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Abstract

The elevated use of salt as a de-icing agent on roads in Canada is causing an increase in the chloride concentration of fresh-
water ecosystems. Freshwater Unionid mussels are a group of organisms that are sensitive to increases in chloride levels.
Unionids have greater diversity in North America than anywhere else on Earth, but they are also one of the most imperiled
groups of organisms. This underscores the importance of understanding the effect that increasing salt exposure has on these
threatened species. There are more data on the acute toxicity of chloride to Unionids than on chronic toxicity. This study
investigated the effect of chronic sodium chloride exposure on the survival and filtering activity of two Unionid species
(Eurynia dilatata, and Lasmigona costata) and assessed the effect on the metabolome in L. costata hemolymph. The con-
centration causing mortality after 28 days of exposure was similar for E. dilatata (1893 mg C17/L) and L. costata (1903 mg
CI/L). Significant changes in the metabolome of the L. costata hemolymph were observed for mussels exposed to non-lethal
concentrations. For example, several phosphatidylethanolamines, several hydroxyeicosatetraenoic acids, pyropheophorbide-a,
and alpha-linolenic acid were significantly upregulated in the hemolymph of mussels exposed to 1000 mg C17/L for 28 days.

While no mortality occurred in the treatment, elevated metabolites in the hemolymph are an indicator of stress.

Salinization of freshwater systems is a growing global threat
(Cafiedo-Argiielles et al. 2013) with implications for ecosys-
tem services and the health of freshwater biota at all trophic
levels (Hintz and Relyea 2019). Secondary salinization of
waterways via anthropogenic inputs originating from indus-
trial effluent, oil and gas extraction, and road salt application
(Elphick et al. 2011; Cafnedo-Argiielles et al. 2013; Gillis
et al. 2022; Hintz et al. 2022) has the potential to signifi-
cantly affect freshwater systems, if not mitigated (Hintz and
Relyea 2019). In southern Ontario (Canada), most salt inputs
to freshwater systems have been attributed to road salt appli-
cation (Evans and Frick 2001), with high concentrations
linked to impervious surfaces, road density, and urbanized
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areas (Mazumder et al. 2021). The increased use of road salt
on roadways in the last few decades has been responsible
for the salinization of surface waters in temperate regions in
Canada and the Northern USA (Jackson and Jobbagy 2005;
Kaushal et al. 2005; Oswald et al. 2019). Chloride levels in
many waterways exceed thresholds that can be harmful to
freshwater organisms (Evans and Frick 2001; Jackson and
Jobbagy 2005; Kaushal et al. 2005; Trowbridge et al. 2010)
with some urban streams within the Greater Toronto Area
(Ontario) reaching levels as high as 18,200 mg/L. (OMOECC
2022) 28-fold greater than the guideline of 640 mg C17/L
for acute chloride exposure to freshwater organisms (CCME
2011). In addition to the chloride spikes from road salt that
occur in winter months, 40-90% of chloride inputs can be
retained in soil and groundwater allowing for year-round
release into freshwater systems and an increased baseline
chloride concentration (Howard and Beck 1993; Kelly et al.
2008; Roy et al. 2015; Oswald et al. 2019). This creates the
potential for year-round chronic stress for salt-sensitive biota
(Mazumder et al. 2021).

Because of their heightened sensitivity to salt (Wang
et al. 2007, 2018; Gillis 2011; Pandolfo et al. 2012;
Blakeslee et al. 2013; Robertson et al. 2017; Salerno
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et al. 2018) and the levels reported in their habitats (Todd
and Kaltenecker 2012; Patnode et al. 2015; Prosser et al.
2017b; Gillis et al. 2022), there are concerns that freshwa-
ter mussels including species at risk could be negatively
affected by freshwater salinization (Todd and Kaltenecker
2012; Hintz and Relyea 2019). Canada has the lowest
freshwater chloride guidelines worldwide (640 mg C17/L
and 120 mg C17/L for acute and chronic exposure, respec-
tively (CCME 2011), which has been attributed to the
inclusion of freshwater Unionid mussels (Patnode et al.
2015; Hintz et al. 2022). However, in some waterbodies
in Ontario, chloride guidelines are frequently exceeded.

With nearly 70% of North American freshwater mus-
sel species listed as either endangered, threatened, or in
decline, they are one of the most imperiled groups of
aquatic organisms (Williams et al. 1993; Biggins et al.
1995; Bogan 2007) and are often more sensitive than
standard test organisms (Wang et al. 2007) particularly
to inorganic contaminants such as metals and salt (Wang
et al. 2017). Recovery strategies produced under the
Canadian Species at Risk Act indicate that the heightened
sensitivity of freshwater mussels to environmental con-
taminants poses a threat to the recovery of at-risk spe-
cies (COSEWIC 2015; Hintz et al. 2022).While the acute
and chronic salt sensitivities of early life stage freshwater
mussels have been demonstrated (Gillis 2011; Pandolfo
et al. 2012; Prosser et al. 2017a; Wang et al. 2017, 2018;
Salerno et al. 2018, 2020), the effect of salt on adult mus-
sels, particularly the sub-lethal effects of longer-term
exposure, is less understood despite potentially greater risk
of exposure, as adult mussels can be exposed to chloride
year-round.

Exposing adult mussels to hypersaline media have been
shown to have negative consequences for mussel biochemis-
try, physiology, and behavior (Bertrand et al. 2017), and salt
exposure can be lethal when mussels are exposed to water
iso- or hyperosmotic to blood solute concentrations (Grif-
fith 2017). Freshwater mussels maintain a low internal ion
concentration compared with other freshwater invertebrates
and have a limited capacity for active ion transport to main-
tain hypotonic body fluids (Dietz and Branton 1975; Dietz
1979; Griffith 2017; Hart et al. 2019), making their ability to
respond to a hypersaline environment limited and energeti-
cally taxing (Hartmann et al. 2016). Physiological effects
of salt exposure include the upregulation of cell membrane
proteins (Robertson et al. 2017) and disruption of septate
junctions (Griffith 2017). Mussels have also shown changes
in energy use and storage (such as decreased condition
index) when exposed to hypersaline solutions (Ciparis et al.
2019; Hart et al. 2019). Other changes in metabolism such
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as reduced oxygen consumption (Blakeslee et al. 2013) and
reliance on anaerobic metabolism (Bertrand et al. 2017) have
also been observed as sub-lethal responses to salt exposure.

Bertrand et al. (2017) attest that the reliance on anaero-
bic metabolism by mussels exposed to hypersaline water is
related to the mussels’ change in shell closure behavior. Mus-
sels change their filtering behavior in response to environmen-
tal stressors, closing their valves to avoid exposure to poor
water quality and toxicants (Kramer et al. 1989; Hartmann
et al. 2016). While preventing exposure to toxic substances
over short periods, avoidance of filtering can lead to increased
osmolarity, anoxia, and metabolic acidification, if the mussel
is unable to exchange water and materials with its environment
(Bertrand et al. 2017). Reduced filtration has been observed
in freshwater mussels exposed to salt (Hartmann et al. 2016).
In addition to whole organism endpoints of exposure such as
filtering behavior and condition index that demonstrate stress
to freshwater mussels at sub-lethal salt concentrations, investi-
gations at the biochemical or metabolite level can reveal more
subtle effects of salinity on an animal’s energy storage, cell
integrity, and ion regulation. The biochemical endpoints can
contribute to our understanding of the toxic mode of action in
contaminant-stressed organisms.

A method to identify biochemical pathways that may be
affected by exposure to a stressor is metabolomics. Metabo-
lomic analysis, which is commonly used as a diagnostic tool
in human and veterinary medicine, can reveal differences in
metabolites, proteins, and electrolytes in an organism’s circu-
latory fluid, thereby providing insight into the health of the
organism (Jones and Cheung 2007; Clish 2015). Several stud-
ies have investigated the use of metabolomics to understand
the effects of toxicants in freshwater mollusks (Leonard et al.
2014a, 2014b; Roznere et al. 2014; Tufi et al. 2015, 2016),
including the non-lethal approach of metabolite analysis in
hemolymph (Gustafson et al. 2005). These studies have shown
that targeted and non-targeted metabolomics hold potential
in understanding the biochemical pathways that are affected
by exposure to a toxicant and as an indicator of exposure to
toxicants.

The purpose of this study was to evaluate acute and chronic
effects of environmentally relevant chloride concentrations on
the survival and metabolism of two freshwater mussel species:
Eurynia dilatata and Lasmigona costata. Adult mussels were
exposed to salt for 28 days to address the following research
questions: (1) What concentration of salt is lethal to adult
mussels? (2) Does salt exposure result in changes in filter-
ing behavior and metabolite concentrations in mussel hemo-
lymph? and (3) Can changes in the mussel metabolome iden-
tify biological pathways that are affected because of exposure
to a chemical stressor?
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Methods
Chloride Concentrations

Mussels were exposed to six nominal concentrations of chlo-
ride (120, 250, 500, 1000, 2000, and 3750 mg CI7/L) via a
static renewal toxicity test. Exposures were completed in
reconstituted moderately hard water (MHW) (USEPA 2002).
The lowest concentration of chloride tested (120 mg/L) was
based on the long-term Canadian Water Quality Guideline
for the Protection of Aquatic Life (CCME 2011). Chloride
concentrations in the exposure solutions were verified with
a benchtop chloride probe (Orion chloride ion selective elec-
trode 9617BNWP, Thermo Scientific, MA, USA) and were
within 2.3% of the target chloride concentration (Supple-
mentary Information (SI) Tables S1 to S3).

Mussel Selection and Retrieval

Two mussel species were used for the exposure, Eurynia
dilatata (Rafinesque 1820, formerly Elliptio dilatata, spike
mussel) and Lasmigona costata (Rafinesque 1820, fluted-
shell mussel). Approximately 70 individuals of each spe-
cies were retrieved in July 2017 from a reference site on
the Grand River (Ontario) with large populations of both
species (43°29'40.7"N, 80°28'12.1"W). Individual adult
mussels were chosen based on a size (E. dilatata mean
length 89.4 mm, standard deviation (SD) 6.7; L. costata
mean length 63.0 mm, SD 3.8) that fit well in the test ves-
sels (108 mm diameter). Mussels were assessed for gravidity
upon collection to ensure they were not actively reproducing,
and approximate age of each mussel used in the exposure
was determined by counting external annuli (Table S5).

Mussels were held in bins with continuous water flow
(13°+2 C) for one week prior to salt exposure at Environ-
ment and Climate Change Canada’s (ECCC) Aquatic Life
Research Facility (Burlington, ON) and fed 250 mL of an
algae mixture (Reed Mariculture’s Instant Algae Shellfish
Diet 1800 (12 mL) and Instant Algae Nano Diet 3600 (3 mL)
in 450 mL of deionized water) twice daily within test vessels
(Salerno et al. 2018).

Exposure Setup and Conditions

Mussels were exposed following standard ASTM exposure
guidelines for freshwater mussels (ASTM International
2013). Moderately hard water (MHW) was synthesized
two days prior to the onset of mussel exposure and aerated.
Sodium chloride solutions were prepared using MHW one
day prior to test initiation. Test vessels consisted of a 1-L
glass beaker containing 100 mL of rinsed aquarium sand

(CaribSea Super Naturals Premium Aquarium Substrate) and
850 mL of exposure solution (Salerno et al. 2018). Beakers
were affixed with a lid and airline and aerated at ambient
temperature (~22 °C) for several hours before mussels were
introduced. For both test species, each exposure concentra-
tion had five replicates and the controls (MHW) had ten rep-
licates. An additional five replicate test vessels were created
for the control, 120 mg CI7/L, and 1000 mg C17/L treatments
for L. costata for use in metabolomic analysis.

Prior to test initiation, the mussels that had been held
at 13°+2 C were transferred to new bins and those bins
were held at room temperature with continuous tempera-
ture monitoring to allow the mussels to acclimate to the
ambient test temperature (~22 °C) over the course of 4 h.
Each mussel species was arranged into three groups based
on size (small, medium, and large), and mussels from each
size group were sequentially added to the test vessels for
a given concentration to randomize size. Water chemistry
measurements (pH, dissolved oxygen, chloride, conductiv-
ity, temperature) were taken on the exposure stock solu-
tions prior to 850 mL of solution being added to each vessel
(Table S1) on day 0. Water chemistry (pH, dissolved oxygen,
chloride, conductivity, temperature) was measured in the
exposure solutions used in the renewals on days 7 and 14
(Table S1). Water chemistry was also measured in the expo-
sure solutions removed from the test vessels on days 7 and
14 (Table S2). Total ammonia nitrogen was measured in the
water removed from the test vessels on days 7, 14, and 28
by ECCC’s National Laboratory for Environmental Testing
(NLET) (Burlington, ON) (Table S3), and total ammonia
was measured between water changes using a colorimetric
test kit (API Ammonia NH,/NH,* Test Kit, Table S4).

Test vessels containing mussels were aerated and held
under an 8-h light, 16-h dark cycle at~22 °C for 28 days. On
days 7 and 21, 80% of the exposure solutions were renewed
in each test vessel. A full vessel change (i.e., new sand and
100% solution renewal) occurred on day 14.

Daily Observations and Mortality

Each test vessel containing one mussel was fed 250 pL of
an algal mix (Instant Algae Shellfish Diet 1800 and Instant
Algae Nano Diet 3600® in 450 mL of deionized water with
a total algal concentration of ~5.07 X 10® cells/mL) twice
daily. Mussels were observed for filtering behavior and mor-
tality at each feeding. Mussels were assessed for filtration
based on a binary criterion, either the mussel shell was open
with siphons visible, or the mussel shell was closed with no
visible siphons. If mussels were burrowed in the substrate,
they were not considered filtering and were excluded from
analysis for the period they remained burrowed. A mussel
was considered functionally dead if its valves were gap-
ing, and it did not close in response to a prodding stimulus.
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Deceased mussels were removed from the vessel, and water
chemistry data were collected.

Test Conclusion

After 28 days, all surviving mussels were removed from
their vessels. A sample of hemolymph (500-1000 pL) was
collected from the posterior adductor muscle of 10 exposed
L. costata from each of the control, 120 mg C17/L, and 1000
Cl” mg/L treatments using a 5-mL syringe with a 21-gauge
hypodermic needle. Samples were immediately flash frozen
using dry ice and kept frozen at — 80 °C until metabolite
extraction.

Extraction of Metabolites and Mass Spectrometry

The method for extracting metabolites from freshwater
mussel hemolymph was adapted from Bruce et al. (2009)
and Want et al. (2013). A 300 pL subsample of hemolymph
was added to a 2 mL microtube containing two glass beads
(Fisher 3 mm, 11-312-10A Fisher Scientific) and 500 pL of
chilled methanol. Tubes were then shaken on a vortex mixer
for 90 min followed by centrifugation (16,000 g at 4 °C) for
10 min. A 0.5 mL aliquot of the supernatant was removed
and filtered through a 0.22 um PFTE syringe filter into an
amber HPLC vial for analysis using high-performance liquid
chromatography coupled to a quantitative time of flight mass
spectrometer (HPLC-Q-TOF-MS).

The analytical method used was adapted and further opti-
mized from Zhu et al. (2013) and Sawada and Hirai (2013).
Analyses of the hemolymph extracts were performed on an
Agilent 1200 HPLC liquid chromatograph interfaced with
an Agilent UHD 6530 Q-TOF mass spectrometer. A C18
column (Agilent Poroshell 120, 50 mm X 4.6 mm 2.7 um)
was used for chromatographic separation with the following
solvents: water with 0.1% formic acid (A) and acetonitrile
with 0.1% formic acid (B). The mobile phase gradient was as
follows: initial conditions were 2% B hold for 1 min and then
increased to 100% B in 19 min followed by column wash
at 100% B for 3.5-min and 10-min re-equilibration. The
first 2 and last 5 min of gradient were sent to waste and not
the spectrometer. The flow rate was maintained at 0.4 mL/
min. The mass spectrometer electrospray capillary voltage
was maintained at 4.0 kV and the drying gas temperature at
250 °C with a flow rate of 8 L/min. Nebulizer pressure was
30 psi, and the fragmentor was set to 160. Nitrogen was used
as both nebulizing and drying gas and collision-induced gas.
The mass-to-charge ratio was scanned across the m/z range
of 50-1400 m/z in 4 GHz (extended dynamic range in both
positive- and negative-ion mode). The instrument was exter-
nally calibrated with the ESI Tune Mix (Agilent Technolo-
gies). The sample injection volume was 30 pl. Only nine
individuals were able to be analyzed in the 120 mg C17/L
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treatment for negative-ion mode due to insufficient volume
of hemolymph available for extraction.

Chloride Levels in Ontario Surface Water

Measured chloride levels in mussel habitats from the Ontario
Provincial (Stream) Water Quality Monitoring Network
(PWQMN) were consolidated. All published measured chlo-
ride levels in Ontario waterways from 2010 to 2020 were
compiled and presented as a cumulative frequency distribu-
tion (Fig. 1).

Data Processing

The dose-response curve (drc) package in R (Ritz et al.
2015; R Core Team 2021) was used to generate L.Cs, values
for mussel mortality for each of 7, 14, 21, and 28 days of
exposure as well as an associated 95% confidence interval.
Mussels that were burrowed during an observation period
were not included in the analysis of filtering. To determine
significant differences in observed filtration time between
treated mussels and controls, Chi-squared tests were per-
formed in SigmaPlot (version 13.0). When assumptions of
the Chi-squared test were violated, a Fisher exact test was
completed.
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Fig.1 Cumulative frequency distribution of chloride concentrations
in Ontario surface waters (2010-2020) using Provincial Water Qual-
ity Monitoring Network (PWQMN) data. The log concentration of
chloride is reported on the x-axis, and the percent rank of the con-
centrations measured from 2010 to 2020 is on the y-axis. The dotted
(blue) line represents the Canadian Council of Ministers of the Envi-
ronment (CCME) long-term (120 mg C17/L) and short-term (640 mg
CI7/L) water quality guideline for the protection of aquatic life. The
dashed lines represent the 7-d LCs, for Lasmigona costata (red) and
Eurynia dilatata (black) from this study
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Data processing for mass spectrometry was performed
using Agilent Profinder software (version 10.0) and the
batch recursive molecular feature extraction data mining
algorithm. The resulting data matrix (30 positive-mode
and 29 negative-mode observations; 1935 variables-
positive mode, 280 variables-negative mode) was then
exported for further data reduction. All entities (i.e.,
potential metabolites) were interpreted using Mass Pro-
filer Professional (MPP) (version 15.1) software (Agilent
Technologies) for statistical interpretation and compound
identification. Statistical analysis was performed on the
normalized data set using a one-way ANOVA with Benja-
min—Hochberg testing correction with a p value set to 0.05.
Following this, the entities were further reduced with set-
ting a fold change cut-off of 2.0 in at least one condition.
From the resulting refined data set, 121 positive and 81
negative entities were isolated. Interpretation of unknown
entities was processed through the METLIN database and
assigned a score from 0 to 100 that represents the prob-
able match to that of curated spectral standards. To assess
the variation in the hemolymph metabolome between con-
trol and treatment groups, a principal component analysis
(PCA) was performed. Mass Profiler Professional was also
used to perform cluster analysis and draw heatmaps repre-
senting the relative changes (upregulated/downregulated)
in metabolites across the treatments. Agilent’s Pathways
Architect (MPP, version 15.1) was used to identify curated
biochemical pathways that contained metabolites that were
identified as significantly different from the hemolymph of
mussels among the three treatment groups.

Results
Mussel Mortality

While no mortality was observed in either species below
2000 mg CI7/L, more than 75% of the mortality for E. dila-
tata and 100% of L. costata mortality in the higher con-
centrations (i.e., >2000 mg Cl7/L) occurred within the
first 7 days of exposure (Fig. 2). All mussels in the highest
treatment (3750 mg C17/L) died within the first 3 days of
exposure. For L. costata, three of the five mussels in the
2000 mg/L treatment died in the first 3 days with no further
mortality for the remainder of the test. In contrast, E. dila-
tata in the 2000 mg C17/L treatment died gradually during
the 28-d exposure. LC50 estimates across time and species
were similar (Table 1), with 7-day LCss of 1975.4 mg CI"/L
for L. costata and 2070.7 mg C17/L for E. dilatata. L.Cs esti-
mates for chronic exposure (28 days) were also comparable
with 1903.0 mg CI7/L for L. costata and 1892.7 mg C17/L
for E. dilatata.

Filtration Behavior

Differences in filtration behavior were most evident in the
first 3 days of exposure, with L. costata demonstrating an
overall pattern of reduced filtering with increasing salt
concentration (Fig. 2 and Table S6). There were significant
differences in observed filtration time between mussels in
the control treatment compared with mussels in the two
greatest chloride concentrations for both species of mus-
sel (Table S7).

Chloride Levels in Ontario

The percentages of chloride measurements in Ontario’s
waterways (i.e., PWQMN data) that exceeded a guideline
or effect measure from this study are presented in Table 2.
Eleven percent of the observations taken across a 10-year
period exceeded the long-term CCME water guideline
for the protection of aquatic life (120 mg C17/L), and 1%
exceeded the short-term guideline of 640 mg C17/L. In
addition, some concentrations of chloride measured in
Ontario’s streams also exceeded the 7-day LCjs, estimates
(0.18% of observations for L. costata and 0.16% for E.
dilatata (Table 2)) produced in this study.

Metabolomics

The metabolites found in the hemolymph of mussels
exposed to two sub-lethal salt concentrations in this study
were compared to those in control mussel hemolymph.
PCA plots for both polarities showed significant separa-
tion between the annotated entities found in the 1000 mg
C17/L group and the control group (Fig. 3). PCAs for both
polarities show poor separation of annotated entities found
between the 120 mg/L and the controls (Fig. 3). A total of
202 annotated entities were detected and considered sta-
tistically significant among the different treatment groups
(Tables S8 and S9). These entities represented several
classes of compounds including lipids, carbohydrates,
alkaloids, carboxylic, and amino acids.

Overall, there was a strong trend of metabolites with
upregulated fold changes at the 1000 mg CI™/L treatment
in both positive and negative modes versus the controls
(Figs. S1 and S2). This aligns with the PCA plots showing
that the metabolome of individuals in the 1000 mg/L was
responding to the exposure (Fig. 3). When comparing the
120 mg C17/L treatment to the controls, there is evidence
of significant fold changes in several metabolites in the
hemolymph of individuals exposed to 120 mg C17/L in
comparison with the controls.

@ Springer



Archives of Environmental Contamination and Toxicology (2023) 85:1-12

Fig.2 Overview of survival (%)
and filtering activity (%) during
the first 7 days of salt exposure
with Lasmigona costata and
Eurynia dilatate. Panel A and B
depict the filtering activity (%)
of L. costata and E. dilatata,
respectively. Panel C and D
depict the survival (%) of L.
costata and E. dilatata, respec-
tively. For clarity, only the con-
trol and four highest chloride
treatments are shown. Chloride
concentrations are nominal
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Table 1 Summary of effect concentrations (mg C17/L) for adult mus-

sel mortality (LCs,)

Table 2 The number of chloride concentrations in Ontario surface

waters (Provincial Water Quality Monitoring Network, 2010-2020)

Species Mortality that exceeded effect measures for freshwater mussels (Eurynia dila-
- tata and Lasmigona costata) or Canadian Council of Ministers of the
Days LCs, 95% confidence interval Environment (CCME) guidelines
L. costata 7 1975.4 1319.8-2631.0 7-day LCy, CCME guidelines Total
14 20114 1557.7-2465.1 L. costata  E. dilatata Short term Long term
21 2015.3 1509.9-2520.8
28 1903.0 642.7-3163.3 # Detections 51 46 254 3112 28,384
E. dilatata 7 2070.7 1377.1-2764.3 % of Observations 0.2 02 09 10
14 1884.4 607.0-3161.9
21 1892.7 513.9-3271.6
28 1892.7 513.9-3271.6
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Component 1 (30.6%)
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Fig. 3 Principal component analysis plots created using the two prin-
cipal components that describe the greatest amount of variation in
metabolites among control (moderately hard water), 120 and 1000 mg
CI/L exposure treatments. A 95% confidence ellipse has also been
constructed for each treatment group. The number in brackets on each
axis represents the percentage of variation in metabolome of hemo-

Discussion
Chloride Toxicity
Mortality

In this study, mussels exposed to 2000 and 3750 mg C1™/L
showed morbidity within the first day of exposure, with
100% mortality in the highest treatment within 3 days of
exposure. These results are comparable to the salt sensi-
tivities of other (adult) freshwater mussel species. Lamp-
silis siliquoidea exposed to 3260 mg C17/L (Salerno et al.
2018) and Elliptio complanata exposed to 4000 mg C17/L
for 7 days resulted in 100% mortality (Blakeslee et al. 2013).
In contrast, no mortality was observed in Popenaias pop-
eii (Texas hornshell), a species native to southern USA,
exposed to 4000 mg CI7/L (Hart et al. 2019).

In the current study, LCs, values for four different time
points were generated, although the steep decline in sur-
vival between 1000 and 2000 mg CI7/L treatments resulted
in relatively greater confidence intervals for LC estimates
(Table 1). Previous studies with adult mussels and sodium
chloride also reported a steep decline in survival between
concentrations of 2000 and 4000 mg C17/L (Blakeslee et al.
2013) and 2426 and 3033 mg CI7/L (Hart et al. 2019). Both
L. costata and E. dilatata showed similar sensitivity with
considerable overlap in their LCs, confidence intervals
(Table 1).

lymph samples that is explained using each principal component.
Metabolites identified using negative-mode ionization are presented
in the biplot on the left, and metabolites identified using positive-
mode ionization are presented in the biplot on the right. Each hemo-
lymph sample in an exposure group is represented by a shape symbol

Filtration

Mussels are known to close their shell to avoid exposure to
poor water quality and toxicants (Kramer et al. 1989; Bae
and Park 2014; Patnode et al. 2015) or to reduce the need
to osmoregulate, which may be energetically taxing (Hart-
mann et al. 2016). The salt-exposed mussels in the current
study appear to have demonstrated this response (Fig. 2).
L costata reduced filtration activity with increasing salt
exposure, with significant reductions in the highest two
concentrations compared with control mussels. A similar
trend was observed in E. dilatata (Fig. 2). Hartmann et al.
(2016) also found that mussels exposed to salt over long
periods (up to 48 days) showed an overall reduction, as
well as greater variation, in time spent filtering. Bertrand
et al. (2017) suggested that changes in filtering behavior
may be a signal of stress to the animals and can correspond
with their eventual death.

Chloride Exposure in Natural Habitats

Long-term water quality monitoring data (i.e., PWQMN)
summarized herein demonstrate that between 2010 and
2020, there were numerous occasions when the chloride
concentrations in Ontario surface waters surpassed both the
Canadian Water Quality guidelines (CCME 2011) and the
LCj, values derived in the current study for adult freshwater
mussels (Fig. 1). This finding indicates that adult mussels
could be experiencing lethal chloride toxicity in their natural
habitats. It is also likely that the number of measurements
exceeding harmful levels is underestimated because fewer
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measurements in the PWQMN program are taken in the win-
ter months and thus the salt pulses associated with winter
melt events could have been missed (Prosser et al. 2017b;
Gillis et al. 2022).

Metabolomics
Lipids

Lipids serve as an energy source and the raw materials for
cell formation in mollusks (Sadjadi 2018). Roznere et al.
(2014) identified a significant upregulation of lipids found
in the hemolymph metabolome of Amblema plicata (three-
ridge mussel) in response to captivity and food limitation,
thereby demonstrating potential changes in the cellular lipid
profiles of mollusks under stress. In this study, the levels of
several long chain fatty acids (specifically phospholipids)
increased in freshwater mussel hemolymph in response to
chloride exposure. In total, 28 phosphatidylethanolamines
(PEs), a key group of lipids in cellular membranes, were
detected, of which 22 were found to have a significant upreg-
ulated fold change (> 2.0) in individuals exposed to 1000 mg
CI"/L compared with the control individuals. In addition, 14
of these PEs were also found to be upregulated in the indi-
viduals exposed to 120 mg CI7/L. Moreover, several hydrox-
yeicosatetraenoic acids and their derivatives were found at
higher levels in both the 120 and 1000 mg/L treatments in
comparison with control mussels. This group of oxidized
fatty acids can act as eicosanoids, which can be important
in cell signaling. Several studies have observed elevated
eicosanoid production in mollusk species that are under
stress (Makoto et al. 1989; Stanley and Howard 1998; Per-
net et al. 2007; Zhukova 2019). Pernet et al. (2007) observed
an increase in fatty acids used in eicosanoid biosynthesis in
the tissues of blue mussels Mytilus edulis and oysters Cras-
sostrea virginica that were stressed by a rising temperature.
The overall increase in profiles of these fatty acids could be
an indication that the mussels are responding to the exposure
of elevated salt concentrations to maintain homeostasis.

Energy and Metabolism Compounds

Several naturally occurring organic compounds and by-prod-
ucts of metabolism were found to be statistically different
in the hemolymph of mussels exposed to chloride. Specifi-
cally, pyropheophorbide-a (PP-a), a chlorophyll degradation
product that is egested as waste in mollusks, was found to be
significantly upregulated in both the 120 and 1000 mg C17/L
treatments compared with controls (Cartaxana et al. 2003).
Pheophorbide concentrations (including PP-a) have been
employed as indicators of feeding (consumption/egestion)
rates in the fecal pellets of the marine gastropod, Hydrobia
ulvae (Coelho et al. 2011). The observed increases in PP-a
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concentrations within the hemolymph in the current study
could be a result of a reduction in the filtering activity of the
mussels in response to the salt exposure. The mussels in the
two greatest concentrations of this study spent significantly
less time filtering than the mussels in the control test ves-
sels (Fig. 2). Several other studies have observed a reduc-
tion in filtering behavior of mussels that have been exposed
to contaminants, as was observed in this study (Hartmann
et al. 2016; Chmist et al. 2019; Vijayavel and Kashian 2019).
Hartmann et al. (2016) observed decreasing filtering activity
in duck mussels (Anodonta anatina) exposed to pulses of de-
icing salt. A reduction in filtering activity would reduce the
clearance of waste, like the chlorophyll degradation product
PP-a, from mussels. A reduction in the clearance of PP-a
could cause an increase in the concentration measured in the
hemolymph of mussels, as observed in this study.

Amino Acids and Peptides

Several amino acids and peptides in the hemolymph were
found to be significantly different in mussels exposed to salt
compared with unexposed mussels. Tumonoic acid A (TA-
a), a naturally occurring amino acid derived from bacteria,
was lower in the hemolymph of mussels exposed to 120 mg
CI7/L and was significantly downregulated at the 1000 mg
CI7/L treatment. This finding was unexpected as there does
not appear to be any previous reports of TA-a in mollusks
and its associated biological activity is unknown. Initial
skepticism on the accuracy of the annotation of this entity
was countered by the database score showing a strong match
to TA-a and the metabolite database not returning any other
potential matches at this mass range (Tables S8 and S9).
The decreases in concentration of this metabolite could be
a result of the decrease in filtering activity of the mussels,
which would result in a decrease in the quantity of bacteria
being consumed by individuals exposed to chloride.
Several short-chain peptides were identified, and all were
found to be significantly upregulated in mussels exposed
to the 1000 mg Cl7/L treatment compared with controls.
The tripeptides Asn—Asp—Tyr and His—Lys—GlIn were also
significantly upregulated in mussels from the 1000 mg
CI7/L treatment. In addition, the dipeptide Met—Asn—OH
was significantly upregulated in mussels exposed to the
1000 mg/L treatment with a 6000-fold change compared
with controls. As with TA-a, these specific peptides have
not been described in freshwater mussels, but they may be
linked to a shift in metabolism and/or a response to oxidative
stress. As shown by Bose et al. (2016) in the hemolymph
of the land snail Theba pisana during aestivation (summer/
dry season dormancy), a significant increase in amino acids
and peptides could be indicative of an individual’s metabo-
lism signaling a switch to energy storage and conservation
in response to a stressor. A review conducted by Eghianruwa



Archives of Environmental Contamination and Toxicology (2023) 85:1-12

et al. (2019) also found that mollusks have a vast array of
bioactive amino acids and peptides in the hemolymph relat-
ing to immune and antioxidant defense responses. While
not found in this study, Schneeweifl and Renwrantz (1993)
identified several formylated peptides which are a marker of
immune system defense in response to chemical stressors.

Pathways Analysis

In this study, the search for pathways that related to the
metabolites and were significantly different among the treat-
ments in MPP included the pathway databases WikiPath-
ways and BioCyc. Using the annotated pathways for Danio
rerio (Zebrafish) did not produce any matches associated
with the metabolites identified in this study. Using annotated
pathways for Homo sapiens, the search revealed 42 total
pathways that were impacted by salt exposure in the mussels
(Tables S10 and S11). The pathways identified were mainly
associated with the citric acid cycle (retinoic acid) and lipid
metabolism (alpha-linolenic acid) (Tables S10 and S11).

Retinoic acid (RA) is a metabolite of vitamin A and is
essential for cellular growth and development (McCaffery
et al. 2006). Rothwell et al. (2017) identified that RA can
modulate the function of networks in the central nervous
system in mollusks. Specifically, they provided evidence
that RA can reduce the transmission of signals across the
synapse of excitatory neurons of mollusks (Rothwell et al.
2017). This metabolite was found to be upregulated in the
individuals exposed to 1000 mg/L of chloride. This sig-
nificant increase in RA could be related to an attempt to
regulate the elevated osmotic pressure due to increased salt
concentration, but this would require further investigation
to confirm.

Linolenic and oleic derivatives were observed in both
negative and positive modes. Alpha-linolenic acid (ALA)
is a fatty acid found in plant and animal tissues. Zhukova
(2019) reported that there is a relationship between fatty
acid composition in mollusks and their interactions with the
aquatic environment. Specifically, mollusks are not able to
synthesize ALA, and as such, mollusks must derive ALA
from their food. This metabolite was found to be signifi-
cantly upregulated in the individuals exposed to 1000 mg/L
of chloride. The elevated ALA could be a consequence of
increased metabolism in response to salt exposure in com-
parison with the control and a decrease in egestion due to
the mussels closing their valves in response to salt exposure.

A further investigation into the observed metabolites
altered by exposure to chloride was conducted by manually
searching the Kyoto Encyclopedia of Gene and Genomes
(KEGG) database (Kanehisa and Goto 2000; Kanehisa 2019;
Kanehisa et al. 2021). Currently, Pomacea canaliculata
(golden apple snail) was the only mollusk with curated path-
ways in KEGG. Consequently, the P. canaliculata pathways

were chosen as the most suitable for analyzing changes in
the hemolymph metabolome of the mussels exposed to
sodium chloride. A total of four pathways were identified
that involve metabolites that were significantly different
in L. costata exposed to sodium chloride compared with
unexposed mussels. The pathways identified included alpha-
linolenic acid metabolism, retinol metabolism, fatty acid
biosynthesis, and steroid biosynthesis (Table S12). Alpha-
linolenic acid metabolism, retinol metabolism, and fatty acid
biosynthesis were also identified in the WikiPathways and
BioCyc search, which corroborates that these pathways are
affected when mussels are exposed to elevated concentra-
tions of chloride. In terms of steroid biosynthesis, a choles-
terol intermediate (zymosterol 1c) was found to be signifi-
cantly down regulated in individuals in the 1000 mg CI17/L
treatment. Lange et al. (1991) reported that zymosterol is
converted to cholesterol in the rough endoplasmic reticulum
and is an important steroid in cell regulation. Kawashima
et al. (2009) studied gastropods sterol composition in the
gonads of Cellana grata and found that there is a signifi-
cant difference in zymosterol based on sex. They stated that
the physiological function of zymosterol remains unclear
but could be involved with mitosis. The current study did
not distinguish the sex of individuals, as L. costata are not
externally sexually dimorphic. Further investigation will be
needed to elucidate whether the findings correlate to differ-
ences in the sex of individuals or exposure to chloride.

Recent studies of the mollusk genome show progress
is needed to unlock its full potential as a research tool for
mollusks, and the same is true for transcriptomics and
metabolomics (Luo et al. 2014; Gomes-dos-Santos et al.
2020). There are few metabolite and biochemical pathway
databases that are curated specifically for mollusk species,
whether freshwater, marine, or terrestrial. As a result, enti-
ties that are identified using non-target metabolomic analysis
of mollusk tissues must be matched to metabolites, and sub-
sequently biochemical pathways, from databases based on
humans or other groups of species (fish, amphibians, other
invertebrates). Notwithstanding this lack of mollusk-specific
databases, many biochemical pathways are conserved across
groups of eukaryotes and even more within deuterostomes
(e.g., carbohydrate, amino acid, lipid, and nucleotide metab-
olism) (Peregrin-Alvarez et al. 2009). Conservation of bio-
chemical pathways allows for some insight to be gained from
non-targeted metabolomic analysis of tissue from mollusks
that have been exposed to varying concentrations of a con-
taminant, as demonstrated by this study.
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