed to sediments from 3 sites:
ITU (Iturbatz; bioassay control), OIA (Oiartzun; reference site, unpolluted) and ARD (Arditurri; test site, contaminated). Box-and-whisker plots represent the expression patterns of
the studied genes measured by real-time RT-PCR: (A) HbA; (B) HbB; (C) GAPDH; (D) hsp70; (E) hsp40; (F) hsp10; (G) gp93; (H) NLK; (I) XRCC1; (J) ATM; and (K) DECAY. For each
experimental condition, six independent experiments were performed, and RNA was extracted from groups of 6 larvae (n ¼ 24). Box and whiskers represent the 25e75 percentile
and the minimum/maximum measured values, respectively; the mean is represented by a dot, whereas the horizontal line separating the lower (dark) and the upper (light) area
represents the median.

essential for ﬁne control of tissue and body growth (Lin and
Smagghe, 2018). It is noteworthy that larvae were lighter in the
ARD group than in the other groups, suggesting decreased growth.
Moreover, alterations in the ecdysone pathway could ultimately
affect ecdysteroids such as 20-hydroxyecdysone, the active form of
ecdysone which controls molting and metamorphosis in insects
(Henrich et al., 1999).
The reproductive success of all species, including insects, relies
on vitellogenin biosynthesis and its uptake in developing oocytes.
Ecdysteroids also regulate vitellogenin in the fat body throughout a
conserved set of ecdysone-responsive early and early-late genes
(Swevers and Iatrou, 2009). The concomitant downregulation
observed in the vitellogenin gene (vtg) demonstrates that the heavy
metal mixture present in ARD sediments affected downstream the
ecdysone signaling pathway. Given that vitellus is the main energy
source that fuels embryo development, this may result in signiﬁcant reproductive impairment (Roy et al., 2007) that affects
embryogenesis of the subsequent generation due to a reduction of
yolk synthesis and egg production. Our results are in accordance
with the reduction of vitellogenin previously described in insects
(Cervera et al., 2006; Su et al., 2019; Zhao et al., 2016), crustaceans
~ o et al., 2017), and
(Yang et al., 2015), mollusks (Moncaleano-Nin

ﬁsh (Driessnack et al., 2017a, 2017b) exposed to heavy metals (Cd,
Pb, etc.).
Besides the reproductive modiﬁcations, imbalances in normal
physiological and metabolic activities were also critical factors in
the stress response induced by ARD sediments, including a significant decrease in respiration rate. Respiration has also been shown
to decrease in Chironomus sp. after exposure to thiaclopriod
(Langer-Jaesrich et al., 2010), zinc (Miller and Hendricks, 1996), or
naphthalene (Darville and Wilhm, 1984). The decrease in oxygen
uptake might be caused by a disruption of the electron transport
chain, as observed in C. riparius exposed to 20 mg l1 fenitrothion
(Choi et al., 2000), or linked to a decrease in locomotive activity, as
observed in C. riparius exposed to mercury (Azevedo-Pereira and
Soares, 2010). This physiological imbalance was in accordance
with one of the most remarkable alterations caused by exposure to
contaminated sediments at the genetic level, observed in the activity of the HbB gene, with up to a 41-fold increase in its transcription. This speciﬁc induction might be: 1) a rapid response to
mitigate oxygen deﬁcits arising from the decrease in respiration
rate; or 2) the result of an increased oxygen demand for xenobiotic
metabolism processes. It is known that Chironomus hemoglobins
(Hbs) show a strong afﬁnity for oxygen and a extracellular
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localization, and their expression is considered to be a sensitive
biomarker after exposure to different pollutants, such as metals or
pesticides (Ha and Choi, 2008; Lee et al., 2006). Our results agree
with the idea that the presence of Hbs in invertebrates implies the
evolutionary adaptation of these organisms to unfavorable environmental conditions, because these pigments help sustain aerobic
metabolism when oxygen availability is limited (Osmulski and
Leyko, 1986).
Regarding the lipidomic proﬁle, TAGs, which are important
components of storage lipids (Kühnlein, 2012), were signiﬁcantly
increased in the group exposed to contaminated sediments, and PC,
which is an important component of cell membranes (Gilbert and
O’Connor, 2012; Dobrosotskaya et al., 2002), was also increased.
Two hypotheses could explain this result. First, it may be related to
respiration decrease and growth rate inhibition; since TAGs are
partly used to generate energy through cellular respiration, a
decrease in respiration rates could contribute to an increase in their
levels (Kühnlein, 2012). Also, phospholipids are important components of cell membranes and arthropod carapaces (Gilbert and
O’Connor, 2012), so animals with reduced growth could accumulate non-invested glycerophospholipids. Secondly, TAGs have been
shown to be implicated in the antioxidant response, limiting the
level of reactive oxygen species (ROS) and inhibiting the oxidation
of polyunsaturated fatty acids in Drosophila stem cells (Bailey et al.,
2015). Therefore, TAGs might increase as a way to prevent oxidative
damages in exposed individuals. Reduced dispersal among samples
in the ARD-treated group was observed for respiration rate and
lipid proﬁle, as reported by Wheelock et al. (2005) for enzyme
activity in salmon exposed to esfenvalerate. Toxic exposure could
ﬁrst affect the most sensitive individuals leading to a narrower
response in the most contaminated sediment.
In accordance with Drosophila literature (Carvalho et al., 2012;
Scheitz et al., 2013), PEAs are the major component of phospholipids. A decrease in lipid saturation, summarized by the unsaturated/saturated ratio, is associated with reduced membrane
ﬂuidity, and membranes containing a low proportion of PEAs are
also said to be rigid. Our results suggest a decrease of membrane
ﬂuidity in the larvae exposed to contaminated sediment, consistent
with decreases previously reported in cells exposed to heavy
metals (García et al., 2005). This might be due to lipid peroxidation
(LPO) in the phospholipid bilayer, which has been shown to increase membrane rigidity (Dobretsov et al., 1977). Moreover, metals
may bind phospholipids and alter surface charge structures and
, 1990) leading to an inlipid conformation (Tocanne and Teissie
crease of the membrane rigidity (García et al., 2005). An increase in
membrane rigidity has been reported to be correlated to a higher
resistance to toxic exposure in Drosophila (Scheitz et al., 2013), thus
we can hypothesize that increased membrane rigidity might also
protect cells from metal uptake. Metals may also enter or be
excreted through membrane transporters. For example, in
Drosophila, the ABC transporters which are transmembrane proteins were shown responsible for zinc and copper detoxiﬁcation
(Yepiskoposyan et al., 2006).
Exposure to contaminated sediment induced allometric
changes; length of appendages (mentum and mandible) was
enhanced while larval mass was reduced. Appendage size increase
has been observed in crustaceans exposed to compounds with
juvenoid activity (Arambourou et al., 2017; Olmstead and LeBlanc,
2000) and to sewage treatment works (Gross et al., 2001). To the
best of our knowledge, this is the ﬁrst time that this effect has been
observed in response to heavy metal exposure, and it may result
either from alteration of the regulatory pathways controlling
appendage formation, endocrine disruption activity (Mamon et al.,
2016), or by differences in appendage wear in relation to the size of
sediment particles (Bird, 1997). The latter hypothesis does not seem

very likely, as the grain size distribution of the OIA and ARD sediments was quite similar (86% and 94%, respectively, of particles
with a diameter greater than 250 mm). Given that adult mass was
severely reduced with little effect on wing size, wing loading was
sharply decreased in both males and females exposed to ARD
sediments. A positive relationship between wing loading and ﬂight
performance has been observed in butterﬂies (Lin and Smagghe,
2018). Thus, the wing loading decrease might have dramatic repercussions on ﬂight performance and, as a consequence, reproductive success and species dispersal.
At a molecular level, the expression proﬁles of other genes were
affected by exposure to contaminated sediments, especially those
involved in cell stress response, biotransformation metabolism, and
response to oxidative stress.
Heat-shock proteins (HSPs) are naturally induced by stress and
abnormal conditions, and thus can be useful indicators of stress in a
variety of organisms and under different circumstances. The hsp10,
hsp40, hsp70 and gp93 genes were selected as biomarkers of
cellular stress response. Especially remarkable was the induction
observed in the activity of gp93, which encodes the ortholog of the
endoplasmic reticulum resident HSP90, whose expression enables
nutrient assimilation-coupled growth control (Maynard et al.,
2010). gp93 mutant larvae exhibit a starvation-like metabolic
phenotype, including suppression of insulin signaling and extensive mobilization of amino acids and triglycerides. Visual comparisons of gp93 mutant larvae have indicated that loss of gp93
expression results in a late larval growth defect (Maynard et al.,
2010). Our results showed that both InR and gp93 genes had
opposite responses. gp93 induction could be interpreted as a larval
response to hormonal receptor disruption caused by heavy metals
and the deleterious effects on larval weight, in an attempt to increase nutrient assimilation.
HSP70 and HSP40 play a crucial role in protein folding and
protein homeostasis. Moreover, HSP40 stimulates the ATPase activity of HSP70 and regulates protein folding, unfolding, translation,
translocation, and degradation. In addition, HSP70 is a necessary
component for the correct function of the EcR (Gilbert et al., 2002).
The transcriptional activity of both hsp70 and hsp40 have been
shown to be modulated by exposure to different xenobiotics. Previous studies described the induction of hsp70 in C. riparius exposed
to paraquat dichloride, chlorpyriphos, fenitrothion, cadmium
chloride, lead nitrate, potassium dichromate or bisphenol A (Lee
 et al., 2008). In contrast to this, our results
et al., 2006; Planello
showed constant levels of hsp70 in all the experimental conditions.
This may be due to the fact that HSP70 is involved in a variety of
processes related to the maintenance of cellular homeostasis
(Murphy, 2013), and thus might not be affected only by the effects
described for the nuclear receptors.
To protect against the effects of pollutants and oxidative stress,
organisms have a variety of detoxifying enzymes, such as superoxide dismutase (SOD), catalase (CAT), glutathione-s-transferase
(GST), or glutathione peroxidase (GPx), among others (Felton and
Summers, 1995). Our results showed that exposure to metals
caused signiﬁcant changes in the transcriptional proﬁle of GST and
SOD. Meanwhile, signiﬁcant downregulation of GPx, CAT and TrxR1
was detected only in the OIA group. Our results are in accordance
with the induction of oxidative stress-mediated genotoxicity,
described in D. melanogaster under Pb exposure (Olakkaran et al.,
2018). Pb, which in our study was highly present in the ARD sediments, has been shown to induce oxidative stress by overproducing
ROS, LPO, and decrease of antioxidant enzymes such as SOD, CAT,
and GST, as well as wing somatic mutation (Olakkaran et al., 2018).
This response is especially interesting, since it contrasts with the
induction of defense mechanisms described in insects, including
C. riparius, after exposure to multiple xenobiotics (Martínez-Paz,
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2018; Nair et al., 2013, 2011; Nikoli
c et al., 2016).
Ferritin proteins (Fe) have been described to function as iron
transporters, and recently they have been shown to play additional
roles as a cytotoxic protector against oxidative challenges and in the
immune response (Pham and Winzerling, 2010). Insect ferritins are
composed of two types of subunits (FeH and FeL) homologues to
vertebrates (Georgieva et al., 1999). In this study, both FeH and FeL
genes of C. riparius were upregulated in larvae exposed to the ARD
sediments. This is consistent with previous results obtained in
D. melanogaster (Missirlis et al., 2007) and C. riparius (Park et al.,
2010) after exposure to paraquat and 2,4-dichlorophenoxyacetic
acid, respectively, and may lead to protection responses against
induced oxidative damage of these herbicides. Given the high levels
of Pb in the ARD point, ferritin upregulation could be also part of an
antioxidant mechanism against oxidative stress induced by lead.
No signiﬁcant variations were detected in the activity of GAPDH,
which remained constant under our three experimental conditions.
This is consistent with the traditional use of this gene as a reference
“housekeeping” gene in transcriptional studies, though it has been
demonstrated that its expression may sometimes be altered under
xenobiotic-induced stress (Herrero et al., 2017).
Taking into account the alterations observed in shape markers
(mouthpart and wings), and the transcriptional depletion of
antioxidant genes, the potential genotoxic damage was evaluated
through the transcriptional activity of genes closely related to DNA
repair and apoptosis. No signiﬁcant changes in transcript levels of
these genes were detected; however, the slight increase in DECAY
and downregulation of NLK may indicate a reduction in DNA
repair rates and the induction of apoptosis as a consequence of
indirect DNA damage, which may lead to genotoxic damage.
Genotoxicity of heavy metals has been described in chironomids at
different levels; somatic chromosome aberrations are sensitive
indicators of genotoxicity of trace metals in some aquatic dipterans (Ilkova et al., 2018). DNA damage induced by Cu was re et al. (2017), and downregulation of DNA repair
ported by Bernabo
genes has been described after vinclozolin exposure due to high
DNA damage and the failure of cellular repair mechanisms
(Aquilino et al., 2018). In this regard, more detailed studies should
be conducted to evaluate the genotoxic risk of these complex
mixtures of metals.

5. Conclusions
This study with the midge C. riparius highlights the effects of
exposure to heavy metal-contaminated sediments from the mining
area of Arditurri (Basque Country). The selected biomarkers
allowed us to integrate biological responses at different time scales,
while the multidisciplinary approach included several levels of
biological organization, from the molecular to the whole organism
response. Exposure to complex mixtures of heavy metals disrupted
the activity of hormone-related genes, and impaired reproduction
and growth in C. riparius larvae and adults, which may affect longterm population dynamics of this key species for aquatic ecosystems. Exposed individuals also shown an altered activity of genes
related to detoxiﬁcation processes and oxidative stress, which
could lessen their biotransformation rates and their ability to prevent oxidative damage. Through these biomarkers, this integrative
assay offers useful information about molecular, physiological,
reproductive, and morphological alterations observed in natural
polluted scenarios. Combining classical toxicity parameters with
molecular tools, chemical analysis, and bioinformatics, could lead
us to more robust environmental risk assessments, and to a better
understanding of the risks that mining activity can bring to aquatic
biota.
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