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Abstract

Aquatic pollution resulting from anthropogenic activities requires adequate environmental monitoring strategies in sentinel
organisms. Thus, biochemical biomarkers have been used as early-warning tools of biological effects in aquatic organisms.
However, before using these markers for environmental monitoring, knowledge about their developmental variation is vital. In
this study, we assessed baseline levels and developmental variations of a group of potential biomarkers, oxylipins, during the
lifespan of the Northern damselfly (Coenagrion hastulatum) using liquid chromatography-tandem mass spectrometry. Effects of
wastewater exposure on baseline levels were studied in a subset of damselflies to investigate the responsiveness due to anthro-
pogenic pollution. Thirty-eight oxylipins deriving from four polyunsaturated fatty acids via two enzymatic pathways were
detected in damselflies at three larval stages and in the adult form. Overall, oxylipin baseline levels showed developmental
variation, which was lowest in the intermediate larval stages. Effects of exposure to wastewater effluent on oxylipin baseline
levels were dependent on the life stage and were greatest in the early and intermediate larval stages. The study provides first
insights into oxylipin profiles of damselflies at different stages of development and their developmental variation. Based on our
results, we propose further strategies for incorporating oxylipins in damselfly larvae as biochemical markers for anthropogenic
pollution.
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Introduction

Globally, levels of environmental pollutants have increased in
the aquatic environment due to anthropogenic activities
(Halling-Serensen et al. 1998; Luo et al. 2014; Héder et al.
2020). These pollutants can have adverse effects on individual
aquatic organisms or even entire ecosystems (Daughton and
Ternes 1999; Fleeger et al. 2003; Kidd et al. 2007). To assess
the environmental risks associated with exposure to environ-
mental pollutants and help to avoid long-term and irreversible
effects, reliable monitoring systems are required.

Rather than measuring the pollutant load of aquatic ecosys-
tems, biomarkers in a sentinel organism are increasingly being
used as early warning tools in environmental monitoring
(Depledge and Fossi 1994). Biological responses to a chemi-
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tissues or whole organisms and have the potential to be altered
by exposure to pollutants and other environmental stressors
(Depledge and Fossi 1994; van der Oost et al. 2003;
Monserrat et al. 2007; Storhaug et al. 2019; Previsi¢ et al.
2020).

A range of biochemical biomarkers has been studied in
different aquatic organisms to evaluate their potential to reflect
contamination in aquatic environments. Among these, several
enzymes, e.g., catalase (CAT), cholinesterase (ChE), glutathi-
one S-transferase (GST), and cytochrome P450 (CYP 450),
are some of the most utilized biochemical markers of chemical
pollution (Sarkar et al. 2006; Wigh et al. 2017; Rodrigues
et al. 2019). Oxylipins represent a new group of putative bio-
chemical biomarkers. They are potent fatty acid metabolites
formed by oxidation of polyunsaturated fatty acids via three
enzymatic pathways, i.e., the cyclooxygenase (COX),
lipoxygenase (LOX), and CYP 450 pathways (Yang et al.
2009), and include the eicosanoids derived from arachidonic
acid (AA). Oxylipins are promising biochemical markers as
they may reflect alteration of several enzymatic pathways si-
multaneously, and thus better indicate the response of an or-
ganism to pollution by a complex mixture of otherwise extra-
neous substances. They regulate numerous metabolic func-
tions, such as reproduction, inflammation, and immune cell
behavior, in both vertebrates and invertebrates (Heckmann
et al. 2008; Dennis and Norris 2015). Oxylipins have been
studied in other invertebrate species such as the crustacean
Daphnia magna (Heckmann et al. 2008; Garreta-Lara et al.
2018) and the barnacle Balanus amphitrite (Knight et al.
1999). In fish, levels of a group of oxylipins
(prostaglandins) were altered after exposure to wastewater
treatment plant effluent (David et al. 2017). In a previous pilot
study, we found evidence of altered levels of oxylipins in
response to exposure to wastewater treatment plant effluents
(Spéth et al. 2020). However, further research is needed to
determine whether oxylipins may be useful biomarkers in en-
vironmental monitoring.

Prior to using specific biochemical markers for environ-
mental monitoring, knowledge about their baseline levels in
a sentinel organism is vital to differentiate between natural
variation and pollutant-induced stress (van der Oost et al.
2003). Natural variation can be affected by a plethora of fac-
tors, including the individual’s developmental stage
(Depledge and Fossi 1994). In the present study, baseline
levels and developmental variation of oxylipins were studied
during the lifespan of an invertebrate species, namely damsel-
fly larvae.

Damselfly larvae were chosen as sentinel organism due to
their ecological importance and wide distribution (Jonsson
et al. 2014). Furthermore, damselfly larvae have been used
to monitor effects of exposure to a variety of pollutants
(Boron and Mirostawski 2009; Janssens and Stoks 2013;
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Jonsson et al. 2014). However, oxylipins in damselfly larvae
have only been studied to a limited extent.

The main objective of this study was to identify biomarker
candidates among the investigated oxylipins for which the
responsiveness to environmental pollution exceeded the de-
velopmental variation, detectable with an appropriate sample
size. Hence, we investigated the developmental variability of
oxylipins due to different maternal origin and across three
larval stages, as well as in the adult stage of the northern
damselfly (Coenagrion hastulatum, [C.H.]), and compared it
to the effect of exposure to wastewater effluent, representing a
real complex mixture of anthropogenic pollutants. We hy-
pothesized that developmental variability would have an im-
pact on the capacity of oxylipins to indicate exposure.
Developmental variability in various invertebrate species has
been established for biochemical biomarkers such as CAT,
ChE, and GST (Scarduelli et al. 2017) but remains unknown
for oxylipins. However, it is likely that also the fatty acid
metabolism depends on developmental factors and has an im-
pact on the levels and variability of oxylipins. This study is
unique in its design as it provides first insights into baseline
levels and developmental variation of oxylipin profiles in
damselflies at different life stages. Based on our results, we
propose further strategies for incorporating oxylipins in dam-
selfly larvae as biomarkers that may be useful in future bio-
monitoring studies.

Materials and methods
Rearing conditions

Four females, in copula, of the northern damselfly C.H. were
collected in July 2018 at Lake Nydalasjon in Umed, Sweden
and brought to an aquatic laboratory at Umeé University for
egg laying in wet filter paper. The filter papers were then
submerged in an aerated tank filled with aged tap water until
the eggs hatched. The hatchlings (N = 114) were placed indi-
vidually in small aquaria (10 x 10 cm) containing non-
chlorine aerated tap water and throughout their lives kept un-
der standard conditions of light (14:10 L:D) and temperature
(20 °C). The maternal origin was tracked for all larvae. The
larvae were fed three times per week with size-matched zoo-
plankton obtained from a local pond as long as weather con-
ditions allowed, then daily with brine shrimp (Artemia salina)
and zooplankton cultivated in-house. The larvae were checked
daily for survival and change of developmental stage, i.c.,
instar, indicated by exoskeleton shedding. From hatching to
emergence, damselfly C.H. undergoes in total eleven instars
(Norling 1984). For randomization purposes, the instar at
which sampling for oxylipin analysis took place was
preselected for each individual. In total, three instars (L-5,
L-3, L-1) were selected together with the final stage (L-0),
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Fig. 1 Study design. Damselfly
larvae were reared individually
until they reached their
preselected stage (L-5, L-3, L-1,
or L-0) at which the oxylipin
analysis was carried out. A subset
of larvae was exposed to
wastewater effluent for the
duration of one stage prior to the
stage selected for oxylipin
analysis (L-6 until L-5, L-4 until
L-3, L-2 until L-1, or L-1 until
L-0)

No
exposure

L-6

L

where the larva emerged to the adult (Fig. 1). When the larvae
had molted into the preselected instar, they were placed indi-
vidually in 2-mL microcentrifuge tubes and stored at — 20 °C
until analysis (n = 21, 24, 21, 27 for L-5, L-3, L-1, L-0, re-
spectively). For a pilot study on exposure effects, the aerated
water of a subset of larvae (N = 21) was replaced by waste-
water effluent (obtained from a local wastewater treatment
plant and stored at — 20 °C) for the duration of one larval stage
prior to the preselected stage, e.g., larvae selected for L-1 were
exposed from the time they reached L-2 until they molted into
L-1 (see Fig. 1; n = 6, 6, 3, 6 for L-5, L-3, L-1, and L-0,
respectively). On average, this resulted in exposure duration
of 12,22, 16, and 34 days for L-5, L-3, L-1, and L-0, respec-
tively. Hence, there were no exposures throughout life includ-
ed in the study design. The local wastewater treatment plant
applies mechanical, chemical (flocculation with FeCl;), and
biological (active sludge) treatment techniques, while no treat-
ments for removal of nitrogen or disinfecting the wastewater
are used (see Supplementary information for further
information). The lab breeding was carried out between
July 2018 and February 2019.

Effluent
exposure

Extraction

Extractions were performed from whole-body individuals
(0.7-7 mg wet weight; see Supplementary information for
wet weight and exoskeleton length of individual damselflies).
1.5 mL acetonitrile/water (90/10), containing nine internal
standards (0.33 ng/mL of 12,13-DiHOME-d4 and 20-
HETE-d6, 0.67 ng/mL of 12(13)-EpOME-d4, and 0.17 ng/
mL of 9-HODE-d4, PGE2-d4, TXB2-d4, PGD2-d4, 5-
HETE-dS, and 11(12)-EpETrE-d11, respectively) were added
to the larvae. Homogenization was performed using stainless
steel beads (3-mm diameter) added to each sample with shak-
ing for 3 min at 30 Hz in a mixer mill (MM400, Retsch
Technology, Haan, Germany). After centrifugation for
10 min at 14000 RPM, the supernatant was withdrawn, and
samples were re-extracted with 1.5 mL 90/10 acetonitrile/wa-
ter following the above described procedure. Finally, super-
natants were combined and a 1.5 mL aliquot was transferred
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L
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to falcon tubes and evaporated under vacuum (MiniVac sys-
tem, Farmingdale, NY, USA). Residues were reconstituted in
110 uL methanol containing the recovery standard (0.5 ng/mL
12-[[(cyclohexylamino)carbonyl]amino]-dodecanoic acid
[CUDAY]) and transferred to vials for further analysis. All in-
ternal standards and CUDA were purchased from Cayman
Chemical (Ann Arbor, MI, USA). Acetonitrile, isopropanol,
and methanol were from Merck (Darmstadt, Germany),
whereas acetic acid was from the Aldrich Chemical
Company, Inc. (Milwaukee, WI, USA).

LC-MS/MS analysis

To determine concentrations of 66 oxylipins (Table S1), liquid
chromatography (LC) coupled to tandem mass spectrometry
(MS/MS) analysis was performed in a randomized order sub-
sequent to extraction. An Agilent UHPLC system Infinity
1290 (Agilent Technologies, CA, USA) was used together
with an Agilent 6495 Triple Quadrupole system and Agilent
Jet stream electrospray ion source operating in negative ioni-
zation mode. The autosampler was kept at 10 °C. Aliquots of
10 puL were injected onto a Waters BEH C18 column (2.1 mm
x 150 mm, 1.7-um particle size) held at 40 °C. The mobile
phase consisted of 0.1% acetic acid in MilliQ water (A) and
acetonitrile/isopropanol (90/10) (B), and the following gradi-
ent was employed: 0.0-3.5 min 10-35% B, 3.5-5.5 min 40%
B, 5.5-7.0 min 42% B, 7.0-9.0 min 50% B, 9.0-15.0 min
65% B, 15.0-17.0 min 75% B, 17.0-18.5 min 85% B, 18.5—
19.5 min 95% B, 19.5-21 min 10% B, and 21.0-25.0 min
10% B at a constant flow rate of 0.3 mL/min. The dynamic
multiple reaction monitoring option was used for all analytes.
If applicable, two MS/MS transitions were monitored
(Table S2). The most intense transition was used for quantifi-
cation, whereas the second was used for qualification pur-
poses. Internal standards were assigned to native analytes
based on structural similarities and hence retention times
(Table S2). Sample concentrations were determined using an
8-point internal standard-based calibration curve for each na-
tive analyte (in methanol) and normalized to the wet weight of
larvae (presented as ng/g larva).
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Method validation

The method (extraction and analysis) was validated by deter-
mining the following parameters: limit of quantification
(LOQ), limit of detection (LOD), linearity, matrix effect, pre-
cision, accuracy, and bench top stability. A 12-point calibra-
tion curve of neat solvent standards (0.41 pg/mL—120 ng/mL)
was prepared in methanol and injected in triplicate. Manual
integration of the peaks was performed using an in-house
script. The analyte methods LOD and LOQ were determined
as the lowest amount with peak height above a signal-to-noise
(S/N) ratio of 3 and 10, respectively. Linearity was expressed
as R? for each calibration curve.

To assess the matrix effect (enhancement or suppression)
on the instrument response of the analytes, extracted matrix
was spiked with analytes at three concentrations (3, 15, and
150 ng/mL) and compared to analytes in methanol. After
subtracting the peak areas of an extraction blank from the
areas of the analytes in the extracted matrix, the matrix effect
for each analyte was calculated by dividing the area of the
analyte in the matrix by the area of the neat solvent standard.

Since several of the analytes were endogenous compounds
in damselfly larvae, the method precision and accuracy were
determined for deuterated internal standards in spiked sam-
ples. Damselfly larvae were spiked in triplicate with internal
standard mixtures at three concentrations (low, medium or
high; see Table S4) on three consecutive days and extracted
as described above. Peak areas for each internal standard were
normalized against CUDA (recovery standard) and compared
to internal standards in methanol. The method precision was
calculated as the coefficient of variation (% CV) using the
average of the triplicates within 1 day of measurements (intra-
day precision), and between 3 days of measurements (interday
precision). The method accuracy was calculated as the mean
value of measured concentrations in extracts compared to
methanol within 1 day (intraday accuracy) and between 3 days
(interday accuracy).

The bench top stability of each analyte and internal stan-
dard was assessed by comparing the peak area of a standard
mixture before and after standing at room temperature for 6 h.

Statistical analysis

Patterns in the data were identified by multivariate analysis
performed by principal component analysis (PCA) using
SIMCA 14.1 (Umetrics, Umed, Sweden). Since variables
(levels of oxylipins) varied in magnitude, data were scaled
to unit variance in the calculated model. PCA extracts the
largest sources of variance in the data into principal compo-
nents. Principal components were plotted against each other to
obtain score and loading plots. The position of each sample
(larva) in the resulting coordinate system (score plot) was
dependent on its oxylipin profile in relation to the other
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larvae’s oxylipin profiles. Patterns in the data were interpreted
using the loading plots. The model was validated from the
amount of variance explained (R2X) and its predictive power
(Q2X).

Owing to multiple factors that could potentially affect the
developmental variability of oxylipins, two sets of general
linear models (GLM) were carried out using IBM SPSS
Statistics (version 26) to investigate how (i) the larval stage
and (ii) the maternal origin affect oxylipin levels. Tukey’s
post-hoc test was performed to make multiple pairwise com-
parisons and determine which specific group means were sig-
nificantly different (p < 0.05). The Bonferroni correction was
used to compensate for multiple comparisons. GLM with
Tukey’s post-hoc test and the Bonferroni correction were also
performed to determine significant differences (p < 0.05) in
means of the data from the exposure study (unexposed vs.
exposed).

A power analysis was performed for one larval stage (L-3)
ofthe developmental and exposure datasets using a web-based
program (Power and sample size n.d.). The sample size re-
quired to detect existing effects of exposure was calculated for
each oxylipin based on the respective standard deviations and
differences of means (p = 0.05, power 0.8).

Results and discussion
Method validation

Usually, extraction protocols for oxylipin analysis involve a
solid-phase extraction (SPE) step (Ostermann et al. 2015). We
omitted this step for damselfly larvae because it resulted in
poorer internal standard recoveries (see Supplementary
Information for a comparison of extraction protocols). All
analytes displayed good linearity: R* values were above 0.99
(0.9923-1) for all calibration curves. LODs ranged from 0.04
to 25 pg on the column and LOQs from 0.14 to 82 pg on the
column. The matrix effect was < 100% (3.4-84%) for all
analytes, indicating ion-suppressing matrix effects. The
benchtop stability over 6 h ranged from 70 to 110% for all
analytes and internal standards (Table S3).

The intraday method precision was < 20%, except for 9-
HODE-d4 at 230 pg on column (36%), 20-HETE-d6 at 115 pg
on column (34%), and 11(12)-EpETrE-d11 at 115 pg on col-
umn (27%) (see Table S5). The interday method precision was
also < 20%, except for 9-HODE-d4 (51, 49, and 29%, respec-
tively for the three levels tested), PGE2-d4 (26%), TXB2-d4
(27%), PGD2-d4 (25%), 5S-HETE-d8 (24%), and 11(12)-
EpETrE-d11 (27%) at 230 pg on column, 20-HETE-d6
(35%, 37%, respectively) at 45 and 450 pg on column see
Table S5).

The intraday method accuracy was between 39 and 96%,
except for 9-HODE-d4 (around 10% at all three tested levels).
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The interday method accuracy was between 42 and 97%, ex-
cept for 9-HODE-d4 (around 15% at all three tested levels),
leading to limited use of this internal standard (only for 9-
HODE and 13-HODE). Both the method precision and accu-
racy were inferior to previously reported values for the instru-
ment precision and accuracy (Gouveia-Figueira et al. 2015).
This was expected since the method included sample extrac-
tion, which influences the reported performance parameters. It
is likely that omitting SPE had a negative impact on the meth-
od performance, but owing to the high number of analytes
detected and simpler workflow, this tradeoff was deemed ac-
ceptable for practical environmental monitoring programs.
However, this emphasizes the need for investigating the ana-
lytical variability of the method in relation to the natural var-
iability of the oxylipins under study using the proposed ex-
traction protocol. In order for an oxylipin to function as a
useful biomarker for exposure, the analytical variability must
be smaller than the natural variability (e.g., developmental
variability due to larvae stage and maternal origin, as investi-
gated here). Also, detectable changes in the response to an
environmental challenge need to surpass both the analytical
and natural variability in a representative and useful sample
size.

Baseline levels of oxylipins detected in damselfly
larvae

A total of 38 out of 66 oxylipins probed for (Table S2) were
quantified in damselfly larvae at an average concentration
between 1.6 (9,10-EpOME) and 2700 (13-HODE) ng per g
(wet weight) (Table S6). They derived from four different
PUFAs (AA, ALA, EPA, LA), mainly via the CYP and
LOX enzymatic pathways. AA metabolites included CYP-
derived DiHETTES and EpETrEs and LOX-derived HETEs
and oxo-ETEs. ALA derivatives measured were DiHODEs
(CYP), EpODEs (CYP) and HOTrEs (LOX). EPA derivatives
included DiHETEs (CYP), EpETEs (CYP), and HEPEs
(LOX). Oxylipins from LA included CYP-derived
DiHOMEs, 9(10)-EpOME, LOX-derived HODEs and 13-
ox0-ODE, and the non-enzymatic oxylipin EKODE.

Variation of oxylipins in damselflies at different
developmental stages

Differences and similarities of oxylipin profiles in non-
exposed damselflies at different life stages were investigated
by PCA. The first two principal components accounted for
49% and 12% of the total variance, respectively. No complete
separation was observed between developmental stages (Fig.
2). The two intermediate stages (L-3 and L-1) displayed sim-
ilar oxylipin profiles and plotted closely together, whereas the
earliest stage (L-5) and adult stage (L-0) were more dispersed
in the score plot. The loading plot (Figure S1) showed that

increased levels of three AA-derived epoxides (8(9)-, 11(12)-,
and 14(15)-EpETrE) had the highest influence on the spread
of L-0. High levels of another group of compounds (EKODE,
9(10)-EpOME, 9-HOTTE, 5-0x0-ETE, 9,10-DiHOME) were
responsible for the spread in L-5. The observed variation was
smallest in L-1, followed by L-3.

Variability among the oxylipin levels was in the range of
22-150% (Figure S2a)-d)), as the coefficient of variation (%
CV) showed similar ranges across the developmental stages
(22-90%, 28-150%, 27-94%, 33-150% for L-5, L-3, L-1,
and L-0, respectively) (Figure S2a)-d)). However, fewer
oxylipins with lower CVs (< 60%) were observed for the
adult stage in comparison to the larval stages (22 for L-0 vs.
32,29, and 32 for L-5, L-3, and L-1, respectively). To further
investigate the ideal stage for sampling with regard to variabil-
ity, GLM was carried out to assess significant developmental
variations in individual oxylipin baseline levels. There were
significant developmental variations between all stages. Most
oxylipins were significantly different in the stage comparisons
(L-5-vs.L-3,L-5vs. L-1,L-5vs. L-0, L-3 vs. L-1, L-3 vs. L-0,
L-1 vs. L-0) (Table 1). For larval stage comparison, L-3 vs.
L-1, only one oxylipin (9,10-DiHOME) was significantly
different.

To assess whether the maternal origin of damselflies influ-
enced developmental variations, a second set of GLM was
performed. The further along damselflies were in their
lifespan, the more oxylipin levels depended on the damsel-
flies” maternal origin: 0, 5, 10, and 21 oxylipins showed sig-
nificant differences between larvae of different females in
stages L-5, L-3, L-1, and L-0, respectively (Table 1). To avoid
large natural variation, knowledge of the larval stage is crucial
when sampling for environmental monitoring studies.
Howeyver, as shown, it is less crucial for larvae at intermediate
stages L-3 and L-1, as they display less developmental varia-
tion and similar oxylipin baseline levels within the groups.

Exposure study: oxylipins responsive to wastewater
effluent pollutants

GLM was used to investigate significant changes in oxylipin
levels (at different stages) of larvae exposed to wastewater efflu-
ent for the duration of one larval stage prior to the analyzed one.
Out of the 38 detected oxylipins, levels of 22 were responsive to
a significant extent to effluent exposure in at least one of the
stages; three oxylipins were affected in three stages and five in
two stages (p < 0.05) (Fig. 3). Most oxylipins were affected in the
carliest larval stages L-5 and L-3 (12 and 13, respectively), less in
larval stage L-1 (7), and only one oxylipin was affected in the
adult stage. Overall, exposure to effluent mainly resulted in de-
creased oxylipin levels, which is in line with our previous study
on oxylipins in damselfly larvae following effluent exposure
(Spéth et al. 2020). In contrast, 8-HETE and 15,16-DiHODE
were increased in larval stage L-3, and 11,12-DiHETE was
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Fig. 2 PCA score plot of A
oxylipins in damselflies showing 1
smaller variation across the larval
stage L-3 (turquoise) and L-1
(blue), and larger variation across
the larval stage L-5 (green) and
adult stage L-0 (dark blue). R2X
(cum)=0.61 and Q2 (cum) = 0.48
for the first two components

t[2]

increased in the adult stage (L-0). It is noteworthy that effluent
exposure during the stage preceding, the analyzed stage had no
influence on the number of days the larvae spent transitioning
from one stage to another (Student’s 7 test, p < 0.05, data not
shown). Among the three larval stages (L-5, L-3, and L-1), five
AA-derived alcohols (5-, 8-, 9-, 11-, and 12-HETE) generated
via the LOX pathway played an important role in the exposure
response; four of these were affected in each stage. An EPA-
derived epoxide 14(15)-EpETE generated via the CYP pathway
was suppressed in exposed larvae throughout the three larval
stages. Other epoxides deriving from ALA were suppressed in
larval stage L-1 (12(13)-, 15(16)-EpODE), and from AA
(14(15)-EpETE) in L-3, respectively. In the two earliest larval
stages, several diols generated via the CYP and sEH pathways
were also affected (in L-5: 11,12, and 14,15-DiHETE from EPA;
11,12, and 14,15-DiHETIE from AA; in L-3: 9,10-DiHOME
from LA; 15,16-DiHODE from ALA; and 5,6 and 8,9-
DIiHETTE from AA). As mentioned, in the adult stage, only
11,12-DiHETE was responsive to exposure. The interpretation
of these findings is challenging since there is limited knowledge
of the function of these specific oxylipins in invertebrates. We
can only detect a deviation from the normal state, but not inter-
pret the effect of this deviation on the individuals. Therefore at
this stage, oxylipins function as class 1 biomarkers, i.e., they
show effects of exposure to a pollutant, but no prediction on
effect on individuals and the population can be made
(Depledge and Fossi 1994).

The extent to which oxylipins were affected by effluent ex-
posure was dependent on the life stage of the individual. In terms
of responsiveness of oxylipins, the transition between L-1 to the
adult stage appeared to be less affected than earlier stages (e.g.,
L-5, L-3) by effluent exposure (despite L-1 individuals being
exposed for a longer period in comparison to the other stages).
Therefore, sampling larvae at early stages is recommended to
elucidate effects related to wastewater effluent exposure.
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Recommendations for future use of oxylipins in
damselflies as biochemical biomarkers in
environmental monitoring programs

Our results from the current study highlight the importance of
knowledge and careful selection of developmental stage when
sampling an invertebrate species for environmental monitor-
ing studies. To avoid underestimating the effects of pollutant
exposure, larvae should be sampled at the same life stage;
otherwise, there is a risk of missing effects due to higher
developmental variation within different stages in comparison
to the variation caused by exposure, as well as due to different
exposure responses for different stages. For damselfly C.H.,
larval stage L-3 was found to be the ideal stage for biomarker
investigations regarding wastewater effluent pollutants be-
cause oxylipin profiles displayed low developmental variance,
while a wide range of oxylipins were responsive to exposure.
However, in this pilot study of exposure effects, few individ-
uals were included, so other options for larval stage explora-
tions cannot be excluded. The adult stage seemed not suitable
for detecting alterations in oxylipin profiles caused by waste-
water exposure.

The obtained results on the variation of individual
oxylipins in damselflies can be used to estimate necessary
sample sizes for future experiments. The probability of detect-
ing differences between two populations depends on the var-
iation within populations, the difference in means between
populations, and the sample size. The smaller the variation
within populations, the larger the difference between them,
and the larger the sample size, the more likely existing effects
can be detected. As an example, using power analysis, we
calculated for all oxylipins at the optimal larval stage (L-3),
how many samples were required to likely (power 0.8) detect
a significant (o = 0.05) effect of effluent exposure. Figure 4
shows how many oxylipins would show a significant effect of
exposure depending on the sample size (per group). As there
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Table 1 Significant (marked

x) differences in oxylipin baseline Life stage

Maternal origin

levels in damselflies between life
stages L-5, L-3, L-2, and L-0 and
due to maternal origin (p < 0.05).

L5
Vs.
L3

L5
Vs.
L1

Oxylipin

L5
Vs.
LO

L3
Vs.
L1

L3
vs.
LO

L1
Vs.
Lo

Number of L5 L3 LI Lo

significant
changes

12,13-DiIHOME
12,13-DiHODE
15,16-DiIHODE
14,15-DiHETE
8,9-DIHETE
14,15-DiHETE
17,18-DiHETE
9-HOTrE
8-HETE
9-HETE
9(10)-EpOME
14(15)-EpETrE
8(9)-EpETrE
11(12)-EpETtE
15-HEPE
15-ox0-ETE
8,9-DIHETIE
9-HODE
12-HETE
5-0x0-ETE
13-0x0-ODE
EKODE
9,10-DIHODE
11,12-DiHETTE
11,12-DiHETE
11(12)-EpETE
14(15)-EpETE
15(16)-EpODE
5,6-DIHETTE
9,10-DIHOME
13-HODE
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5-HETE
11-HETE
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9(10)-EpODE
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is a steep incline in significant oxylipins up to 25 samples, we
recommend a sample size of 25 individuals per group for
comparable exposure experiments. Further research is needed
to better understand the impact of each altered oxylipin on the
organism. When we know the most important oxylipins for
this effect, the sample size can be reduced, which will make it

more feasible to implement them as biomarkers in environ-
mental monitoring programs.

The strengths of the current study include the well-
controlled conditions during the rearing of damselflies in
terms of exogenous (e.g., light, temperature, spatial position-
ing, food availability) and endogenous (e.g., knowledge of
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-5 L-3 L-1 L-0

5-HETE
9-HETE
14(15)-EpETE
11-HETE
15-oxo0-ETE
12-HETE
11,12-DiHETE
8-HETE
11,12-DiHETrE
14,15-DiHETrE
14,15-DiHETE
11(12)-EpETE
15-HEPE
9,10-DiHOME
15,16-DiHODE
5,6-DIiHETrE
8,9-DIiHETrE
9-HODE
12-HEPE
14(15)-EpETrE
12(13)-EpODE
15(16)-EpODE

Fig. 3 Significant (p < 0.05, marked X) increases (orange) and decreases
(blue) of oxylipin levels in damselflies at four developmental stages (L-5,
L-3, L-1, and L-0) following wastewater effluent exposure for the dura-
tion of one complete larval stage prior to the analyzed one in comparison
to non-exposed individuals at the same stage.

Fig. 4 Relationship of group size 25
and number of oxylipins detected
as significantly affected by
wastewater exposure; calculated
by power analysis. Calculations
are based on standard deviations
of non-exposed damselfly larvae
(stage L-3), differences of means
(non-exposed vs. exposed), p
value 0.05, power 0.8, e.g., with a
sample size of n = 25 (per group),
the null hypothesis, that means of
exposed and non-exposed groups 5
are equal, can be rejected for 17

oxylipins with a probability of 0.8

20

15

10

Significant oxylipins

0

species and maternal origin) factors. However, as the require-
ments for food change over the lifespan (i.e., smaller larvae
feed on smaller prey than larger ones), differences in feeding
over time could not be avoided. Because the PUFA composi-
tion likely differs between pond zooplankton, cultivated zoo-
plankton, and artemia, it is plausible that at least part of the
observed variation in oxylipin profiles across different life
stages was caused by changes in diet. The laboratory set up
has additional limitations with regard to environmental fac-
tors, such as region, climate, season, light, and predation pres-
sure, which all contribute to natural variation. Furthermore,
larvae were only exposed for the duration of one larval stage,
where in real-life exposure through several life stages is ex-
pected. Addressing these limitations requires further studies
on larvae collected in their natural habitat across different
sites.

There is a need to develop new indicators and monitoring
schemes for water quality and aquatic ecosystems, especially
with regard to the effect from emerging pollutants defined as
“chemicals that are not commonly monitored but have the
potential to enter the environment and cause adverse ecolog-
ical and human health effects” (Geissen et al. 2015). Emerging
pollutants require new types of methodologies for sampling,
detection, and quantification of their effects, with emphasis on
monitoring the combined effects of chemicals (i.e., chemical
mixtures). Integrative bio-assessment tools and new bio-
markers such as oxylipins may offer a suitable approach for
addressing these challenges. One concrete example, where
this method has the potential to increase both cost-efficiency
and generality of the results is the monitoring program for
running waters in Sweden—governed by regional county
boards. When we better understand the connection between
water-quality and oxylipin-response in damselflies (or other
aquatic invertebrates), we could, instead of collecting water
for chemical analysis and biodiversity-samples for ecosystem
health purposes, simply collect a set of aquatic invertebrates
and analyze their oxylipin levels. This would save not only

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
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time and money, but also several hundred-thousands of aquat-
ic invertebrates yearly. As for the choice of model organism
the damselfly C.H. is widely distributed across northern and
central Europe and Asia, and other similar damselfly species
are abundant on every continent except Antarctica, making
them good sentinel species for environmental monitoring
strategies across the world. Oxylipin analysis is a promising
tool that has the potential to be useful in environmental mon-
itoring and assessment, but before oxylipins can be imple-
mented in monitoring programs, increased knowledge regard-
ing their variation across damselfly species, and other aquatic
organisms, is needed.

In summary, we investigated oxylipin baseline levels in dam-
selfly C.H. and their variations across different life stages in a
well-controlled set-up. The results highlight the importance of
knowledge about larval stages when sampling for environmental
monitoring studies, particularly in this case when determining the
suitability of oxylipins in damselfly larvae as biochemical bio-
markers of anthropogenic pollution. Future research is needed to
pinpoint the most relevant oxylipins to environmental insult and
identify their variation in different damselfly species collected in
their natural habitat across different sites.
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