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Abstract: Halogenated acetic acids (HAAs) are amongst the most frequently detected disinfection
by-products in aquatic environments. Despite this, little is known about their toxicity, especially
at the molecular level. The model organism Daphnia magna, which is an indicator species for
freshwater ecosystems, was exposed to sub-lethal concentrations of dichloroacetic acid (DCAA),
trichloroacetic acid (TCAA) and dibromoacetic acid (DBAA) for 48 h. Polar metabolites extracted
from Daphnia were analyzed using liquid chromatography hyphened to a triple quadrupole mass
spectrometer (LC-MS/MS). Multivariate analyses identified shifts in the metabolic profile with
exposure and pathway analysis was used to identify which metabolites and associated pathways
were disrupted. Exposure to all three HAAs led to significant downregulation in the nucleosides:
adenosine, guanosine and inosine. Pathway analyses identified perturbations in the citric acid
cycle and the purine metabolism pathways. Interestingly, chlorinated and brominated acetic acids
demonstrated similar modes of action after sub-lethal acute exposure, suggesting that HAAs cause a
contaminant class-based response which is independent of the type or number of halogens. As such,
the identified metabolites that responded to acute HAA exposure may serve as suitable bioindicators
for freshwater monitoring programs.

Keywords: ecotoxicology; disinfection by-products; dichloroacetic acid (DCAA); trichloroacetic acid
(TCAA); dibromoacetic acid (DBAA)

1. Introduction

Disinfection by-products (DBPs) are ubiquitous in aquatic ecosystems, and, to date,
approximately 700 DBPs have been identified and detected [1]. DBPs are generated through
chemical reactions between residual contaminants and organic matter found in effluents
during wastewater treatment [1–3]. Chlorination, chloramination, chlorine dioxide and
other halogenated disinfection methods are subject to high energies, which in turn lead
to secondary product formation [4,5]. Previous work has shown that residual organic
matter in the water and the implementation of UV irradiation led to an increase in the
formation of DBPs such as trihalomethanes (THMs), haloacetic acids (HAAs), cyanogen
chloride and chloroform [3,6]. Some of the most widely detected DBPs in drinking water
and polluted source water include: chloroform, halogenated acetic acids (HAAs) and
trihalomethanes [7,8]. In addition to being found in contaminated waters, the HAAs
dichloroacetic acid (DCAA) and trichloroacetic acid (TCAA) can also be produced as
metabolites of certain halogenated solvents and reactants (trichloroethylene and per-
chloroethylene) used in industrial and military applications [9–11]. TCAA and DCAA are
also used in dermal cosmetic procedures, including the removal of warts [12,13]. HAAs ex-
hibit high water solubility and low Henry’s law constants [14,15] and can persist in aquatic
environments. Because HAAs form during the disinfection of wastewater into drinking
water, it is likely that their concentrations in aquatic ecosystems will increase [16], especially
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in areas receiving effluents. Some HAAs may degrade in the environment depending on
the presence of dehalogenation enzymes present in specific microbes [17]. Additionally,
some HAAs may undergo oxidative dehalogenation, dehalogenation by methyl transfer
and substitutive dehalogenation [18]. It is important to note that these processes are more
prevalent in monohalogenated acetic acids [19], making dihalogenated and trihalogenated
acetic acids more persistent due to their inherent chemistry. For example, TCAA has exhib-
ited a high stability and persistence in both field and laboratory studies [17,19,20]. While
dihalogenated acetic acid, such as DCAA, are more susceptible to some dehalogenation
mechanisms than their trihalogenated counterparts [19], they are present at concentrations
which exceed those of other HAAs present in aquatic environmental samples [20]. Individ-
ual HAAs have been reported in the low µg/L concentration range, but, collectively, the
concentration of all HAAs can be significantly higher [21,22]. While many studies have
assessed the environmental persistence and toxicity of fluorinated HAAs [16,22,23], there
is a need for further investigation of their chlorinated and brominated counterparts which
are commonly detected in aquatic ecosystems.

The ubiquity of HAAs has prompted several traditional endpoint toxicity studies using
a range of model aquatic organisms [16,22,24–28]. Under laboratory conditions, exposure
to DCAA and TCAA was found to exhibit phytotoxicity for two algal species (Myriophyl-
lum spp. and Lemna gibba) where the wet mass and root length of the aquatic plants was
inhibited by the presence of HAAs [16,22,25]. Acute dibromoacetic acid (DBAA) expo-
sure to Japanese medaka (Oryzias latipes) negatively impacted fish length and weight [26].
DCAA has been found to hinder reproduction in zebrafish (Danio rerio) embryos [27,28].
Embryos exposed to varying concentrations of DCAA resulted in concentration-dependent
fluxes in heartrate and blood flow as well as malformations in the mouth and notochord
stemming from oxidative stress caused by contaminant exposure [27,28]. The LC50 and
perturbations to reproduction with DBAA in the water flea (Daphnia magna), sheepshead
minnow (Cyprinodon variegatus) and algae (Ischryis galbana) [29] showed that DBAA expo-
sure negatively impacted the growth rates of I. galbana with higher exposure concentrations
(>97.8 mg/L) [29]. The chronic inhibitory concentration (IC25, 284.6 mg/L) was comparable
to the 96-hour LC50 (259.9 mg/L) for DBAA exposure in D. magna [29]. Interestingly, LC50
values for D. magna were similar for both acute (96 h) and chronic (21 day) experiments [29]
suggesting that chronic toxicity can be predicted from acute exposure, which is further
supported by the low calculated acute to chronic ratios. These findings determined that
after 72 h acute tests, elevated concentrations of DCAA and TCAA led to growth inhibition
of I. galbana at concentrations of 104.5 and 447.0 mg/L, respectively [29]. In C. variegatus the
acute LC50 of DCAA was determined to be 321.6 mg/L, which was the same LC50 observed
after 24, 48, 72 and 96 h experiments [29]. Chronic TCAA exposure studies demonstrated
in both D. magna and C. variegatus that survival was as sensitive as reproductive tests
when assessing conventional toxicity [29]. For all HAAs (DBAA, DCAA and TCAA) stud-
ied, a strong relationship between the concentration of the compound, the health of the
organisms tested, and the pH of the media was observed [29]. Additionally, in chronic
multigenerational studies with D. magna, exposure to HAAs decreased the rate of sexual
maturity and the number of offspring produced during reproduction, which were more
apparent in subsequent generations [21]. These studies using traditional toxicity endpoints
demonstrate that HAAs can adversely impact many aquatic organisms and may have
far-reaching ecological impacts.

Previous studies have also investigated the toxic mode of action of HAAs to various
organisms [23,24,30,31]. Exposure to DCAA and DBAA induced deoxyribonucleic acid
(DNA) damage and mutagenic activity in the bacteria Escherichia coli and Salmonella ty-
phimurium [30]. In mammalian murine models, exposure to DCAA and DBAA resulted in
developmental toxicity in rat embryos, leading to malformed neural tubes [32]. Studies
have collectively determined that exposure to HAAs, notably DCAA and TCAA, have led
to teratogenic malformations in offspring in neural and cardiac systems [33–35]. Following
exposure to trichloroethylene, metabolites DCAA and TCAA were found to contribute to
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liver cancer in mice when administered orally through contaminated drinking water [36].
It has also been suggested that brominated DBPs pose a larger cytotoxic and genotoxic risk
than their chlorinated counterparts [37,38], but this may be species-dependent. Another
murine-based study determined the inhibitory role on the enzyme pyruvate dehydroge-
nase kinase onset by exposure to DCAA [39]. This enzymatic complex is responsible for the
reactions which convert pyruvate into acetyl coenzyme A (acetyl-CoA) [40]. Rainbow trout
(Oncorhynchus mykiss) also exhibited elevated blood lactate concentrations stemming from
the inhibition of pyruvate dehydrogenase kinase [24], as was also observed in a murine
study [39]. In the Japanese medaka (O. latipes), exposure to DCAA increased concentrations
of glycogen, which is likely indicative of disruptions in the enzymatic pathways involved
in glycolysis [41]. Lastly, acute toxicity tests using trifluoroacetate (TFAA) on multiple algal
strains concluded that the toxic mode of action of HAAs may stem from the inhibition of
the citric acid (TCA) cycle, as the algal growth began to recover with additions of citric acid
to the media [23].

Although these aforementioned studies have outlined the toxicological impacts of
HAAs on aquatic organisms, no study has investigated, to date, the toxic mode of action in
the model organism, D. magna, at the molecular level. D. magna is a commonly studied wa-
ter flea due to its ecological relevance and prominent use in ecotoxicity as a model organism
for aquatic environments due to their heightened sensitivity to anthropogenic contami-
nants [42,43]. For these reasons, D. magna has been used in environmental metabolomic
studies to investigate the mode of action of a range of environmentally persistent organic
pollutants and metals [44–47]. These studies have collectively identified the toxic mode of
action with sub-lethal exposure, which is more relevant given the environmental concentra-
tions of many pollutants in aquatic ecosystems. Previous studies with D. magna have shown
that metabolomic approaches are able to detect short-term perturbations to the metabo-
lite profile and that it is a promising approach to elucidate the impacts of pollutants on
aquatic organisms [48–50]. Here liquid chromatography with tandem mass spectrometry
(LC-MS/MS) was used to decode the metabolic responses of D. magna to three commonly
observed HAAs (DCAA, TCAA and DBAA) in acute sub-lethal exposure studies. This
method targets amino acids and derivatives, neurotransmitters, nucleosides/nucleotides,
saccharide derivatives, vitamins, polyamines and carboxylic acids and has been used to
assess sub-lethal toxicity in previous studies [51–54]. Previous studies reported that expo-
sure to HAAs leads to disruptions in energy metabolism [23,24,39,41], and, as such, it is
hypothesized that D. magna will also exhibit energy disruption with contaminant exposure.
Therefore, the objective of this study is to determine how the polar metabolic profile of
D. magna is altered with acute sub-lethal exposure to DCAA, TCAA and DBAA. Several
different concentrations of DCAA, TCAA and DBAA were also used to test how metabolic
perturbations and the toxic mode of action are potentially correlated to HAA exposure
concentration. To the best of our knowledge, this is the first study that uses a targeted
metabolomic approach to investigate the impacts of sub-lethal HAA exposure to D. magna.

2. Results
2.1. Multivariate Analysis of Metabolic Changes with HAA Exposure

Principal component analysis (PCA) and partial least squares—discriminant analy-
sis (PLS-DA) are commonly used to screen for overall changes in measured metabolites
relative to the control (unexposed organisms) [55,56]. With exposure to all three HAAs
(DCAA, TCAA and DBAA), shifts in the D. magna metabolome were observed (Figure 1
and Supplementary Materials Figure S1), but not all changes were statistically significant.
In addition, separation was more significant with PLS-DA than with PCA, which is consis-
tent with the supervised (PLS-DA) and unsupervised (PCA) nature of these multivariate
analysis methods [57]. For all three HAAs studied, components 1 and 2 for both PCA and
PLS-DA represented more than 68% of the total variation (Figure 1 and Supplementary
Materials Figure S1). Components 3 and 4 were also examined, but these explained less of
the overall differences relative to the unexposed groups (<8.5%; Supplementary Materials
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Figure S1). As such, comparisons between the different HAAs focused on components 1
and 2, as these were representative of most of the variation for both PCA and PLS-DA.
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Figure 1. Partial least squares-discriminant analysis (PLS-DA) scores plots of averaged (n = 12)
metabolite data sets from all treatment groups. Statistical significance (p < 0.05) is outlined by
the presence of an asterisk (*). (A) PLS-DA of DCAA exposure, (B) PLS-DA of TCAA exposure,
(C) PLS-DA of DBAA exposure.

After sub-lethal exposure, both PCA and PLS-DA exhibited a shift in the overall
metabolic profile relative to the control. The DCAA-exposed groups were separated from
the control, indicating that the metabolic profile was altered with exposure (Figure 1A and
Supplementary Materials Figure S1A–C). Interestingly, PLS-DA identified a statistically
significant (p < 0.05) separation relative to the control with TCAA exposure (Figure 1B and
Supplementary Materials Figure S1F), whereas PCA did not show the same distinction
between exposed and control groups (Supplementary Materials Figure S1D,E). With DBAA
exposure, the D. magna metabolic profile was distinct from the control in both PCA and
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PLS-DA (Figure 1C and Supplementary Materials Figure S1G–I). Notably, the highest
exposure concentration (29.81 mg/L) was significantly different after PCA (Supplementary
Materials Figure S1G), suggesting that this concentration altered the profile the most. PLS-
DA identified significant (p < 0.05) shifts with the two lower concentrations (7.45 and
9.94 mg/L) of DBAA (Figure 1C). Overall, each of the HAAs exhibited different clustering
patterns, but in general induced a change in the metabolic profile that was identified by
both PCA and PLS-DA. The overall clustering in both PCA and PLS-DA, except for DBAA,
did not appear to follow any concentration-dependence.

2.2. Changes in Specific Metabolites with HAA Exposure
2.2.1. Dichloroacetic Acid (DCAA) Metabolite Changes

Sub-lethal exposure to DCAA altered the concentration of several metabolites in
D. magna (Figure 2). A heatmap clusters and organizes metabolite changes across two
axes: the x-axis categorizes the exposure and control groups based on similarities in the
relative metabolic profile; the y-axis separates the quantified metabolites by similarities
in the response of the metabolite concentrations. The changes presented in the heatmap
display shifts in specific metabolites relative to the average concentration of each metabo-
lite measured. Consistent with the PCA and PLS-DA analyses, no apparent trends with
respect to changes in metabolites with exposure concentration were observed based on
the clustering and hierarchy (Figure 2, Supplementary Materials Figure S3). The second
exposure group (6.88 mg/L) increased the concentration of metabolites, except for cyti-
dine, adenosine monophosphate (AMP) and acetylcholine (Figure 2 and Supplementary
Materials Figure S4). In the third exposure group (10.32 mg/L) there was a decrease in the
metabolite concentrations of D. magna, and this response was the most similar to that of the
unexposed control group (Figure 2, Supplementary Materials Figure S3). Interestingly, the
lowest and highest exposure groups (5.16 and 20.65 mg/L of DCAA) resulted in the most
significant distinction relative to the control, which is consistent with multivariate statistics
performed such as PCA and PLS-DA (Figure 2, Supplementary Materials Figure S3). The
two exposure groups (5.16 and 20.65 mg/L) resulted in the opposite response (increase
versus decrease) of metabolites when compared to the control. These observed changes
suggest that DCAA exposure may alter metabolites non-monotonically in D. magna.

Relative fold change analysis of metabolite concentrations showed that the most sig-
nificantly (p < 0.05) altered metabolites included: adenosine, guanosine and inosine, all of
decreased with all contaminant exposures (Figure 3). The concentration of guanosine and
inosine significantly (p < 0.05) decreased following exposure to the two highest concentra-
tions (10.32 and 20.65 mg/L of DCAA) of the contaminant (Figure 3). In addition to the
significantly altered metabolites, the concentration of most of the quantified metabolites
was downregulated compared to the unexposed control group (Supplementary Materials
Figure S4). Interestingly, in addition to the significant decreases in nucleosides adenosine,
guanosine and inosine, other nucleosides and related metabolites (adenosine monophos-
phate (AMP), inosine monophosphate (IMP) and uridine) also decreased. Exposure to
DCAA decreased the concentrations of AMP, IMP and uridine in D. magna (Supplementary
Materials Figure S4). The concentration of several amino acids, including serine, glycine,
aspartic acid, proline and methionine, were downregulated with all exposure concentra-
tions of DCAA (Supplementary Materials Figure S4). Other metabolites which play a role
in the citrate cycle, including malic acid and citrate, were also downregulated with DCAA
exposure (Supplementary Materials Figure S3). A strong positive correlation was observed
between the concentration of inosine and guanosine, suggesting that the mode of action of
the contaminant may impact both nucleosides during its onset (Supplementary Materials
Figure S5). Lastly, in agreement with the observed trends in select amino acids, a Pearson
correlation analysis resulted in high correlation coefficients between the metabolites serine,
glycine and proline (Supplementary Materials Figure S5). Fluxes in isoleucine, leucine and
valine were also strongly correlated with serine, glycine and proline, which suggests ties
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to metabolic pathways linked to amino acid biosynthesis/degradation (Supplementary
Materials Figure S5).
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DCAA exposure (5.16, 6.88, 10.32 and 20.65 mg/L), trichloroacetic acid (TCAA) exposure (8.86, 11.81, 17.72 and 35.43 mg/L)
and dibromoacetic acid (DBAA) exposure (7.45, 9.94, 14.91 and 29.81 mg/L). Statistical significance (p < 0.05) was determined
using a two-tailed, equal variance t-test and is outlined with the presence of an asterisk (*).

2.2.2. Trichloroacetic Acid (TCAA) Metabolite Changes

The analysis of metabolites after TCAA exposure did not reveal any concentration-
dependence (Supplementary Materials Figure S8) as observed in PCA and PLS-DA (Figure 1).
Exposure to the second and third exposure concentrations (11.81 and 17.72 mg/L of
TCAA) resulted in metabolic perturbations from the unexposed control group (Figure 4,
Supplementary Materials Figure S7). The lowest and highest concentrations (8.66 and
35.43 mg/L of TCAA) were identified as having the most significant distinction from the
unexposed group (Figure 4, Supplementary Materials Figure S7). Overall, the lowest TCAA
exposure concentration (8.86 mg/L) decreased the concentration of all metabolites except
cytidine (Figure 4). The highest exposure concentration (35.43 mg/L of TCAA) led to
increased trimethylenediamine (Figure 4, Supplementary Materials Figure S7) relative to
the control.
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Individual metabolite changes also provide evidence that sub-lethal exposure to
TCAA led to metabolic perturbations in D. magna, but non-monotonically (Supplementary
Materials Figure S8). TCAA exposure resulted in significantly (p < 0.05) downregulated
concentrations of adenosine, guanosine and inosine (Figure 3). In addition, cytidine and
citric acid were downregulated relative to the unexposed control group (Supplementary
Materials Figure S8). Sub-lethal exposure also downregulated select amino acids relative to
the control; this includes decreases in glutamine, alanine, proline, valine, leucine, isoleucine,
tyrosine and phenylalanine at all TCAA exposure concentrations (Supplementary Materials
Figure S8). It is important to note that TCAA did not decrease all nucleoside metabolites
as observed with DCAA. Metabolites AMP, IMP and uridine both up and downregulated
with varying exposure concentrations (Supplementary Materials Figure S8). The metabolite
percent changes further support that the mode of action of TCAA varies with exposure
concentration. A Pearson correlation analysis exhibited a high correlation between neuro-
transmitters and nucleosides including nicotinic acid, carnitine and IMP (Supplementary
Materials Figure S9). TCAA exposure resulted in a strong positive correlation between the
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concentrations of several amino acids (Supplementary Materials, Figure S9). These include
asparagine, leucine, alanine, proline, glutamate, valine and isoleucine, all of which were
downregulated after sub-lethal exposure to TCAA (Supplementary Materials Figures S8
and S9). Interestingly, the Pearson correlation analysis did not provide any evidence of
existing correlations between nucleosides adenosine, inosine and guanosine, as observed
with exposure to DCAA and DBAA (Supplementary Materials Figure S9).

2.2.3. Dibromoacetic Acid (DBAA) Metabolite Changes

Consistent with the PCA and PLS-DA analyses, the changes in the analyzed metabo-
lites did not follow clustering and hierarchy in a concentration-dependent manner with
exposure (Figure 5, Supplementary Materials Figure S11). Based on the average concentra-
tion of all metabolites, there are two distinct responses to sub-lethal DBAA exposure in
D. magna (Figure 5, Supplementary Materials Figure S11). The hierarchy and clustering
shows that the response from the lowest and second highest exposure concentrations (7.45
and 14.91 mg/L of DBAA) were the most distinct from that of the unexposed control
group (Figure 5, Supplementary Materials Figure S11). In these exposure groups (7.45 and
14.91 mg/L) metabolite concentrations increased relative to the total average (Figure 5,
Supplementary Materials Figure S11). The concentration of the metabolites in the control
group decreased when compared to the average, with exceptions for inosine, guanosine,
glutamine, methionine, nicotinic acid and phenylalanine (Figure 5). Furthermore, the
second lowest and highest exposure concentrations (9.94 and 29.81 mg/L of DBAA) de-
creased across the concentrations of metabolites in D. magna (Figure 5, Supplementary
Materials Figure S11). The second exposure concentration (9.94 mg/L of DBAA) resulted
in lower concentrations of some metabolites, namely in inosine, guanosine, glutamine,
lysine, methionine, nicotinic acid and phenylalanine (Figure 5, Supplementary Materials
Figure S11). The highest exposure group (29.81 mg/L) decreased the concentration of
metabolites, except for trimethylenediamine, cytidine and citrulline.

Sub-lethal exposure to DBAA led to a statistically significant (p < 0.05) downregulation
in the concentrations of adenosine, guanosine and inosine, except for the lowest exposure
concentration (Figure 3; Supplementary Materials Figure S12). Both inosine and guanosine
were significantly (p < 0.05) downregulated at the highest and second highest exposure
concentrations of DBAA (29.81 and 9.94 mg/L; Figure 3). As observed with DCAA and
TCAA, DBAA led to decreased nucleoside concentrations, suggesting a common mode of
action in the contaminant class which is independent on the type of halogen in the HAA.
DBAA exposure decreased amino acid and nucleoside concentrations with all exposure
concentrations, which is consistent with observations from DCAA and TCAA exposure.
DBAA exposure resulted in the downregulation of serine, glycine, threonine and aspartate
(Supplementary Materials Figure S12). In addition to significant (p < 0.05) decreases in
the nucleosides adenosine, inosine and guanosine, other nucleosides—AMP, IMP and
uridine—were also downregulated (Supplementary Materials Figure S12). For many
metabolites, the response of the highest concentration exposure (DBAA 29.81 mg/L) was
unique compared to other DBAA exposure groups. Specifically, histamine, histidine, S-
adenosylmethionine (SAM), proline, dopamine, acetylcholine, citric acid and cytidine all
increased with the highest DBAA exposure concentration. As with DCAA and TCAA,
DBAA exposure also produced a strong positive correlation between the concentrations of
the amino acid phenylalanine, isoleucine, leucine, valine and asparagine (Supplementary
Materials Figure S13). The correlation analysis supports the link between metabolite
concentrations of inosine and guanosine, which suggests that these are linked in the toxic
mode of action of DBAA (Supplementary Materials Figure S13). Interestingly, the Pearson
correlation analysis does not indicate a strong positive correlation between the nucleoside
adenosine to inosine and guanosine (Supplementary Materials Figure S13).
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2.3. Biochemical Pathway Analysis

Using MetaboAnalyst (version 4.0), biochemical perturbations in the metabolome of
D. magna were assessed using pathway analysis [58]. Following the sub-lethal exposure
to DCAA, TCAA and DBAA, no significant (p < 0.05) disruptions in the metabolome
of the exposed organisms were detected. Pathway analysis using a 90% confidence in-
terval (p < 0.10) threshold identified the disruption of several biochemical pathways in
D. magna (Table 1). Sub-lethal exposure to the highest experimental concentration of DCAA
(20.65 mg/L) resulted in notable perturbations (p < 0.10) in the purine metabolism pathway



Metabolites 2021, 11, 100 11 of 21

and in the TCA cycle (Table 1 and Supplementary Materials Figure S14). D. magna exposure
to concentrations of TCAA led to changes in many pathways (Table 1; Supplementary
Materials Figure S15). Of the disturbed pathways highlighted, the TCA cycle was impacted
by TCAA-exposed D. magna and was also observed following exposure to DCAA and
DBAA (Table 1). Exposure to TCAA additionally led to disruptions in pathways relating
to amino acid metabolism, biosynthesis and degradation of phenylalanine, tyrosine and
tryptophan, valine, leucine, isoleucine, cysteine and methionine (Table 1). The sub-lethal
exposure of D. magna to DBAA led to disruptions in the thiamine and tyrosine metabolism
pathways, the TCA cycle and purine metabolism pathways (Table 1 and Supplementary
Materials Figures S16 and S17).

Table 1. Summary of pathway analysis perturbations with halogenated acetic acids (HAA) exposure.

Compound
Exposure

Concentration
(mg/L)

Impacted Pathway p Value

DCAA 20.65
The citric acid (TCA) cycle 0.0761

Purine metabolism 0.0828

TCAA 8.86

Nicotinate and nicotinamide metabolism
Ubiquinone and other terpenoid-quinone biosynthesis
Phenylalanine, tyrosine and tryptophan biosynthesis

Phenylalanine metabolism
Valine, leucine and isoleucine degradation
Valine, leucine and isoleucine biosynthesis

Pantothenate and CoA biosynthesis
Tyrosine metabolism

The citric acid (TCA) cycle
Histidine metabolism

Glycerophospholipid metabolism
Thiamine metabolism

Aminoacyl-tRNA biosynthesis
Butanoate metabolism

Cysteine and methionine metabolism

≤0.10

DBAA
7.45

Thiamine metabolism 0.0536

Tyrosine metabolism 0.0571

The citric acid (TCA) cycle 0.0840

14.91 Purine metabolism 0.0810

3. Discussion

Metabolic profiles for all three HAAs (DCAA, TCAA and DBAA) varied the concen-
trations of several metabolites, including adenosine, inosine and guanosine, after acute
sub-lethal exposure (Figure 3). Both supervised and non-supervised multivariate statistics
(Figure 1 and Supplementary Materials Figure S1) did not show any clear trends between
separation clusters and exposure concentration for all the three HAAs studied. This may
be due to biological variability in D. magna, which may limit the statistical significance of
results as well as different responses of specific metabolites with each HAA concentration.
The latter also suggests a non-monotonic toxic mode of action of sub-lethal HAA exposure.
Several other studies have observed that organic pollutant exposure can yield a varied
metabolite profile change in D. magna that is non-monotonic [59–62]. These studies have
also found that metabolite changes in D. magna are unique to the exposure concentration in
acute studies [59–62] (Supplementary Materials Figures S4, S8, and S12). In this study, the
analysis of metabolite clusters (Figures 2, 4 and 5 and Supplementary Materials Figures S3,
S7 and S11) also support that the different HAAs invoke varied responses to D. magna
metabolic processes when exposed to a range of sub-lethal concentrations. This is further
supported by the relative change of individual metabolites (Supplementary Materials
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Figures S4, S8 and S12), which shows that HAAs result in a non-monotonic response
to D. magna. However, exposure to all three HAAs (DCAA, TCAA and DBAA) led to
significant (p < 0.05) decreases in the concentration of the same nucleosides, including
adenosine, guanosine and inosine, which suggests a similar generic response to HAAs. As
such, these metabolites may be suitable bioindicators for HAA exposure monitoring in
D. magna.

In addition to detecting variations in the metabolic profile, the analysis of how these
specific metabolites disrupt metabolic pathways is necessary and informative with respect
to understanding the toxic mode of action. Nucleosides and nucleotides such as adenosine
and guanosine play key roles in the mitochondria of cells and phosphorylation mecha-
nisms [63]. Nucleosides and nucleotides are important for the physiology of organisms.
In D. magna, guanosine and its phosphorylated derivatives are present in the embryos to
provide essential building blocks for the growth of the neonates [64,65]. Adenine, guanine
and hypoxanthine are nucleobases which are precursors in the synthesis of the purine
nucleosides, adenosine, inosine and guanosine through the addition of ribose [66]. The
addition of ribose and phosphate groups to the nucleobases generates nucleotides which
can be used in the synthesis of ribonucleic acid (RNA) [67]. Comparatively, the addition
of deoxyribose leads to precursors which are used by the organism in vivo to synthesize
DNA [68]. Virtually all biological processes rely on the presence of proteins, RNA and DNA
in order to control cells and organisms [69]. Nucleosides and nucleotides are synthesized
and degraded through purine metabolism pathways [66]. Purine pathways have been
described as a biochemical mechanism used by organisms to meet energetic and molecular
demands [66]. Exposure to DCAA and DBAA in E. coli and S. typhimurium resulted in
mutagenic activity and DNA damage in the organisms [30]. The significant downregu-
lation in adenosine, guanosine and inosine with exposure to HAAs implies a disruption
in the ability of D. magna to regulate the purine metabolism pathway. This finding is
further confirmed by the MetaboAnalyst pathway analysis results (Table 1) for all three
HAAs (DCAA, TCAA and DBAA), which indicated disruptions in the purine metabolism
pathway. Interestingly, the disruption in the purine metabolism pathway was more appar-
ent in the dihalogenated contaminants (DCAA and DBAA). Toxicity studies using TFAA
indicated that its metabolized intermediate, monofluoroacetate, leads to metabolic disrup-
tion following defluorination reactions in the organism [22,23]. The increased toxicity of
dihalogenated HAAs (DCAA and DBAA) stems from the contaminants having a more
comparable chemical structure to acetyl needed in acetyl-CoA production, which is then
introduced into the TCA cycle compared to its trihalogenated counterparts (TCAA) [23,70].

The purine pathway is also impacted by HAA exposure and corresponds to rate limit-
ing steps involving other metabolites quantified in D. magna. Glutamic acid, glutamine,
glycine, glucose-6-phosphate, histidine, IMP and aspartic acid are cofactors and intermedi-
ates within the purine metabolism pathway [66]. These metabolites were downregulated
in D. magna following DCAA, TCAA and DBAA exposure (Supplementary Materials
Figures S4, S8 and S12). The diverse response of metabolites after exposure to different
concentrations of these contaminants further supports the non-monotonic mode of action
onset by the presence of HAAs. The non-monotonic response in D. magna may also suggest
rate-limiting steps in the dehalogenation reactions required to induce toxicity [23]. The
purine metabolism pathway contains intermediates which are linked to the TCA cycle,
including pyruvate, a terminal product from glycolysis and the synthesis of fumarate [66].
Interestingly, pathway analysis determined that the sub-lethal exposure of D. magna to
DCAA, TCAA and DBAA led to notable disruptions in the TCA cycle (Table 1). The
non-monotonic response in TCA cycle intermediates, citric acid and malic acid supports
the findings previously presented (Supplementary Materials Figures S4, S8 and S12). In
studies using TFAA, the authors determined that the inhibition of the TCA cycle stems
from the inhibition of the aconitase enzyme present in D. magna [22,23,71]. The aconitase
enzyme plays a central role in the TCA cycle, as it is responsible for the isomerization of
tricarboxylic acids in the TCA cycle [72,73]. Aconitase catalyzes the conversion of citrate
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to isocitrate in the first stages of the metabolic pathway [73]. Inhibition of the TCA cycle
would lead to interferences with the generation of ATP and other known energy-related
metabolites [22,72]. Toxicity studies using other halogenated acetates/acetic acids includ-
ing monofluoroacetate and TFAA have reported disruptions within energy metabolism
due to the inhibition of the corresponding enzymes [23,74]. Consequently, similarities in
the disrupted pathways following DCAA, TCAA and DBAA exposure imply a class-based
response which is independent of the types or number of halogens on the HAAs.

The exposure of D. magna to each of the HAAs also disrupted the thiamine metabolism
and tyrosine metabolism pathways (Table 1). Thiamine and thiamine phosphate esters are
crucial cofactors in integral biochemical pathways such as glycolysis, purine metabolism
and the TCA cycle [75]. In organisms, thiamine acts as a cofactor in biotic and abiotic
stress mechanisms [75]. Following the sub-lethal exposure to DCAA, the concentration of
thiamine remained comparable to what was measured in the control organisms (Supple-
mentary Materials, Figure S4). However, exposure to TCAA and DBAA led to decreases in
thiamine relative to the unexposed group (Supplementary Materials Figures S8 and S12). It
has been reported that fluxes in the purine metabolism and histidine biosynthesis path-
ways can influence the de novo biosynthesis of thiamine and its phosphate esters [76]. The
purine intermediate, aminoimidazole carboxamide, inhibits thiamine synthesis [76]. The
degree of the disruption in interconnected pathways including the TCA cycle and purine
metabolism pathways may also explain the varied response of thiamine in DCAA when
compared to the metabolite response in TCAA and DBAA. Thiamine metabolism may
be disrupted under conditions of stress both in plants [77] and in humans [78]. D. magna
exposure to HAAs incited a disruption to the thiamine metabolism likely as a result of
downregulations in the purine metabolism pathway. Included as intermediates in the
thiamine metabolism pathway are metabolites which are important in other biochemical
processes including glycine and pyruvate. Lastly, the metabolite tyrosine also plays a role
in the thiamine metabolism pathway [75]. The concentration of tyrosine following DCAA
and DBAA exposure did not change relative to the control group (Supplementary Materials
Figures S4 and S12). However, following TCAA exposure, the concentration of tyrosine
in all experimental groups was downregulated (Supplementary Materials Figure S8). The
response of tyrosine did not follow an exposure concentration-dependence and further
supports that HAA exposure leads to a non-monotonic response in D. magna. Tyrosine
metabolism pathways can also impact phenylalanine metabolism pathways [79]. Both
the phenylalanine and tyrosine metabolic pathways are important for the production of
fumarate, which is an intermediate in the TCA cycle [79,80].

4. Materials and Methods
4.1. Culturing of Daphnia Magna

Daphnia magna have been consistently cultured since 2013 with the original culture
purchased from Ward Science Canada (Rochester, NY, USA). The Daphnia were cultured
based on guidelines from the Ontario Ministry of the Environment [81]. The culture is
maintained at a temperature of 22 ◦C with a 16 h: 8 h light: dark cycle. Municipal tap water
which has been dechlorinated using 0.1 M sodium thiosulfate (Hach Company, Loveland,
CO, USA) and aerated for a minimum of 48 h before use was used as culturing medium.
The water has a hardness of approximately 120 mg/L of CaCO3 (this is consistent with
the regional freshwater conditions). Twice a week, the daphnids were fed with algae, and
approximately 40% of the old water was changed and replaced with fresh dechlorinated
water. D. magna were fed with a 1:1 mixture of Raphidocelis (Pseudokirchneriella) subcapitata
and Chlorella vulgaris grown in Bristol media [82]. In addition to algae, 1 µg/L of each sele-
nium and cobalamin were added to the culture media to ensure that organism health and
reproduction reached the standards set by the Ontario Ministry of the Environment [81].
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4.2. Lethal Concentration (LC50) Determination of Select Halogenated Acetic Acids (HAAs)

DCAA (>99% purity) and DBAA (97% purity) were purchased from Sigma Aldrich
(Mississauga, ON, Canada). TCAA (>99% purity) was purchased from Fisher Scientific
(Toronto, ON, Canada). To obtain the 48-h LC50 for the HAAs, a lethal toxicity test was
conducted using DCAA, TCAA and DBAA, along with NaCl (Amresco, Ohio; 99.9%) as
a reference toxicant. The LC50 test was performed following the guidelines of the Envi-
ronment Canada Biological Test Method for Daphnia magna [83]. Neonates were exposed
to DCAA, TCAA or DBAA in concentrations ranging from 62.25 mg/L to 2000 mg/L
(0, 62.25, 125, 250, 500, 1000 and 2000 mg/L), and were divided into three replicates per
concentration (n = 10) and kept at a density lower than the recommended 1 daphnid per
15 mL of media [83]. A secondary group of neonates were exposed to the reference toxicant,
NaCl (10 mg/L–10000 mg/L), with triplicates of 10 neonates used for each given concen-
tration (0, 10, 100, 1000, 5000 and 10,000 mg/L). At the end of the 48-h exposure period, the
daphnids were microscopically observed to determine the number of deceased organisms,
and death was defined by a lack of cardiac movement. The results were calculated using
the Logit function, where the LC50 is calculated based on the number of neonates deceased
per given exposure using a corrected proportion to account for natural deaths within the
population [84].

Logit = ln
(

Corrected Proportion
1 − Proportion

)
, (1)

Corrected Proportion =
Proportion − Proportion0

1 − Proportion0
, (2)

Proportion =
Dead neonates
Total neonates

. (3)

where Proportion is equal to the proportion of the control groups. The resulting data were
plotted by log concentration against the logit to obtain a scatter graph. The intercept is the
calculated LC50 for the experiment. After a 48-h acute exposure to the test contaminants,
the LC50 for the respective contaminants was calculated (Table 2).

Table 2. Calculated 48-h LC50 values for dichloroacetic acid (DCAA), trichloroacetic acid (TCAA)
and dibromoacetic acid (DBAA). Sub-lethal toxicities above were obtained using the Environment
Canada Biological Test method for Daphnia magna. Literature LC50 measurements were obtained
from Fisher et al. [29].

Contaminant Calculated 48 h LC50 (mg/L) Literature LC50 (mg/L)

Dichloroacetic acid (DCAA) 206.5 ± 25.1 −
Trichloroacetic acid (TCAA) 354.3 ± 22.7 249.5 1

Dibromoacetic acid (DBAA) 298.1 ± 24.7 254.4 2

1 TCAA measurements were based on a 21-day chronic LC50; 2 DBAA measurements were based on a 96-hour
acute LC50.

The concentration of the HAAs, including DCAA, TCAA and DBAA, was confirmed
using the method of Xie et al. [85] using gas chromatography-mass spectrometry (GC-MS)
and is detailed in the Supplementary Materials (Supplementary Materials Tables S1 and
S2). The concentration of the reference toxicant was quantified using ion chromatography
using the relative concentration of the chloride anion as a marker for the concentration of
NaCl (Supplementary Materials Section 2).

4.3. Sub-Lethal Exposure of DCAA, TCAA and DBAA to D. magna

DCAA, TCAA and DBAA were used in 48-h sub-lethal exposure experiments with
D. magna. A visual representation of the workflow used in this study is found in Figure 6.
Concentrations below the respective LC50 values (Table 1) were chosen, and the Daphnia
were exposed to the compounds. Adult daphnids were exposed to either DCAA (5.16, 6.88,
10.32, and 20.65 mg/L), TCAA (8.86, 11.81, 17.72, and 35.43 mg/L) or DBAA (7.45, 9.94,
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14.91, and 29.81 mg/L). These concentrations represent 1/40th, 1/30th, 1/20th and 1/10th
of the respective experimentally determined LC50 values (Table 2). For each treatment
group, including the controls, the Daphnia (n = 12) were kept in 20 mL scintillation vials
maintaining the loading density of 1 daphnid per 15 mL of exposure media (Figure 6).
Due to the limit of detection/quantification requirements not met by the GC-MS detection
method used for LC50 concentrations, the nominal concentrations of the HAAs were
confirmed using liquid chromatography tandem mass spectrometry [86,87] (LC-MS/MS;
Supplementary Materials Tables S3–S7). The culturing conditions described in Section 2.1
were maintained during the exposure, and Daphnia were fed after 24 h with R. subcapitata
0.1 mg/L of algae per daphnid. At the end of the exposure, the Daphnia were removed
from the water and rinsed with clean dechlorinated and aerated water. Daphnia were
then flash-frozen using liquid nitrogen to halt enzymatic activity (Figure 6). The daphnids
were then lyophilized for 24 h (ModulyoD, ThermoFisher, Toronto, ON, Canada, Figure 6).
The samples were kept frozen at −25 ◦C until extraction, and their metabolite profile was
analyzed using LC-MS/MS.
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4.4. Metabolite Extraction and LC-MS/MS Analysis

Daphnia metabolites were extracted based on the method of Jeong and Simpson [53].
This method was specifically developed to isolate polar metabolites from individual daph-
nids and has high recovery rates for the suite of metabolites analyzed [53]. Briefly, the
Daphnia were individually placed into 2.5 mL Eppendorf tubes (Eppendorf, Mississauga,
ON, Canada) and 160 µL of 10:9 methanol (Fisher Scientific, Toronto, ON, Canada; 99.9%
purity): water (v/v) was added to each tube (Figure 6). The extraction was performed
over ice to preserve the stability of the metabolites during the procedure. The samples
were manually ground with a motorized pestle to homogenize the tissue of the daphnids
(Figure 6). After homogenization, a 600 µL aliquot of 10:9 methanol: water (v/v) was added
to the mixture (Figure 6). The samples were then sonicated for 5 min to precipitate proteins
(Figure 6). Then, a 400 µL aliquot of chloroform was added to the samples, and these were
manually agitated for 1 min and subsequently allowed to rest for 1 min. The tubes were
then centrifuged for 5 min at 4 ◦C and at 12,000 rpm using an Eppendorf 5804 R centrifuge
(Mississauga, ON, Canada). The extraction procedure was repeated three times, and then
the 200 µL of the aqueous phase was filtered using a 0.2 µm pore size, polypropylene Mini-
UniPrep syringeless filter (GE Healthcare UK, Buckinghamshire, UK, Figure 6). Aliquots of
190 µL of the aqueous phase containing polar metabolites were placed into 2 mL amber
chromatography vials, and then 10 µL of a 2000 mg/L stock mixture of isotopically labeled
internal standards (glycine-d2 (98% purity, Cambridge Isotope Laboratories, Andover, MA,
USA), methionine-d3 (98% purity, Cambridge Isotope Laboratories, Andover, MA, USA),
phenyl-d5-alanine (98%, Sigma Aldrich, Mississauga, ON, Canada) and acyclovir (98%
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purity, Sigma Aldrich, Mississauga, ON, Canada)) in 1:1 methanol: water was added prior
to analysis by LC-MS/MS (Figure 6).

Data acquisition was performed using an Agilent 1260 LC system coupled to a
6420A triple quadrupole MS. The LC was equipped with an Ultra Aqueous C18 Column
(3 µm × 100 mm × 4.6 mm). A gradient elution using both water and acetonitrile with
0.1% formic acid was used as mobile phase during the analysis. Ions were detected in the
mass spectrometer using both positive and negative polarities and multiple reaction moni-
toring, details of which can be found in the Supplementary Materials (Table S8). The sample
extracts were calibrated using external standards for 51 metabolites (Supplementary Mate-
rials Table S8). Four internal standards (glycine-d2, methionine-d3, phenyl-d5-alanine and
acyclovir) were used to confirm the ionization efficiency of the external standards and the
metabolites in the samples (Supplementary Materials Table S8). Calibration curves and the
calculation of sample concentration were performed using the Mass Hunter Quantitative
Analysis program (Agilent Technologies, Mississauga, ON, Canada).

4.5. Data Processing and Pathway Analysis

The concentration of metabolites in the Daphnia extracts was calculated using gen-
erated calibration curves from external standards and then subject to further analysis of
the data [53,88]. Absolute metabolite concentrations were imported into MetaboAnalystR
(Xia Lab, Montreal, QC, Canada), where the data were filtered to remove outliers based
on the interquartile range [58,89,90]. Values below the limit of quantification and those
removed as outliers were replaced using half the minimum positive integer to represent
the limit of quantification in the data frame for a given metabolite [58,91,92]. Individual
metabolite data were normalized using the sum of the total concentrations for each sample
using MetaboAnalystR [89,93]. The normalized concentration data points were then scaled
using the autoscaling function included in the MetaboAnalystR package [89,93]. The meth-
ods previously described have been used across metabolomics experiments with varying
contaminants and target organisms [51,53,57,94].

Following normalization of the data, statistical analyses were performed using Metabo-
AnalystR [93]. The data were first analyzed using multivariate statistics: an unsupervised
principal component analysis (PCA). PCA was performed using MetaboAnalyst (version
4.0), which generated a matrix of scores for the top 14 principal components. The scores val-
ues were exported into Microsoft Excel, and averaged scores plots (n = 12) were generated
using OriginPro 8 (version 8E, OriginLab, Northampton, MA, USA). A two-tailed equal
variance t-test was employed to establish a statistically significant separation between ex-
perimental groups. In addition to PCA, partial least squares discriminant analysis (PLS-DA)
was also used to assess the separation between experimental groups, and averaged PLS-
DA plots were generated as described for PCA. Additional statistical analyses performed
include a two-way analysis of variance (ANOVA) where significance was established using
p < 0.05 [95]. Metabolite percent changes were calculated using the average metabolite
concentration of the compound exposure group relative to the average of the unexposed
control group [96]. The statistical significance of the changes was determined using a t-test
(two tailed, equal variance, p ≤ 0.05). Along with MetaboAnalystR, R package “ggplot2”
was used to generate figures using the RStudio interface (R version 3.6.3, RStudio, Boston,
MA, USA) [89,97,98].

Using the pre-processing and normalization methods previously described, the metabo-
lite concentrations were subject to pathway analysis using MetaboAnalyst [58]. The global
test algorithm was applied to the KEGG pathway libraries to uncover pathways in D. magna.
The pathway library for Drosophila melanogaster was used as a reference organism [99].
D. melanogaster is a common laboratory test insect, and of the reference organisms listed in
the pathway libraries, D. magna shares more characteristics with D. melanogaster than other
organisms with known pathways. Pathway analysis allowed for a rapid determination of
which biochemical pathways were significantly impacted during sub-lethal exposure to
select halogenated acetic acids (DCAA, TCAA, and DBAA).
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5. Conclusions

Here, we assessed how the acute sub-lethal exposure of three different types of HAAs
(DCAA, TCAA and DBAA) altered the polar metabolite profile of D. magna. This study has
revealed for the first time that DCAA, TCAA and DBAA, despite having different environ-
mental chemistry, invoked a similar response in D. magna. Several changes in metabolites
were observed, but nucleosides, adenosine, inosine and guanosine were consistently and
significantly downregulated with DCAA, TCAA and DBAA exposures. These metabolites
are important intermediates in the purine metabolism pathway, and their downregulation
perturbed this metabolic pathway. These results, coupled with associated metabolic path-
ways, collectively point toward energy impairment. As such, the mode of action of DCAA,
TCAA and DBAA stems from energy impairment due to disruptions occurring within
the TCA cycle and purine metabolism pathways. Interestingly, the exposure to a range of
concentrations of HAAs led to a non-monotonic response, suggesting the lack of a linear
exposure to response relationship at the molecular level. Based on these observations, it
is likely that the contaminants exhibit an HAA class-based mode of action rather than a
unique metabolic perturbation for each type of HAA (chlorinated versus brominated). Fur-
ther studies are warranted to test other types of HAAs to assess the extent of the metabolic
disruption observed and confirm the proposed bioindicators, which are the metabolites
that responded consistently to exposure, as observed in this study. Additional studies
should also evaluate changes in metabolites using a time-course response approach which
may provide further insight into how HAAs invoke perturbations to D. magna at sub-lethal
and environmentally relevant concentrations.

Supplementary Materials: The following are available online at https://www.mdpi.com/2218-1
989/11/2/100/s1: Table S1: GC-MS parameters used for HAAs detection, Table S2: GC-MS HAA
retention times, Table S3: Parameters for the detection of HAAs using tandem mass spectrometry
(MS/MS), Table S4: Measured exposure concentrations and standard deviation for DCAA following
analysis using LC-MS/MS, Table S5: Measured exposure concentrations and standard deviation
for TCAA following analysis using LC-MS/MS, Table S6: Measured exposure concentrations for
DBAA following analysis using LC-MS/MS, Table S7: Measured exposure concentrations for control
groups following analysis using LC-MS/MS, Table S8: Metabolite class, retention time, MRM and
associated internal standards, Figure S1: Averaged (n = 12) principal component analysis (PCA)
and partial least squares—discriminant analysis (PLS-DA) score plots comparing variation in the
metabolic profile across exposure groups to the control for components 1 and 2, and 3 and 4. Figure S2:
(A) PLS-DA loadings figure demonstrates the VIP and the relative concentration of the metabolites
following DCAA exposure in each corresponding group of the study. (B) ANOVA of metabolite
concentrations, inosine (1) and guanosine (2), are statistically significant from the control group after
exposure to DCAA (p < 0.05). Figure S3: Analysis of averaged metabolite concentrations (n = 12)
where 0 is the average metabolite concentration across all treatment groups (DCAA exposure and
control). Figure S4: Averaged (n = 12) metabolite percent changes relative to control. Figure S5:
Pearson correlation plot for DCAA exposure which demonstrates the correlation between metabolites
measured in D. magna extract. Figure S6: (A) PLS-DA loadings figure demonstrates the VIP and the
relative concentration of the metabolites following TCAA exposure in each corresponding group of
the study. (B) ANOVA of metabolite concentrations, inosine (1) is statistically significant compared
to the control group after exposure to TCAA (p < 0.05). Figure S7: Analysis of averaged metabolite
concentrations (n = 12) where 0 is the average metabolite concentration across all treatment groups
(TCAA exposure and control). Figure S8: Averaged (n = 12) metabolite percent changes following sub-
lethal exposure to TCAA relative to control. Figure S9: Pearson correlation plot for TCAA exposure
which demonstrates the correlation between metabolites measured in D. magna extract. Figure S10:
(A) PLS-DA loadings figure demonstrates the VIP and the relative concentration of the metabolites
following DBAA exposure in each corresponding group of the study. (B) ANOVA of metabolite
concentrations, adenosine (1), inosine (2) and guanosine (3) is statistically significant compared to
the control group after exposure to DBAA (p < 0.05). Figure S11: Analysis of averaged metabolite
concentrations (n = 12) where 0 is the average metabolite concentration across all treatment groups
(DBAA exposure and control). Figure S12: Averaged (n = 12) metabolite percent change following sub-
lethal exposure to DBAA relative to control. Figure S13: Pearson correlation plot for TCAA exposure
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which demonstrates the correlation between metabolites measured in D. magna extract. Figure S14:
MetaboAnalyst pathway analysis for sub-lethal exposure of D. magna to DCAA at 20.65 mg/L.
Statistical significance (p < 0.10) denoted asterisk (*). Figure S15: MetaboAnalyst pathway analysis for
sub-lethal exposure of D. magna to TCAA at 8.86 mg/L. Statistical significance (p < 0.10) denoted by
asterisk (*). Figure S16: MetaboAnalyst pathway analysis for sub-lethal exposure of D. magna to DBAA
at 7.45 mg/L. Statistical significance (p < 0.10) denoted by asterisk (*). Figure S17: MetaboAnalyst
pathway analysis for sub-lethal exposure of D. magna to DBAA at 7.45 mg/L. Statistical significance
(p < 0.10) denoted by asterisk (*).
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