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Wastewater effluent affects
behaviour and metabolomic
endpoints in damselfly larvae
Jana Späth1*, Jerker Fick1, Erin McCallum3, Daniel Cerveny3,4, Malin L. Nording1 &
Tomas Brodin2,3
Wastewater treatment plant effluents have been identified as a major contributor to increasing
anthropogenic pollution in aquatic environments worldwide. Yet, little is known about the potentially
adverse effects of wastewater treatment plant effluent on aquatic invertebrates. In this study, we
assessed effects of wastewater effluent on the behaviour and metabolic profiles of damselfly larvae
(Coenagrion hastulatum), a common aquatic invertebrate species. Four key behavioural traits: activity,
boldness, escape response, and foraging (traits all linked tightly to individual fitness) were studied in
larvae before and after one week of exposure to a range of effluent dilutions (0, 50, 75, 100%). Effluent
exposure reduced activity and foraging, but generated faster escape response. Metabolomic analyses
via targeted and non-targeted mass spectrometry methods revealed that exposure caused significant
changes to 14 individual compounds (4 amino acids, 3 carnitines, 3 lysolipids, 1 peptide, 2 sugar
acids, 1 sugar). Taken together, these compound changes indicate an increase in protein metabolism
and oxidative stress. Our findings illustrate that wastewater effluent can affect both behavioural and
physiological traits of aquatic invertebrates, and as such might pose an even greater threat to aquatic
ecosystems than previously assumed. More long-term studies are now needed evaluate if these
changes are linked to adverse effects on fitness. The combination of behavioural and metabolomic
assessments provide a promising tool for detecting effects of wastewater effluent, on multiple
biological levels of organisation, in aquatic ecosystems.
Chemical pollutants, including pharmaceuticals and personal care products, are present in aquatic environments
worldwide and their effects on ecosystems have increasingly been studied during recent decades1–4. A major
source of these pollutants is effluent from wastewater treatment plants5,6, however, given the high complexity
and both spatial and temporal variability of the effluent, ecotoxicological risks posed by effluent exposure are
difficult to a ssess7–9. Aquatic invertebrates are, both directly and indirectly, exposed to anthropogenic pollutants
from wastewater effluent through uptake via water and food. Many species are sensitive to pollution all the while
they play key roles in aquatic food webs10,11. Therefore, aquatic invertebrates are relevant model organisms when
assessing risks of complex pollutant mixtures such as wastewater effluent12. Despite of their clear importance
for aquatic ecosystems, studies of the effects of wastewater effluent on aquatic invertebrates have rarely been
studied11,13. One important group of invertebrates are the damselfly larvae (class Insecta, order Odonata, suborder Zygoptera), since they have a central position in aquatic food-webs by preying on smaller invertebrates and
by serving as prey for larger invertebrates and fish14. Consequently, pollutants that affect damselfly larvae could
have bi-directional cascading effects through the food-web potentially leading to ecosystem level effects, which
makes damselflies a particularly suitable organism for ecotoxicological s tudies15,16.
That animal behaviour is imperative for both individual fitness and population stability, has long been
acknowledged in ecology. In nature, behaving correctly often is the difference between eating and starving,
reproducing or not, or even the difference between life and d
 eath17,18. Despite its high ecological importance,
animal behaviour has only recently been recognised as a relevant measure in ecotoxicology. This is unfortunate
as behavioural change, especially when measured in combination with physiological responses, e.g.16,19, can be
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a powerful predictor of ecological effects of pollutants. As a consequence, there are few risk assessment studies
available on behavioural effects of pollutants that can be used for regulation p
 urposes20. In invertebrates, behavioural endpoints have been primarily assessed in response to individual pollutant compounds, such as pesticides
or pharmaceuticals12,14,21–25. As a consequence, there are fewer studies addressing the impacts of complex mixtures
such as wastewater effluent (but s ee9), and studies combining behaviour with metabolomic or other physiological
measures are very scarce (but s ee16,26).
Changes in metabolic pathways and, subsequently, metabolite levels have been observed in a wide range
of invertebrates in response to challenging environmental conditions such as temperature s tress27–29 and
hypoxia30–32. Moreover, in vertebrates, exposure to wastewater effluent has been shown to be metabolically
costly33–35, alter metabolite profiles36, and change behavioural traits like activity, aggression, and courtship33,37–39.
In damselfly larvae, perturbations in fatty acid metabolic pathways have been observed following p
 esticide40
and wastewater effluent exposure41,42. In a previous pilot study with a small sample size, we found indications
for changes in other metabolites following effluent e xposure43. Hence, exposure to anthropogenic pollutants is
expected to induce changes in the damselfly larvae metabolome (i.e. the collection of low-weight metabolites).
The aim of the present study was to investigate if exposure to wastewater effluent, a complex mixture of
chemical pollutants, affects the behaviour of a common aquatic invertebrate and whether exposure also alters
their metabolite profiles. We exposed Northern damselfly (Coenagrion hastulatum, C.H.) larvae to one of four
dilutions of wastewater effluent (0, 50, 75, 100%) and measured the resulting behavioural and metabolomics
effects. Before emerging to the terrestrial environment as adults, damselflies undergo a much longer aquatic phase
including, a total of, twelve larval instars (Norling 1984) and are thus exposed to aquatic pollutants for the vast
majority of their lives. We hypothesised that (i) wastewater effluent would affect the behavioural traits of exposed
damselfly larvae negatively (i.e. reduce expression); (ii) exposure to pollutants via wastewater effluent would
change metabolite profiles of exposed larvae compared to the control; and (iii) that there is a dose–responserelationship in both behavioural and metabolomic responses between the observed effects and level of exposure.
To test this, we assessed four key behavioural traits, activity, boldness, escape response, and foraging behaviour,
and analysed changes in metabolite profiles in damselfly larvae in response to exposure to wastewater effluent
using non-targeted gas chromatography (GC) and liquid chromatography (LC) mass spectrometry (MS) and
targeted LC–MS/MS methods.

Methods

Collection. Northern damselfly (Coenagrion hastulatum) larvae were collected at lake Nydalasjön in Umeå,
northern Sweden, in August 2018 and brought to an aquatic laboratory at Umeå University. The larvae were kept
at 20 °C under natural light conditions (14 h:10 h light:dark), and they were fed zooplankton (Daphnia pulex)
cultivated at Umeå University ad libitum, daily. Larvae at instar F-2 (second to the last instar before emergence)
were placed in individual plastic opaque containers (10 × 10 × 10 cm) filled with aerated tap water that had been
aged for 48 h. Individuals were left to acclimate for 24 h before the first behavioural trials were conducted followed by the start of the wastewater effluent exposure (further details below). No food was provided during the
acclimation period.
Behavioural trials.

We quantified four ecologically relevant behavioural traits: activity, boldness, escape
swimming, and foraging for all larvae before and after exposure. To match larval hunger-conditions between
the two sets of behavioural trials (before and after exposure), larvae were fed zooplankton on day 5 of exposure.
The remaining zooplankton were then removed on day 6 and no more zooplankton were added during the 24 h
before starting the second set of behavioural trials (after exposure). All behavioural trials were conducted in
separate aquaria from the exposure containers using aged tap water (details follow). The order of the behavioural
trials was the same for all larvae (i.e. activity/boldness, → foraging → escape response). Animals were gently
moved between each behavioural trial aquaria and given habituation time in before each beginning each trial
(details on habituation durations are presented below).
To quantify activity and boldness, larvae were individually placed in glass aquaria (25 × 25 × 5 cm, filled with
1.3 L aged tap water) and, after 10 min of acclimation time, each larva was video recorded for 50 min. We used
Toxtrack, an automated image-based tracking software (version 2.69), to generate the four activity measures for
each individual and trial: average speed (mm/s), number of explored areas, number of frozen events, and total
frozen time (s). The program is designed to extract parameters that represent activity and movement behaviours. Toxtrack is currently being used to analyse behaviour of animals, from rats to zooplankton, in over 110
countries44. Additionally, edge-use was used as a measure of boldness, i.e. a bold individual would spend more
time away from the edges than a shy one (see Supplementary Material for further details). Boldness is a useful
endpoint to test anxiolytic activity in r ats45 and has been used in a wide range of taxa since this early paper,
including aquatic organisms such as fish and insects.
Foraging behaviour was assessed by two complementary measures: the number of zooplankton that larvae
consumed during the trial (foraging success) and the number of failed foraging attempts (foraging efficiency),
following a modified protocol of Finotello et al.40. Individual larvae were transferred to a plastic container
(20 × 12 × 13 cm) filled with 0.4 L aged tap water. After 10 min of acclimation time, 20 zooplankton were introduced to the container and larval foraging was video recorded for 15 min. We counted the number of successfully
captured and consumed zooplanktons and subtracted them from the total number of foraging attempts, indicated
by strikes with the mask towards a prey, to calculate the number of failed attempts.
To assess escape response behaviour, we simulated a predator attack by using a small plastic stick to approach
the lamellae of each larva, causing the larva to initiate escape response, as similarly described by Brodin and
Jonsson et al.46,47. This is a well-established method that has been used to measure damselfly behaviour for over
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Figure 1.  Study design showing the relative ordering of two sets of behavioural trials, the wastewater effluent
exposure (7 days), and then metabolite analyses.

a decade46. Escape assays were carried out individually in glass aquaria (25 × 25 × 5 cm, filled with 0.8 L aged tap
water) with a coordinate grid (1 × 1 cm) on the bottom. Larvae were allowed to acclimate for 10 min after being
introduced to the aquaria, then behaviour was video recorded for 10 min starting with the triggered escape
response. This generated three measures of escape responses. First, the distance between the larva and the stick
when escape response was triggered (escape response). Second, time until the larvae stopped moving after the
attack (escape duration). The third measure was time until larvae started moving again after the initial swimming
burst, i.e. the duration of the immobility period (immobility).
After the final behavioural trial, animals were either returned to their housing/exposure tank (before exposure
behavioural trials) or were immediately rinsed with MilliQ water and then frozen individually in Eppendorf tubes
at − 20 °C until extraction (after exposure and behavioural trials). See Fig. 1 for an overview of the study design.

Exposure. Larvae were individually exposed to 0, 50, 75, 100% wastewater effluent (dilutions in aged tap

water; n = 23, 24, 25, and 25, respectively) in small aquaria (10 × 10 × 10 cm) at standardised conditions of light
(14 h:10 h L:D) and temperature (20 °C) for 7 days. Initially, it was n = 25 for each group, but two individuals died
during the experiment, and one was lost during sample extraction. Effluent was obtained from a local wastewater treatment plant. This facility uses mechanical, chemical (flocculation with iron(III) chloride), and biological (activated sludge) treatment without N-removal (see Supplementary Material for details on the wastewater
effluent). The effluent was diluted to reflect that organisms are typically exposed to dilutions of wastewater in
the wild. Additionally, dilutions allow for elucidation of dose–response relationships between exposure and the
observed behaviour and metabolite responses.

Metabolite profiles. To measure metabolite profiles, all samples were extracted following a solid–liquid

extraction protocol as described e lsewhere42,43. The resulting extracts were split into four subsets that underwent
i) LC–MS analysis, ii) GC–MS analysis, iii) oxylipin analysis (LC–MS/MS), and iv) amino acid analysis (LC–MS/
MS) (Fig. 2).
Extraction. Extractions were performed on whole-body individuals. The wet mass of the larvae was recorded
before placing them in separate 2 mL microcentrifuge tubes. Each larva was dissolved in 1.5 mL acetonitrile/
water (90/10) containing internal standards (IS A) (Table S6 in Supplementary Material). Samples were homogenized by shaking each sample for 3 min at 30 Hz in a mixer mill with stainless steel beads (3 mm of diameter)
added. Then, samples were centrifuged for 10 min at 14,000 RPM, the supernatants were collected, and the pellet
was re-extracted with 1.5 mL acetonitrile/water (90/10) (not containing IS). Supernatants from each sample were
combined and aliquots transferred to LC vials; for LC–MS, GC–MS, and amino acid analyses, 300 µL, 150 µL,
and 15 µL, respectively. For oxylipin analysis, 1.5 mL aliquots were transferred to falcon tubes. After evaporation
under vacuum (MiniVac system, Farmingdale, NY, USA), samples were stored at − 20 °C until analysis.

Instrumental analyses. For LC–MS analysis, samples were reconstituted in 20 µL of methanol/water (50/50)
containing IS (IS B, Table S6)43. 2 µL were injected onto an Agilent 1290 Infinity UHPLC system (Agilent Technologies, Waldbronn, Germany) equipped with an Acquity UPLC HSS T3 C18 column (2.1 × 50 mm, 1.8 µm)
and a 2.1 mm × 5 mm, 1.8 µm VanGuard precolumn (Waters Corporation, Milford, MA, USA). Compounds
were eluted with a 10.8 min gradient of acetonitrile/isopropanol (75/25) (Table S1) and subsequently detected
with an Agilent 6550 time-of-flight mass spectrometer (Q-TOF) operating in positive or negative ionisation
mode (separate injections), see Supplementary Material for settings. Using the Agilent Masshunter Profinder
software (version 10.0, Agilent Technologies Inc., Santa Clara, CA, USA), LC–MS data processing was per-
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Figure 2.  Extraction and metabolite analysis scheme. Internal standard (IS) mix A was added during solid
liquid extraction and contained one IS for LC–MS, GC–MS, and amino acid analyses, respectively, as well as 9
IS for oxylipin analysis. IS mix B, C, D, E were added after extraction/before respective analyses (see Table S6 in
Supplementary Material).

formed based on several in-house LC–MS libraries (built up by authentic standards run on the same system with
the same chromatographic and mass-spec settings).
For GC–MS analysis, 50 µL of methanol containing IS (IS C, Table S6) were added to the dried e xtracts43.
After solvents were evaporated, derivatization was performed according to the protocol in the Supplementary
Material. 0.5 µL of the derivatised extract were injected splitless by an L-PAL3 autosampler (CTC Analytics AG,
Switzerland) into an Agilent 7890B gas chromatograph equipped with a 10 m × 0.18 mm fused silica capillary
column with a chemically bonded 0.18 μm Rxi-5 Sil MS stationary phase (Restek Corporation, U.S.). The column
flow was introduced into the ion source of a Pegasus BT Q-TOF (Leco Corp., St Joseph, MI, USA), see Supplementary Material for settings. GC–MS data files were exported from the ChromaTOF software in NetCDF format
to MATLAB R2016a (Mathworks, Natick, MA, USA), where all data pre-treatment procedures were performed.
The extracted mass spectra were identified using libraries by comparisons of retention index and mass spectra.
For LC–MS and GC–MS analyses, samples were injected in randomised order to avoid effects of run order.
In addition to the samples, a quality control corresponding to a pool of each sample extract was injected at the
beginning of the analytical run to equilibrate the column as well as during the run to follow the instrument’s
performance. Extraction blanks were analysed to exclude any features stemming from the extraction procedure.
Coefficients of variations (CV) of the internal standards in the samples were calculated to validate the performance of the analytical run and were in an acceptable range (3–34%) (Table S7 in the Supplementary Material),
according to Gullberg et al.48.
To determine levels of amino acids, derivatisation was carried out using AccQ-TagTM (Waters, Milford, MA,
USA) according to the manufacturer’s protocol (see Supplementary Material for details a nd49). During derivatisation, IS D was added (Table S6). LC–MS/MS analysis was performed using an Agilent 1290 Infinity UHPLC
system coupled to an Agilent 6490 Triple Quadrupole system with an Agilent Jet stream Electrospray Ion Source
operating in positive ionisation mode, for settings see Supplementary Material. 1 µL of the derivatised sample
was injected onto a 2.1 × 100 mm, 1.7 µm UHPLC Kinetex C18-column (Phenomenex Torrance, CA, USA), for
settings see Supplementary Material. The mobile phase consisted of acetonitrile and chromatographic separation
was performed using a 15 min gradient (Table S2). Monitored transitions, collision energies and retention times
for target analytes and internal standard are listed in Table S3.
To determine levels of oxylipins, dried extracts were reconstituted in 110 µL MeOH containing IS E (Table S6).
LC–MS/MS analysis was performed using an Agilent 1290 Infinity UHPLC system coupled to an Agilent 6495
Triple Quadrupole system with an Agilent Jet stream Electrospray Ion Source operating in negative ionisation
mode as described in42. Briefly, aliquots of 10 µL were injected onto a Water BEH C18 column (2.1 mm × 150 mm,
1.7 µm particle size). The mobile phase consisted of ACN/isopropanol (90/10) and chromatographic separation
was performed using a 25 min gradient (Table S4). Monitored transitions, collision energies, and retention times
for target analytes and internal standard are listed in Table S5.

Statistical analyses. Behavioural traits. We tested for behavioural differences between treatment groups

before exposure to wastewater to eliminate the risk of initial grouping differences affecting the results. No significant differences between treatment groups before exposure were detected. Because behavioural data were not
normally distributed, we used generalised linear models (GLM) with a gamma distribution and log-link function to test the effects of wastewater exposure on behavioural traits. Behavioural trait expressions were treated as
response variables and treatments as fixed effects (E0, E50, E75 and E100), respectively. All p-values were Bonferroni corrected to account for multiple testing. All tests were done using the software IBM SPSS Statistics 26.

Metabolite profiles. We identified metabolites affected by wastewater effluent exposure by sparse projection to
latent structures discriminant analysis (sPLS-DA) using the mixOmics package in R
 50. The untargeted analyses
on each platform (i.e., GCMS, LCMS) and each group of targeted analyses (i.e., oxylipins, amino acids) were
analysed separately. Performance and tuning functions of the sPLS-DA models identified the number of compoScientific Reports |
Vol:.(1234567890)
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Figure 3.  Activity measures. Mean ± SE (a) average speed (mm/s), (b) total time frozen (s) for damselfly larvae
exposed to 0, 50, 75, and 100% effluent (E0, E50, E75, and E100, respectively). Statistically significant differences
between control and exposed treatments after exposure are indicated with an asterisk (*p < 0.05).

Figure 4.  Foraging measures. Mean ± SE (a) number of zooplanktons eaten in 15 min, (b) number of failed
attempts for damselfly larvae exposed to 0, 50, 75, and 100% effluent (E0, E50, E75, and E100, respectively).
Statistically significant differences between control and exposed treatments after exposure are indicated with an
asterisk (*p < 0.05).
nents. Within each model and each component, metabolites with a variable important projection (VIP) score > 1
were followed up with a linear model to identify statistical differences among treatments51. All contrasts were
corrected for multiple testing using Benjamini-Hochberg. We then used MetaboAnalyst 4.0 (http://www.metab
oanalyst.ca/) on the metabolites with VIP > 1 to identify possibly affected pathways52.

Results

Behavioural traits. Activity and boldness. Two of four activity measures, average speed and total time fro-

zen, were significantly affected by wastewater effluent exposure. After exposure, larvae exposed to 75% and 100%
2
effluent moved at a lower average speed in comparison to the control (Fig. 3a; GLM χ = 11.977, p = 0.001 for
2
2
75% and χ = 8.927, p = 0.003 for 100% effluent). Larvae exposed to 100% effluent spent also more time frozen,
2
2
i.e. they spent longer time immobile compared to larvae in the control (Fig. 3b; GLM: χ = 5.438, p = 0.02). The
2
other two activity measures, as well as boldness, were unaffected by effluent exposure (see Table S10).
Foraging. Both foraging success (i.e. the number of zooplankton consumed during the 15 min trial) and foraging efficiency (i.e. the total number of failed foraging attempts) were affected by effluent exposure. A general
pattern in the data is that foraging success was reduced in larvae exposed to effluent treatments whereas larvae
in the control were unaffected (Fig. 4a). However, there was only a significant difference between control and
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Figure 5.  Escape response. Mean ± SE escape response for damselfly larvae exposed to 0, 50, 75, and 100%
effluent (E0, E50, E75, and E100, respectively). Statistically significant differences between control and exposed
treatments after exposure are indicated with an asterisk (*p < 0.05).

damselfly larvae exposed to 100% effluent, the latter ate significantly less zooplankton than the control (GLM:
2
χ = 4.384, p = 0.036). In addition, larvae exposed to 100% effluent treatment also displayed lower foraging effi2
2
ciency compared to larvae in the control (Fig. 4b; GLM: χ = 4.041, p = 0.044). Foraging behaviour of the lower
2
exposure groups (E50 and E75) was not significantly different from the control (E0) after exposure. However,
efficiency increased during the exposure of E0 (before vs after) but was unchanged E50 and E75, and decreased
in E100.
Escape response. Larvae exposed to 50%, 75%, and 100% effluent treatment initiated escape response at a
2
longer distance compared to control (i.e. exposed larvae were more reactive; Fig. 5; GLM: χ = 7.220, P = 0.007
2
2
2
for 50% effluent; χ = 8.335, p = 0.004 for 75% effluent, χ = 3.896, p = 0.048 for 100% effluent, respectively).
2
2
Escape duration (time spent escaping from the stimulus) and immobility (time spent immobile after the initial
swimming burst) were unaffected by effluent exposure (see Table S10).

Metabolite profiles. Using LC–MS analysis, 111 compounds could be annotated in the damselfly larvae

extracts. These compounds belonged to several compound classes, including amino acids (15), carnitines (24),
fatty acids (10), lysolipids (29), nucleotides (5), peptides (14), steroids (2), and sugars (1) (Table S8). Using
GC–MS, 56 compounds belonging to several compound classes could be annotated, including amino acids (18),
fatty acids (12), sterols (2), sugars (11), and sugar acids (6). There is certain degree of overlap expected between
LC–MS and GC–MS data in untargeted metabolomics analyses, however the overlap was not particularly relevant to report in this study since the methods were in agreement with each other. Using targeted LC–MS/MS
analysis, 22 out of 24 amino acids probed for were quantified in the larvae. Average concentrations ranged from
0.04 (ornithine) to 10 (isoleucine) µg per g (wet weight) (Table S9). Additionally, out of 66 oxylipins analysed
were 45 quantified in the larvae. Oxylipins detected derived from different polyunsaturated fatty acids (PUFAs)
mainly via LOX and CYP enzymatic pathways. Average concentrations ranged from 0.23 (13,14-DiHDPE) to
2400 (13-HODE) ng per g (wet weight) (Table S10).
Linear models were used to investigate significant changes in metabolomic profiles of larvae exposed to
treated effluent (E50, E75, E100) in comparison to the control (E0). Overall, effluent exposure resulted in a
change of 14 compounds detected via three of the four types of analyses (9, 4, and 3 metabolites using LC–MS,
GC–MS, and amino acids, respectively) (Fig. 6, Table S12, corrected using Benjamini-Hochberg). Of these 14
compounds, two detections overlapped across the platforms: amino acid histidine was found to be significantly
affected using both LC–MS and LC–MS/MS amino acid platforms and amino acid 5-oxoproline (pyroglutamic
acid) was affected according to both LC–MS and GC–MS analysis. It is noteworthy that the other two amino acids
(glutamine, serine), that were significantly affected according to targeted amino acid analysis (but not LC–MS),
show the same trends in the LC–MS data. We speculate that due to greater variation and lower sensitivity of
non-targeted analyses, these two amino acids do not appear significantly affected in LC–MS.
Amino acids were the most affected compound class. Besides four amino acids, other affected compound
classes were carnitines (3), lysolipids (3), peptides (1), sugar acids (2), and sugars (1). None of the oxylipins was
affected by exposure.
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Figure 6.  Relative levels of significantly affected metabolites in damselfly larvae exposed to dilutions of treated
wastewater effluent (E100, E75, E50) in comparison to a tap water control (E0) (*p < 0.05; corrected for multiple
comparisons using Benjamini-Hochberg).
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Figure 7.  Pathway analysis of damselfly larvae exposed to wastewater effluent. The x-axis represents the
pathway impact score (0–1) and the y-axis (−log(p-value)) marks the pathway enrichment score. Each
circle marks a pathway, larger sizes and darker colours suggest higher pathway impact and higher pathway
enrichment, respectively (lower p-values).

Most of the compounds were either significantly up- or down-regulated in all three exposure groups (E50,
E75, E100) compared to the control (Fig. 6). Down-regulated after exposure were the three amino acids glutamine, serine and 5-oxoproline, as well as sugar acids gluconic acid and gluconic acid lactone. Up-regulated after
exposure were amino acid histidine and three carnitines valerylcarnitine, isovalerylcarnitine, glutarylcarnitine
(not significant in E75).
Dose-dependent effects were observed for one compound, the peptide cyclo(leu-pro), with highest levels in
100% effluent (E0 < E50 < E75 < E100). In addition, the sugar rhamnose showed the same trend, however only
levels of the highest exposure E100 were significantly different from the control.
A different pattern was observed for the three lysolipids (glycerophospholipids; 1-eicosatrienoyl GPE, 1-arachidonoyl GPE, 1-eicosapentaenoyl GPE), that showed significantly reduced levels only in the lowest exposure
group E50 and were unaffected in the two higher exposure groups.
Using MetaboAnalyst pathway analysis, metabolic pathways correlated with exposure were identified. According to the analysis, most impacted pathways were the d-glutamine and d-glutamate metabolism and the alanine,
aspartate and glutamate metabolism (Fig. 7), however, only d-glutamine and d-glutamate metabolism was significantly enriched after adjusting for multiple testing by Holm-Bonferroni (p < 0.05) (see Table S13).

Discussion

The majority of studies investigating how exposure to wastewater can impact aquatic organisms have focused
on effects on either physiological or behavioural endpoints. Thus, this study represents one of very few studies
combining physiological and behavioural endpoints in an attempt to forward our understanding of the ecological
impact that wastewater invoke in aquatic environments. Not surprisingly, we found that exposure to wastewater
affected both key behaviours (i.e. activity, escape response and foraging) and metabolite profiles of damselfly
larvae, and that the behavioural effects deviated from a general dose–response.

Behavioural traits. The extent to which behaviour was affected depended on both what behavioural endpoint was studied and on level of exposure to wastewater. Larval movement speed was significantly lower when
exposed to 75 and 100% wastewater compared to control, but no reduction in movement speed was seen in the
50% wastewater treatment. This finding is in line with earlier studies showing that damselfly larvae suffer lower
activity when exposed to both PFOS53 and antihistamines14, compounds that regularly are detected in wastewater. Similarly, swimming activity was also reduced in D. magna after exposure to pharmaceuticals fluoxetine and
propranolol24 and procaine penicillin54, in the crustacean Bryocamptus pygmaeus after exposure to d
 iclofenac55,
and in Diamesa zernyi larvae after pesticide exposure56. Lower activity in damselfly larvae has been shown to
lead to reduced growth-rate and smaller size at e mergence17, traits tightly linked to reproductive success in many
species including damselflies. While frozen time was significantly lower only in the 100% wastewater treatment,
no effect was seen on the other two activity endpoints that we measured, potentially suggesting that movement
speed and frozen time are most sensitive to wastewater.
Avoiding and/or escaping predators is central for the survival of most aquatic invertebrates, damselflies
included. If a damselfly larva, or any other prey, underestimates predation-risk it is very likely that they will suffer the ultimate cost to fitness – death. Larvae exposed to all wastewater treatments in our study initiated their
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escape response earlier (i.e., at a longer distance from the risk stimulus) than larvae in the control treatment.
Such a response suggests that larvae exposed to wastewater perceived a higher risk than larvae in the control.
This result is in concordance with earlier studies of damselfly larvae showing a reduction in escape response14
and altered escape b
 ehaviour47 after exposure to the antihistamine fexofenadine. There are at least three potential
explanations to the earlier escape response when exposed to wastewater. First, turbidity should increase with
increased fraction of wastewater, which in turn could have increased the uncertainty of larval risk-assessment
(distance to the risk). As a consequence of this increased uncertainty, larvae may adopt a “better-safe-than-sorry
strategy” and initiate escape response earlier to not underestimate risk. However, turbidity was not manipulated
in this experiment, since behavioural trials were conducted in clean water, and as such could not have affected the
results. Second, the larvae may have initiated their escape responses earlier to avoid increased risk because larval
movement speed was reduced when compared to the control larvae. If a larva tries to escape slowly, it is easier
for a predator to catch it compared to a fast moving larva and to counteract this, larvae escaped earlier. Third,
exposure to wastewater generated increased stress levels in the larvae that in turn affected the risk-assessment
of the larvae directly and led to an overestimation of risk, which initiated earlier escape responses. All three
explanations are plausible, and the effect seen is more than likely a result of one, or a combination, of them.
In contrast, time spent actively escaping, following a predator attack, and time spent immobile after the active
escape, were unaffected by exposure.
Foraging behaviour is closely related to how much energy an individual has available because the intake of
food enables energy restoration. Consumption of food is imperative for important fitness correlates such as
growth and development-rate, reproductive output and even survival. In addition, when organisms are exposed
to pollution, even more energy is needed, because the pollutants have to be metabolised and excreted. Indeed,
several publications have shown a reduction in energy metabolites after exposure to various p
 ollutants16,57–59.
As such, a change in foraging efficiency has the potential for major ecological ramifications. Here we found that
exposure to 100% wastewater led to a reduction in both foraging efficiency (i.e. fewer prey captured) and foraging precision (i.e. more failed attacks). This is in line with previous studies, for example several environmental
contaminants have been shown to negatively affect the foraging rate of an invertebrate shredder60–62. Additionally, reduced foraging success, however non-significantly, was previously observed in damselfly larvae Ischnura
graellsii40 and in freshwater planarian Dugesia subtentaculata23 after pesticide exposure. Indications for decreased
foraging capability were also found in blue crabs (Callinectes sapidus) after pesticide e xposure63.” In contrast,
pesticide exposure resulted in higher food intake in the damselfly Enallagma cyathigerum64. In addition, the
number of prey capture attempts of damselfly larvae was shown to be unaffected by pesticide exposure40. Reduced
foraging efficiency can gravely impact an individual, groups, and the entire population since it means reduced
energy intake, which in turn means less energy to divide between important somatic processes and investment
in growth and future reproduction. The increase in failed attacks for damselfly larvae exposed to wastewater
shown here also indicates that, not only is the energy intake reduced, but these larvae will spend more energy
foraging and are likely to suffer a net energy reduction. One potential explanation for the reduced foraging
efficiency is the reduced mobility speed of larvae exposed to high levels (> 75%) of wastewater, because activity is positively correlated with food capture in damselflies. However, this cannot be the full explanation since
there were no reduction in either foraging efficiency or precision of larvae in the 75% treatment. The negative
effects on foraging were only found in 100% wastewater, and these findings would therefore only be relevant
to effluent-dominated environments (e.g. areas with seasonal drought, consistently arid habitats, or man-made
effluent discharge canals that would all receive nearly 100% of their water from wastewater effluent). However,
we can conclude that exposure to wastewater affects ecologically important behaviours (i.e. activity, risk-taking
and foraging) in damselfly larvae, and could lead to negative fitness consequences, this despite that larvae were
only exposed for 7 days in our study.

Metabolite profiles. Similar to the affected behavioural traits, few dose-dependent changes were observed

in the metabolite profiles. Only two compounds (peptide cyclo(leu-pro) and sugar rhamnose) showed dosedependent patterns. Instead, most compounds (8) were either up- or downregulated to the same degree in exposure groups E50 through E100, when compared to the control E0. It is possible that we used too narrow of a
concentration span for the diluted effluent and would have observed a dose-reponse with more dilutions below
50%. It is also possible that metabolism does not respond linearly to this type of exposure. Leonard et al. found
mostly non dose-dependent responses in metabolites when unionid mussel Lampsilis fasciola was exposed to the
synthetic estrogen 17 α-ethinylestradiol (EE2)26.
Overall, since the majority of metabolites remained unaffected, we found the primary metabolism to be
robust to exposure. Our previous pilot s tudy43 also found this pattern. Organisms will benefit from maintaining
a stable internal state that is reflected by the primary metabolism (homeostasis)65. However, our results show
that wastewater effluent exposure resulted in a shift of individual metabolites mainly belonging to the protein
and fatty acid metabolism.
Free amino acids were the most affected compound class in this study. Amino acids are a major constituent
of the metabolome of aquatic invertebrates and fulfil several metabolic functions such as energy production,
osmoregulation and muscle growth66–69. Perturbations of amino acid metabolism have been associated with
an organism’s response to stressors in various aquatic invertebrate species. For example, decreased amino acid
levels were found in mussels following relocation (Amblema plicata70), exposure to drospirenone (Mytilus galloprovincialis57) and petrochemical contamination (Mytilus galloprovincialis71), as well as in oysters (Crassostrea
sikamea59; Crassostrea hongkongensis72) and in clams (Ruditapes decussatus and Ruditapes philippinarum73) following heavy metal exposure. We likewise observed declines in three amino acids (5-oxoproline, glutamine,
serine). Decreased levels of glutamine were also found in the benthic amphipod Diporeia following s tarvation67
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and in freshwater snails Lymnaea stagnalis following exposure to the pesticide i midacloprid74. Glutamine has been
identified as indicator for a stress response67,75. Glutamine is an important energy substrate in both mammals
and invertebrates and functions as precursor for nucleotide, glutathione, and glutamate synthesis76. Particularly,
glutamate metabolic pathways play a role in various metabolic and signalling functions, such as protein synthesis
and neurotransmission, and a perturbation of these pathways, as identified by our pathway analysis, may impact
many important functions of the organisms77. The amino acid serine was also reduced in earthworm Metaphire
posthuman exposed to the pesticide cypermethrin78 and in the unionid mussel Lampsilis fasciola exposed EE226.
Overall, because amino acids—including glutamine and serine—are precursors for proteins, declining levels of
amino acids have been linked to an increase in protein catabolism67. In support of this, we observed an increase
in one peptide (cyclo(leu-pro)) in our study.
In contrast, one amino acid, histidine, increased following our effluent exposure experiment. Increased histidine has also been documented in freshwater snails after pesticide e xposure74. Amino acids are used as osmolytes
in marine invertebrates and increases in amino acids have been linked to perturbations in osmoregulatory
processes68. However, it is unclear whether the same assumptions can be made for this particular amino acid
in freshwater invertebrates such as damselfly larvae. Generally, amino acid distribution varies greatly between
different invertebrate s pecies79 and more research is therefore needed before major conclusions are drawn from
our current findings.
Within the area of lipid metabolism, we observed increases in three carnitines (valerylcarnitine, isovalerylcarnitine, glutarylcarnitine) after wastewater effluent exposure. Isovalerylcarnitine was also upregulated in
damselfly larvae C.H. in our previous pilot study where larvae were exposed to wastewater effluent for the duration of an entire larval stage43. Perturbations in other carnitine metabolites have been observed in other species,
e.g. unionid mussel Lampsilis fasciola exposed to EE226 or amphipod Hyalella azteca exposed to diclofenac80.
Carnitines consist of fatty acids and are responsible for their transport into mitochondria for subsequent oxidation for energy production. Increases in carnitine metabolites in another species, the eastern oyster Crassostrea
virginica, were linked to high mitochondrial activity81. Carnitines may increase during oxidative stress because
they act as enzymatic antioxidants against lipid peroxidation and reactive oxygen species (ROS)26,82. Therefore,
increased levels of carnitines could be caused by R
 OS26. As mentioned above, these results will need further
validation for our study species.
Oxylipins are a group of signaling lipids formed from fatty acids and play an important role in ecological
processes such as reproduction and predator–prey-interactions83. No significant changes in oxylipin levels were
found, which is in contrast to previous studies that reported alterations of oxylipin profiles following exposure
to psychiatric drugs in D. magna84 and wastewater effluent exposure under comparable conditions in damselfly
larvae41,42. We speculate that this could be due to the great variability of wastewater effluent, as oxylipin pathways
are specifically targeted by certain pharmaceuticals.
In conclusion, wastewater effluent affected both the behavioural traits and the metabolomic profiles of exposed
damselfly larvae, potentially due to micropollutants present in the effluent. Comparable changes have been
previously observed across different invertebrate species after exposure to a wide range of micropollutants,
such that are expected to be present in wastewater effluent, but other major effluent components, such as salt
concentration, pH, microorganisms, or dissolved oxygen concentration, may also contribute to the observed
effects. Exposure led to changes in activity, escape response, and foraging, traits all linked tightly to individual
fitness. Our metabolite results also suggest a response to exposure, which resulted in an increase in amino acids
(indicating an increase in protein metabolism), increase in carnitines (indicating oxidative stress) and decrease
in lysolipids. Implications of these disruptions are hard to foresee because little is known of the function of these
metabolites in the species studied here. Decreased amino acid levels have been associated with decreased growth
rates in freshwater m
 ussels70 and alterations in amino acids of invertebrate species could possibly impact the
fitness of higher c onsumers85. However, whether observed changes are linked to adverse effects requires further
testing. Taken altogether, while the metabolite data did not support a change in the primary metabolism overall,
exposure induced subtle metabolic changes in damselfly larvae. Our findings illustrate that wastewater effluent
can affect both behavioural and physiological traits of aquatic invertebrates, and as such might pose an even
greater threat to aquatic ecosystems than previously expected. The combination of behavioural and metabolomic
assessments provide a promising tool for detecting effects of wastewater effluent on multiple biological levels of
organisation in aquatic ecosystems.

Data availability

The datasets used during the current study available from the corresponding author on reasonable request.
Received: 14 March 2022; Accepted: 13 April 2022

References

1. Ternes, T. A. Occurrence of drugs in German sewage treatment plants and rivers. Water Res. 32, 3245–3260 (1998).
2. Heberer, T. Occurrence, fate, and removal of pharmaceutical residues in the aquatic environment: A review of recent research
data. Toxicol. Lett. 131, 5–17 (2002).
3. Luo, Y. et al. A review on the occurrence of micropollutants in the aquatic environment and their fate and removal during wastewater treatment. Sci. Total Environ. 473–474, 619–641 (2014).
4. Ternes, T., Joss, A. & Oehlmann, J. Occurrence, fate, removal and assessment of emerging contaminants in water in the water cycle
(from wastewater to drinking water). Water Res. 72, 1–2 (2015).
5. Zorita, S., Mårtensson, L. & Mathiasson, L. Occurrence and removal of pharmaceuticals in a municipal sewage treatment system
in the south of Sweden. Sci. Total Environ. 407, 2760–2770 (2009).

Scientific Reports |
Vol:.(1234567890)

(2022) 12:6830 |

https://doi.org/10.1038/s41598-022-10805-9

10

www.nature.com/scientificreports/
6. Yang, Y., Ok, Y. S., Kim, K.-H., Kwon, E. E. & Tsang, Y. F. Occurrences and removal of pharmaceuticals and personal care products
(PPCPs) in drinking water and water/sewage treatment plants: A review. Sci. Total Environ. 596–597, 303–320 (2017).
7. Eggen, R. I. L., Hollender, J., Joss, A., Schärer, M. & Stamm, C. Reducing the discharge of micropollutants in the aquatic environment: The benefits of upgrading wastewater treatment plants. Environ. Sci. Technol. 48, 7683–7689 (2014).
8. Kümmerer, K., Dionysiou, D. D., Olsson, O. & Fatta-Kassinos, D. Reducing aquatic micropollutants: Increasing the focus on input
prevention and integrated emission management. Sci. Total Environ. 652, 836–850 (2019).
9. Love, A. C., Crooks, N. & Ford, A. T. The effects of wastewater effluent on multiple behaviours in the amphipod. Gammarus pulex.
Environ. Pollut. 267, 115386 (2020).
10. Rodrigues, C., Guimarães, L. & Vieira, N. Combining biomarker and community approaches using benthic macroinvertebrates
can improve the assessment of the ecological status of rivers. Hydrobiolgia 839, 1–24 (2019).
11. Previšić, A. et al. Aquatic macroinvertebrates under stress: Bioaccumulation of emerging contaminants and metabolomics implications. Sci. Total Environ. 704, 135333 (2020).
12. De Castro-Català, N., Muñoz, I., Riera, J. L. & Ford, A. T. Evidence of low dose effects of the antidepressant fluoxetine and the
fungicide prochloraz on the behavior of the keystone freshwater invertebrate Gammarus pulex. Environ. Pollut. 231, 406–414
(2017).
13. Pisa, L. W. et al. Effects of neonicotinoids and fipronil on non-target invertebrates. Environ. Sci. Pollut. Res. 22, 68–102 (2015).
14. Jonsson, M., Fick, J., Klaminder, J. & Brodin, T. Antihistamines and aquatic insects: Bioconcentration and impacts on behavior in
damselfly larvae (Zygoptera). Sci. Total Environ. 472, 108–111 (2014).
15. Stoks, R. & Córdoba-Aguilar, A. Evolutionary ecology of odonata: A complex life cycle perspective. Annu. Rev. Entomol. 57,
249–265 (2012).
16. Janssens, L. & Stoks, R. Stronger effects of Roundup than its active ingredient glyphosate in damselfly larvae. Aquat. Toxicol. 193,
210–216 (2017).
17. Brodin, T. & Johansson, F. Conflicting selection pressures on the growth/predation-risk trade-off in a damselfly. Ecology 85,
2927–2932 (2004).
18. Smith, B. R. & Blumstein, D. T. Fitness consequences of personality: A meta-analysis. Behav. Ecol. 19, 448–455 (2008).
19. Monserrat, J. M. et al. Pollution biomarkers in estuarine animals: Critical review and new perspectives. Comp. Biochem. Physiol.
Part C 146, 221–234 (2007).
20. Ågerstrand, M. et al. Emerging investigator series: Use of behavioural endpoints in the regulation of chemicals. Environ. Sci. Process.
Impacts 22, 49–65 (2020).
21. Sardo, A. M. & Soares, A. M. V. M. Assessment of the effects of the pesticide imidacloprid on the behaviour of the aquatic oligochaete Lumbriculus variegatus. Arch. Environ. Contam. Toxicol. 58, 648–656 (2010).
22. Bossus, M. C., Guler, Y. Z., Short, S. J., Morrison, E. R. & Ford, A. T. Behavioural and transcriptional changes in the amphipod
Echinogammarus marinus exposed to two antidepressants, fluoxetine and sertraline. Aquat. Toxicol. 151, 46–56 (2014).
23. Rodrigues, A. C. M. et al. Behavioural responses of freshwater planarians after short-term exposure to the insecticide chlorantraniliprole. Aquat. Toxicol. 170, 371–376 (2016).
24. Nielsen, M. E. & Roslev, P. Behavioral responses and starvation survival of Daphnia magna exposed to fluoxetine and propranolol.
Chemosphere 211, 978–985 (2018).
25. Al-Badran, A. A., Fujiwara, M. & Mora, M. A. Effects of insecticides, fipronil and imidacloprid, on the growth, survival, and
behavior of brown shrimp Farfantepenaeus aztecus. PLoS ONE 14, e0223641 (2019).
26. Leonard, J. A., Cope, W. G., Barnhart, M. C. & Bringolf, R. B. Metabolomic, behavioral, and reproductive effects of the synthetic
estrogen 17 α-ethinylestradiol on the unionid mussel Lampsilis fasciola. Aquat. Toxicol. 150, 103–116 (2014).
27. Robert Michaud, M. et al. Metabolomics reveals unique and shared metabolic changes in response to heat shock, freezing and
desiccation in the Antarctic midge, Belgica antarctica. J. Insect Physiol. 54, 645–655 (2008).
28. Chou, H., Pathmasiri, W., Deese-Spruill, J., Sumner, S. & Buchwalter, D. B. Metabolomics reveal physiological changes in mayfly
larvae (Neocloeon triangulifer) at ecological upper thermal limits. J. Insect Physiol. 101, 107–112 (2017).
29. Hidalgo, K., Beaugeard, E., Renault, D., Dedeine, F. & Lécureuil, C. Physiological and biochemical responses to thermal stress vary
among genotypes in the parasitic wasp Nasonia vitripennis. J. Insect Physiol. 117, 103909 (2019).
30. Hines, A., Oladiran, G. S., Bignell, J. P., Stentiford, G. D. & Viant, M. R. Direct sampling of organisms from the field and knowledge
of their phenotype: Key recommendations for environmental metabolomics. Environ. Sci. Technol. 41, 3375–3381 (2007).
31. Agbo, S. O. et al. Changes in Lumbriculus variegatus metabolites under hypoxic exposure to benzo(a)pyrene, chlorpyrifos and
pentachlorophenol: Consequences on biotransformation. Chemosphere 93, 302–310 (2013).
32. Venter, L. et al. Uncovering the metabolic response of abalone (Haliotis midae) to environmental hypoxia through metabolomics.
Metabolomics 14, 49 (2018).
33. Melvin, S. D. Short-term exposure to municipal wastewater influences energy, growth, and swimming performance in juvenile
Empire Gudgeons (Hypseleotris compressa). Aquat. Toxicol. Amst. Neth. 170, 271–278 (2016).
34. Du, S. N. N. et al. Metabolic costs of exposure to wastewater effluent lead to compensatory adjustments in respiratory physiology
in bluegill sunfish. Environ. Sci. Technol. 52, 801–811 (2018).
35. Mehdi, H., Dickson, F. H., Bragg, L. M., Servos, M. R. & Craig, P. M. Impacts of wastewater treatment plant effluent on energetics and stress response of rainbow darter (Etheostoma caeruleum) in the Grand River watershed. Comp. Biochem. Physiol. B 224,
270–279 (2018).
36. Simmons, D. B. D. et al. Altered expression of metabolites and proteins in wild and caged fish exposed to wastewater effluents
in situ. Sci. Rep. 7, 17000 (2017).
37. McCallum, E. S. et al. Exposure to wastewater effluent affects fish behaviour and tissue-specific uptake of pharmaceuticals. Sci.
Total Environ. 605–606, 578–588 (2017).
38. Simmons, D. B. D. et al. Reduced anxiety is associated with the accumulation of six serotonin reuptake inhibitors in wastewater
treatment effluent exposed goldfish Carassius auratus. Sci. Rep. 7, 17001 (2017).
39. Gauthier, P. T. & Vijayan, M. M. Municipal wastewater effluent exposure disrupts early development, larval behavior, and stress
response in zebrafish. Environ. Pollut. 259, 113757 (2020).
40. Finotello, S., Feckler, A., Bundschuh, M. & Johansson, F. Repeated pulse exposures to lambda-cyhalothrin affect the behavior,
physiology, and survival of the damselfly larvae Ischnura graellsii (Insecta; Odonata). Ecotoxicol. Environ. Saf. 144, 107–114 (2017).
41. Späth, J. et al. Novel metabolomic method to assess the effect-based removal efficiency of advanced wastewater treatment techniques. Environ. Chem. https://doi.org/10.1071/EN19270 (2020).
42. Späth, J. et al. Oxylipins at intermediate larval stages of damselfly Coenagrion hastulatum as biochemical biomarkers for anthropogenic pollution. Environ. Sci. Pollut. Res. https://doi.org/10.1007/s11356-021-12503-x (2021).
43. Späth, J. et al. Metabolomics reveals changes in metabolite profiles due to growth and metamorphosis during the on. J. Insect
Physiol. 136, 104341 (2022).
44. Rodriguez, A. et al. ToxTrac: A fast and robust software for tracking organisms. Methods Ecol. Evol. 9, 460–464 (2018).
45. Treit, D. & Fundytus, M. Thigmotaxis as a test for anxiolytic activity in rats. Pharmacol. Biochem. Behav. 31, 959–962 (1988).
46. Brodin, T. Behavioral syndrome over the boundaries of life—carryovers from larvae to adult damselfly. Behav. Ecol. 20, 30–37
(2009).

Scientific Reports |

(2022) 12:6830 |

https://doi.org/10.1038/s41598-022-10805-9

11
Vol.:(0123456789)

www.nature.com/scientificreports/
47. Jonsson, M. et al. High-speed imaging reveals how antihistamine exposure affects escape behaviours in aquatic insect prey. Sci.
Total Environ. 648, 1257–1262 (2019).
48. Gullberg, J., Jonsson, P., Nordström, A., Sjöström, M. & Moritz, T. Design of experiments: An efficient strategy to identify factors
influencing extraction and derivatization of Arabidopsis thaliana samples in metabolomic studies with gas chromatography/mass
spectrometry. Anal. Biochem. 331, 283–295 (2004).
49. Teixeira, P. F. et al. A multi-step peptidolytic cascade for amino acid recovery in chloroplasts. Nat. Chem. Biol. 13, 15–17 (2017).
50. Rohart, F., Gautier, B., Singh, A. & Cao, K.-A.L. mixOmics: An R package for ‘omics feature selection and multiple data integration.
PLOS Comput. Biol. 13, e1005752 (2017).
51. Gorrochategui, E., Jaumot, J., Lacorte, S. & Tauler, R. Data analysis strategies for targeted and untargeted LC-MS metabolomic
studies: Overview and workflow. TrAC Trends Anal. Chem. 82, 425–442 (2016).
52. Chong, J., Wishart, D. S. & Xia, J. Using MetaboAnalyst 40 for comprehensive and integrative metabolomics data analysis. Curr.
Protoc. Bioinform. 68, e86 (2019).
53. Van Gossum, H. et al. Behaviour of damselfly larvae (Enallagma cyathigerum) (Insecta, Odonata) after long-term exposure to
PFOS. Environ. Pollut. 157, 1332–1336 (2009).
54. Bownik, A., Ślaska, B., Bochra, J., Gumieniak, K. & Gałek, K. Procaine penicillin alters swimming behaviour and physiological
parameters of Daphnia magna. Environ. Sci. Pollut. Res. 26, 18662–18673 (2019).
55. Di Cicco, M. et al. Effects of diclofenac on the swimming behavior and antioxidant enzyme activities of the freshwater interstitial
crustacean Bryocamptus pygmaeus (Crustacea, Harpacticoida). Sci. Total Environ. 799, 149461 (2021).
56. Di Nica, V., González, A. B. M., Lencioni, V. & Villa, S. Behavioural and biochemical alterations by chlorpyrifos in aquatic insects:
An emerging environmental concern for pristine Alpine habitats. Environ. Sci. Pollut. Res. 27, 30918–30926 (2020).
57. Cappello, T. et al. Sex steroids and metabolic responses in mussels Mytilus galloprovincialis exposed to drospirenone. Ecotoxicol.
Environ. Saf. 143, 166–172 (2017).
58. Rodrigues, A. C. M. et al. Energetic costs and biochemical biomarkers associated with esfenvalerate exposure in Sericostoma vittatum. Chemosphere 189, 445–453 (2017).
59. Ji, C. et al. Proteomic and metabolomic analysis of earthworm Eisenia fetida exposed to different concentrations of 2,2′,4,4′-tetrabromodiphenyl ether. J. Proteom. 91, 405–416 (2013).
60. Felten, V. et al. Physiological and behavioural responses of Gammarus pulex (Crustacea: Amphipoda) exposed to cadmium. Aquat.
Toxicol. 86, 413–425 (2008).
61. De Lange, H. J., Peeters, E. T. H. M. & Lürling, M. Changes in ventilation and locomotion of Gammarus pulex (Crustacea, Amphipoda) in response to low concentrations of pharmaceuticals. Hum. Ecol. Risk Assess. Int. J. 15, 111–120 (2009).
62. Ashauer, R., Caravatti, I., Hintermeister, A. & Escher, B. I. Bioaccumulation kinetics of organic xenobiotic pollutants in the freshwater invertebrate Gammarus pulex modeled with prediction intervals. Environ. Toxicol. Chem. 29, 1625–1636 (2010).
63. Schroeder-Spain, K., Fisher, L. L. & Smee, D. L. Uncoordinated: Effects of sublethal malathion and carbaryl exposures on juvenile
and adult blue crabs (Callinectes sapidus). J. Exp. Mar. Biol. Ecol. 504, 1–9 (2018).
64. Janssens, L. & Stoks, R. Synergistic effects between pesticide stress and predator cues: Conflicting results from life history and
physiology in the damselfly Enallagma cyathigerum. Aquat. Toxicol. 132–133, 92–99 (2013).
65. Ernest, S. K. M. Homeostasis. In Encyclopedia of Ecology (eds Jørgensen, S. E. & Fath, B. D.) 1879–1884 (Academic Press, 2008).
66. Karanova, M. V. & Andreev, A. A. Free amino acids and reducing sugars in the freshwater shrimp Gammarus lacustris (Crustacea,
Amphipoda) at the initial stage of preparation to winter season. J. Evol. Biochem. Physiol. 46, 335–340 (2010).
67. Maity, S. et al. Starvation causes disturbance in amino acid and fatty acid metabolism in Diporeia. Comp. Biochem. Physiol. B 161,
348–355 (2012).
68. Cappello, T. et al. Impact of environmental pollution on caged mussels Mytilus galloprovincialis using NMR-based metabolomics.
Mar. Pollut. Bull. 77, 132–139 (2013).
69. Jiang, Y., Jiao, H., Sun, P., Yin, F. & Tang, B. Metabolic response of Scapharca subcrenata to heat stress using GC/MS-based metabolomics. PeerJ 8, e8445 (2020).
70. Roznere, I., Watters, G. T., Wolfe, B. A. & Daly, M. Effects of relocation on metabolic profiles of freshwater mussels: Metabolomics
as a tool for improving conservation techniques. Aquat. Conserv. Mar. Freshw. Ecosyst. 27, 919–926 (2017).
71. Cappello, T., Maisano, M., Mauceri, A. & Fasulo, S. 1H NMR-based metabolomics investigation on the effects of petrochemical
contamination in posterior adductor muscles of caged mussel Mytilus galloprovincialis. Ecotoxicol. Environ. Saf. 142, 417–422
(2017).
72. Cao, C. & Wang, W.-X. Chronic effects of copper in oysters Crassostrea hongkongensis under different exposure regimes as shown
by NMR-based metabolomics. Environ. Toxicol. Chem. 36, 2428–2435 (2017).
73. Aru, V., Sarais, G., Savorani, F., Engelsen, S. B. & Cesare Marincola, F. Metabolic responses of clams, Ruditapes decussatus and
Ruditapes philippinarum, to short-term exposure to lead and zinc. Mar. Pollut. Bull. 107, 292–299 (2016).
74. Tufi, S., Stel, J. M., de Boer, J., Lamoree, M. H. & Leonards, P. E. G. Metabolomics to explore imidacloprid-induced toxicity in the
central nervous system of the freshwater snail Lymnaea stagnalis. Environ. Sci. Technol. 49, 14529–14536 (2015).
75. Tanguy, A., Boutet, I. & Moraga, D. Molecular characterization of the glutamine synthetase gene in the Pacific oyster Crassostrea
gigas: Expression study in response to xenobiotic exposure and developmental stage. Biochim. Biophys. Acta BBA 1681, 116–125
(2005).
76. Chen, X., Shi, X., Gan, F., Huang, D. & Huang, K. Glutamine starvation enhances PCV2 replication via the phosphorylation of
p38 MAPK, as promoted by reducing glutathione levels. Vet. Res. 46, 32 (2015).
77. Leroy, D., Haubruge, E., De Pauw, E., Thomé, J. P. & Francis, F. Development of ecotoxicoproteomics on the freshwater amphipod
Gammarus pulex: Identification of PCB biomarkers in glycolysis and glutamate pathways. Ecotoxicol. Environ. Saf. 73, 343–352
(2010).
78. Ch, R., Singh, A. K., Pandey, P., Saxena, P. N. & Mudiam, M. K. R. Identifying the metabolic perturbations in earthworm induced
by cypermethrin using gas chromatography-mass spectrometry based metabolomics. Sci. Rep. 5, 15674 (2015).
79. Simpson, J. W., Allen, K. & Awapara, J. Free amino acids in some aquatic invertebrates. Biol. Bull. 117, 371–381 (1959).
80. Fu, Q., Scheidegger, A., Laczko, E. & Hollender, J. Metabolomic profiling and toxicokinetics modeling to assess the effects of the
pharmaceutical diclofenac in the aquatic invertebrate Hyalella azteca. Environ. Sci. Technol. 55, 7920–7929 (2021).
81. Tikunov, A. P., Johnson, C. B., Lee, H., Stoskopf, M. K. & Macdonald, J. M. Metabolomic investigations of american oysters using
1H-NMR spectroscopy. Mar. Drugs 8, 2578–2596 (2010).
82. Gülçin, İ. Antioxidant and antiradical activities of l-carnitine. Life Sci. 78, 803–811 (2006).
83. Yuan, D. et al. Ancestral genetic complexity of arachidonic acid metabolism in Metazoa. Biochim. Biophys. Acta 1841, 1272–1284
(2014).
84. Garreta-Lara, E. et al. Effect of psychiatric drugs on Daphnia magna oxylipin profiles. Sci. Total Environ. 644, 1101–1109 (2018).
85. Dwyer, G. K., Stoffels, R. J., Rees, G. N., Shackleton, M. E. & Silvester, E. A predicted change in the amino acid landscapes available
to freshwater carnivores. Freshw. Sci. 37, 108–120 (2017).

Scientific Reports |
Vol:.(1234567890)

(2022) 12:6830 |

https://doi.org/10.1038/s41598-022-10805-9

12

www.nature.com/scientificreports/

Acknowledgements

Financial support from the Swedish Research Council Formas to MLN and TB (2018-00823, 2018-00828 respectively) is gratefully acknowledged. We thank the Swedish Metabolomics Centre (www.swedishmetabolomicsc
entre.se) and Annika Johansson for access to instrumentation and help with the instrumental analyses and Hans
Stenlund for data processing. Daniel Cerveny was supported by the Kempe foundation and by the Czech Science
Foundation (project No. 20-09951S).

Author contributions

J.S., T.B., and J.F. designed the original research. J.S. and D.C. performed the experiment. J.S. carried out the
instrumental analyses and analysed the data. T.B. and E.M. performed the statistical analyses. J.S. and T.B. drafted
the manuscript. M.L.N. conceived the research grant. All authors reviewed the manuscript.

Funding

Open access funding provided by Umea University.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-10805-9.
Correspondence and requests for materials should be addressed to J.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2022

Scientific Reports |

(2022) 12:6830 |

https://doi.org/10.1038/s41598-022-10805-9

13
Vol.:(0123456789)

