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Abstract

A hormetic response is characterized by an opposite effect in small and large doses of chemical
exposure, often resulting in seemingly beneficial effects at low doses. Here, we examined the
potential mechanisms underlying the hormetic response of Daphnia magna to the energetic
trinitrotoluene (TNT). Daphnia magna were exposed to TNT for 21 days and a significant
increase in adult length and number of neonates was identified at low concentrations (0.002 — 0.22
mg/L TNT) while toxic effects were identified at high concentrations (0.97 mg/L TNT and above).
Microarray analysis of D. magna exposed to 0.004, 0.12, and 1.85 mg/L TNT identified effects on
lipid metabolism as a potential mechanism underlying hormetic effects. Lipidomic analysis of
exposed D. magna supported the hypothesis that TNT exposure affected lipid and fatty acid
metabolism, showing that hormetic effects could be related to changes in polyunsaturated fatty
acids known to be involved in Daphnia growth and reproduction. Our results show that Daphnia
exposed to low levels of TNT presented hormetic growth and reproduction enhancement while
higher TNT concentrations had an opposite effect. Our results also show how a systems approach
can help elucidate potential mechanisms of action and adverse outcomes.

"Corresponding author: nvinas@igbb.msstate.edu, phone: +1-601-634-3764; fax: 601-634-4017.

SUPPORTING INFORMATION AVAILABLE

Hierarchical clustering of all the differentially expressed genes per sample (SI-Figure S1), Venn diagram of the differentially
expressed genes by the three TNT doses (SI-Figure S2), Concentration of different lipids (mg lipid/daphnia) at different TNT doses
(SI-Figure S3), TNT concentrations in the three different exposures (SI-Table S1), differentially expressed genes for all treatments
(SI-Table S2), differentially expressed genes for TNT 0.004 mg/L (SI-Table S3), differentially expressed genes for TNT 0.12 mg/L
(SI-Table S4), differentially expressed genes for TNT 1.85 mg/L (SI-Table S5), functional analysis for TNT 0.004 mg/L (SI-Table
S6), functional analysis for TNT 0.12 mg/L (SI-Table S7), functional analysis for TNT 1.85 mg/L (SI-Table S8). This information is
available free of charge via the Internet at http://pubs.acs.org/.
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INTRODUCTION

Hormesis is a dose response phenomenon characterized by a stimulation of an organismal
response (e.g., growth, reproduction) at low doses of a chemical, usually with a maximum
stimulation of 30-60% over controls, and inhibition of the response (toxicity) at a higher
dose L. This phenomenon has been observed across a wide range of contaminants and
classes of organisms 2. Hormesis is thought to be overcompensation to an alteration in
homeostasis. That is, an organism more than compensates for an initial disruption and/or
damage caused by a chemical insult, leading to a net stimulatory (i.e., hormetic) response.
This phenomenon challenges the paradigm that a chemical is not active in biologically
meaningful ways below its toxicity threshold 1. Because the vast majority of toxicological
experimental designs are focused on treatment concentrations well above the no effect level,
low-dose stimulatory responses are often not explored or reported.

Hormetic responses to energetic compounds have been previously reported, but to our
knowledge, the specific mechanism(s) of action of such responses have not been explored.
In terrestrial systems, hormetic responses to energetic compounds have been observed in
invertebrates and plants. Energetic compounds are compounds with a high amount of stored
chemical energy that can be released such as explosives, pyrotechnics, propellants or fuels.
These compounds, including TNT, have been reported to contaminate land, water and
retired ammunition plants. Their released into the environment can happen during several
stages of production, storage, transport, usage, and final dispersal or disposal. Energetic
compounds such as TNT have been detected in surface water of numerous military
installations, at concentrations as high as 3.38 mg/L for TNT 3. These compounds undergo
extensive transformation in aquatic systems. Therefore, aquatic organisms may be exposed
not only to energetic compounds released to the environment but also to their transformation
products 3. Stimulation of juvenile production in the potworm (Enchytraeus crypticus) has
been observed upon exposure to TNT # and 1,3,5-trinitrobenzene (TNB) °. In aquatic
systems, hormetic responses to energetic compounds have been observed in algae, daphnids,
and fish 6. Bailey et al. 7 reported a significant increase in D. magna reproduction in
sublethal exposures to 2,4,6-trinitrotoluene (TNT). Bentley et al. 8 saw an increase in egg
production in fathead minnows exposed to hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX).

Observations of apparent beneficial effects can confound hazard and risk assessments of a
chemical. A mechanistic understanding of low concentration effects of energetic compounds
will enable more accurate predictions of the effects and environmental risks of these
chemicals in the environment. The water flea Daphnia magna is presumably the invertebrate
species most used in ecotoxicology and together with its close relative D. pulex is used as a
model for environmental genomics research 9. The purpose of the present study was to
investigate the mechanism underlying hormetic responses in D. magna exposed to the
energetic compound TNT. To do so, D. magna were exposed to different TNT
concentrations for 21 days and effects on length and reproduction were measured. We also
measured effects on gene expression to generate a hypothesis to elucidate potential hormetic
mechanisms. We then measured lipid levels in order to test the hypothesis that lipid
metabolism was involved in the hormetic response, as suggested by gene expression
analysis.
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EXPERIMENTAL

The 2,4,6-trinitrotoluene (TNT) was obtained from an internal U.S. Army Engineer
Research and Development Center (ERDC) stock. TNT was added to moderately hard
reconstituted water made according to U.S. EPA 10 methods using methanol (< 0.5 ml
methanol/L water) as a solvent carrier. All D. magna endpoint comparisons were made to a
methanol solvent control.

Range finding D. magna 21-day bioassays

Two range finding 21-d D. magna chronic toxicity tests (range finder A and range finder B)
designed to identify the hormetic range of D. magna responses to TNT were carried out in
basic accordance with U.S. EPA 11 guidance. Daphnia magna younger than 24 h old and
obtained from in-house cultures at ERDC (Vicksburg, MS) were used to initiate the
bioassay. Test containers were 50 ml beakers with a test solution volume of 40 ml. These
were static renewal tests, with renewals being performed three times a week. One D. magna
was addd per test chamber and 10 test chambers per treatment level. Daphnia magna were
fed 0.48 ml per day of a 1:1 mixture of the green alga P. subcapitata and YCT, a mixture of
yeast, ground cereal leaves, and trout chow fish food. Measured endpoints were D. magna
survival, growth by length and dry weight, measured after drying for 24 h in a 60°C oven,
and reproduction as young per surviving organism. Length was measured by capturing a
digital image of D. magna at test breakdown and using the Image-Pro Plus (Version 7.0,
Media Cybernetics, Inc., Rockville, MD, USA) image analysis software. Length was
measured along the exterior dorsal curvature from the posterior edge of the eye spot to the
base of the anal spine. Statistical significance of D. magna response variables was
determined using a one-way analysis of variance (ANOVA, p < 0.05) and a Dunnett’s post-
hoc test using SigmaStat statistical software (version 3.5, Systat Software, Inc., Chicago, IL,
USA). Nominal treatment levels for range finder A were 0.06, 0.1, 0.3, 0.5, 1, and 2 mg/L
and 0.004, 0.008, 0.02, 0.03, 0.06, 0.13 mg/L for range finder B.

Daphnia magna exposures for microarray and lipid analysis

In order to provide enough tissue mass for microarray and lipid analysis, additional
exposures were performed in 1 L beakers with a solution volume of 800 mL. Twenty <24 h
old D. magna were added to each beaker, with six replicate beakers per treatment. The
organisms in these 1 L beaker mass exposures were fed 9.6 mL of the P. subcapitata/ YCT
mixture daily. Thus, the ratios of one organism per 40 mL of exposure water and 0.48 ml of
food per 40 mL of exposure water were maintained in the mass exposures. In the microarray
mass exposure, nominal treatment levels were 0.004, 0.02, 0.12, 0.44, and 1.85 mg/L. These
exposure levels were chosen to represent concentrations exhibiting hormetic and toxic
responses in the range finding exposures. Based on the results of the testing in the 50 ml
beakers, organisms from three treatments were selected for analysis of gene expression:
0.004, 0.12, and 1.85 mg/L. These treatments were selected to represent a hormetic
concentration (0.004 mg/L), a toxic concentration (1.85 mg/L), and an intermediate
concentration (0.12 mg/L). In the lipid analysis mass exposure, the same three treatment
levels were tested. Daphnia magna for lipid or microarray analysis were removed from the
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exposure media, flash frozen in liquid nitrogen, and stored at —80°C until lipids or total
RNA were extracted.

Lipid analysis

Five biological replicates per treatment with 2-5 daphnids per replicate were used for lipid
analysis. Sample homogenization was performed using a handheld homogenizer in a
chloroform/methanol (2:1 v/v) mixture followed by lipid extraction using the method
developed by Bligh and Dyer 12, After extraction, samples were dried with nitrogen and sent
to the Kansas Lipidomics Research Center (KLRC, Kansas State University, Manhattan,
KS) for lipid analysis. There, an automated electrospray ionization-tandem mass
spectrometry approach was used, and data acquisition and analysis were carried out as
described previously 13 with modifications. The lipid samples were dissolved in 1 ml
chloroform. An aliquot of 100 to 450 pl of extract in chloroform was used. Polar lipid
profiles were obtained using precursor and neutral loss scans. Phosphatidylcholine (PC),
lysophosphatidylcholine (LPC), sphingomyelin (SM), phosphatidylserine (PS),
phosphatidylethanolamine (PE) and lysophosphatidylethanolamine (PE) were analyzed as
singly-charged positive [M+H]" ions, while monogalactosyldiacylglycerol (MGDG),
digalactosyldiacylglycerol (DGDG), phosphatidylglycerol (PG), phosphatidylinositide (PI),
phosphatidic acid (PA), and PS were analyzed as singly-charged [M + NH4]* ions, and
lysophosphatidylglycerol (LPG) as negative [M-H] ~ ions. Precise amounts of internal
standards, obtained and quantified as previously described 14 were added. The sample and
internal standard mixture were combined with solvents, such that the ratio of chloroform/
methanol/300 mM ammonium acetate in water was 300/665/35, and the final volume was
1.4 ml. Unfractionated lipid extracts were introduced by continuous infusion into the ESI
source on a triple quadrupole MS/MS (API 4000, Applied Biosystems, Foster City, CA).
The background of each spectrum was subtracted, the data were smoothed, and peak areas
integrated using a custom script and Applied Biosystems Analyst software, and the data
were isotopically deconvoluted. Peaks corresponding to the target lipids in these spectra
were identified and molar amounts calculated in comparison to the two internal standards on
the same lipid class, except for PI, which was quantified in relation to a single internal
standard. Ether-linked (alk(en)yl,acyl) lipids were quantified in comparison to the diacyl
compounds with the same head groups without correction for response factors for these
compounds as compared to their diacyl analogs. The free fatty acids (FFA) were detected
using negative MS1 scan mode for 80 cycles. The declustering potential of —100 and
entrance potential was —14, -4.5 kV were applied to the electrospray capillary, the curtain
gas was set at 20 (arbitrary units), and the two ion source gases were set at 45 (arbitrary
units). The FFA standard was 1 nmol 15:0 fatty acid. To correct for chemical or instrumental
noise in the samples, the molar amount of each lipid metabolite detected in the “internal
standards only” spectra was subtracted from the molar amount of each metabolite calculated
in each set of sample spectra. Finally, the data were corrected for the fraction of the sample
analyzed and normalized to the mg protein and number of Daphniasto produce data in the
units mg lipid/daphnia. Statistical significance was analyzed using Sigma Stat version 3.1.
To identify significantly changed lipids, one-way ANOVA was applied to lipid values (mg
lipid/daphnia) followed by pairwise comparison using Fisher LSD (p<0.05).
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RNA extraction

Six replicates consisting of 2-5 daphnids per treatment were used for RNA extraction. Total
RNA was isolated from samples using RNeasy kits following the manufacturer’s protocol
(Qiagen, Valencia, CA, USA) and was DNAase treated. RNA quality was assessed with an
Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and all samples had a RNA
Integrity Number, RIN = 7. The RNA quantity was determined using a Nanodrop®
ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). Total RNA
was stored at —80°C until analyzed using oligonucleotide microarrays.

Microarray Analysis

Custom Daphnia magna 15,000-probe microarrays (GPL13761) were purchased from
Agilent (Palo Alto, CA) with array hybridizations performed using the Agilent single color
protocol. A total of 24 arrays were used, with 6 biological replicates per each dose (solvent
control, 0.004 mg/L, 0.12 mg/L, and 1.85 mg/L). One array for the 0.12mg/L treatment did
not work properly and was removed from the analysis. The cRNA synthesis, labeling,
amplification and hybridizations were performed following the manufacturer’s kits and
protocols (One Color Microarray-based Gene Expression Analysis Quick Amp Labeling
version 5.7; Agilent, Palo Alto, CA). After hybridizing for 17 h, microarrays were washed
and then scanned with a Surescan High-Resolution DNA Microarray scanner G2505 C
(Agilent, CA, USA). Data were extracted from microarray images using Feature Extraction
software v10.7 (Agilent, CA, USA). Raw microarray data from this study have been
deposited in the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo;
GSE43960).

Microarray Data Normalization and Analysis

Raw microarray data were imported into GeneSpring version GX11 (Agilent, Santa Clara,
CA, USA). Raw data were log2 transformed and normalized using quantile normalization,
followed by median scaling across all samples. To identify differentially expressed genes
(DEGsS), one-way Analysis of Variance (ANOVA) test was performed followed by pair-wise
Tukey’s HSD (Honestly Significant Difference) test (p<0.05). Functional analysis of DEGs
was performed using Ingenuity Pathway Analysis (IPA, Redwood City, CA, USA).
Hierarchical clustering was performed with GeneSpring. Venn diagrams were performed
with Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html).

Benchmark Concentration Analysis

The DEGs obtained from ANOVA were used for a transcriptional benchmark concentration
(BMC) analysis using the BMDExpress software 15 as described by Thomas et al. 16. This
approach was used to identify the dose-response changes in the functional categories
allowing the identification of processes that had different dose-response characteristics 16,
particularly those that followed a pattern consistent with the hormetic response. The genes
were fit to four different concentration-response models — linear, 2° polynomial, 3°
polynomial, and power models. Each model was run with the benchmark response factor
(amount required to shift the mean transcriptional response of the control distribution such
as the treated distribution contains 11% in a single tail) set to 1.349 multiplied by the
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standard deviation in the control sample. For model selection, a nested likelihood ratio test
was performed on linear, 2"d polynomial, and 3 polynomial models. Following the
developers’ recommendations!®, the 3™ polynomial model was selected based on the
significantly improved p<0.05. Probe sets with BMC value greater than the highest
concentration (1.85mg) were removed from the further analysis. The final probe sets
obtained from the BMD analysis tool that showed a concentration-response behavior and
had a BMC value lower than 1.85 were used for functional enrichment analysis using IPA
(Redwood City, CA), focusing on pathways and toxicological functions, two different
classifications used by IPA. The BMC values for the genes involved in the enriched
pathways and GO terms were averaged to obtain a single BMC value for the each biological
term. Functional enrichment analysis was also performed on the gene lists obtained from
post hoc analysis of each dose. The genes in the enriched terms were then searched against
the selected model for the BMC values, which were then averaged to obtain a single BMC
value for each term in each dose.

Aqueous TNT Chemistry

Agueous TNT samples were separated and quantified by high performance liquid
chromatography (HPLC) following a modified version of the U.S. Environmental Protection
Agency SW-486 Method 8330 (U.S. EPA on-line). The quantified compounds included
TNT, TNB, the TNB transformation products (dinitroanilines, DNAS), by concurrent
detection of 2,4-DNA and 3,4-DNA isomers, and the TNT transformation products
(aminodinitrotoluenes, 2-ADNT and4-ADNT), and diaminonitrotoluenes (DANTS,
concurrent detection of 2,4-DANT and 2,6-DANT isomers). Analyses were conducted with
an Agilent 1100 Series HPLC (Palo Alto, CA) equipped with a Supelco (Bellefonte, PA,
USA) RP-Amide C-16 column and a photodiode array detector. Sample injection volume
was 100 pl with a flow rate of 1ml per minute and column temperature of 45 °C using an
isocratic mobile phase consisting of 55% methanol and 45% water. Absorbance was
measured at 230 and 254 nM. Peak identification was based on retention time with spectral
analysis confirmation. The nominal and measured TNT concentrations for the three different
exposures can be found in SI Table S1.

RESULTS AND DISCUSSION

Hormetic response

We detected a hormetic response in the number of neonates per survivor and length (Fig 1la
and 1b). The number of neonates increased significantly in the 0.06, 0.12 and 0.22 mg/L
TNT treatments with the greatest stimulation of reproduction (an increase of 39.7%) being
observed at the 0.12 mg/L treatment (Fig 1a). Reproduction was significantly decreased by
89.5% at the 0.97 mg/L treatment, and reproduction did not occur at the 1.85 mg/L TNT
treatment (Fig 1a). Daphnia length increased significantly (up to 12.5%) at 0.002, 0.004,
0.02, 0.04, 0.06, 0.12, 0.22, and 0.97 mg/L TNT and significantly decreased by 16.7% at
1.85 mg/L TNT (Fig 1b and 1c).
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Deciphering the Hormetic Mechanism through Transcriptomics

Transcriptional analysis was performed at 0, 0.004, 0.12, and 1.85 mg/L TNT to capture
changes involved in the hormetic and toxic responses due to TNT exposure. Four samples of
the 24 total samples were determined to be poor quality and were removed from further
analysis. A complete list of DEGs can be found in SI Tables S2-S5. A total of 271, 512, and
1,297 genes were differentially expressed in the 0.004, 0.12 and 1.85 mg/L TNT treatments
respectively. Clustering of all samples using hierarchical analysis (SI Figure S1) showed
very unique and different gene expression patterns for both the control and 1.85 mg/L
treatments, while the 0.004 and the 0.12 mg/L treatments were more similar to each other,
consistent with the majority of hormetic effects observed.

A total of 72 DEGs were common among the three TNT treatments, roughly a third of all
DEGs for the lowest dose, suggesting a conserved mechanism of TNT toxicity among all
doses, regardless of the final outcome (SI Figure S2). Due to the limited functional
annotation of the D. magna gene set, only three of those could be mapped to known genes:
methylmalonyl-CoA mutase (mut), adenosylmethionine decarboxylase (samd), and
mesencephalic astrocyte-derived neutrophic factor (manf).

The enzyme mut transcript, which was significantly up-regulated at all three TNT
concentrations, catalyzes the isomerization of methylmalonyl-CoA to succinyl CoA and is
involved in key metabolic pathways. The substrate of mut is mostly derived from propionyl-
CoA, a product of the catabolism and digestion of several aminoacids, cholesterol or odd-
chain fatty acids. The enzyme’s product, succinyl-CoA, is a key molecule of the
tricarboxylic acid (TCA) cycle, which generates energy through the catabolism of sugars,
fats, and proteins. Effects of TNT and its degradation products on glycolisis,
gluconeogenesis and the TCA cycle have been previously shown in other species such as
quail and rat 1718,

Adenosylmethionine decarboxylase (samd), down-regulated in all three TNT concentrations,
plays an essential regulatory role in the polyamine biosynthetic pathway by generating the n-
propylamine residue required for the synthesis of spermidine and spermine from

putrescein 19, Spermidine is a polyamine involved in cellular metabolism that inhibits the
neuronal nitric oxide synthase (nos) 20. Up-regulation of nos has been suggested as an
adaptation mechanism to the increase in oxidative stress during TNT exposure 21, Down-
regulation of samd could accordingly be part of an effort to decrease nos inhibition.

The mesencephalic astrocyte-derived neutrophic factor (manf) is an evolutionarily conserved
neurotrophic factors that support dopaminergic neurons. This family is evolutionary well
conserved among multicellular organisms 2223, Recent studies in Drosophila suggest the
involvement of manf in metabolism, membrane transport and transporters, oxidative
phosphorylation, mitochondrial function, and protein ubiquitination, which is consistent
with some of the effects detected in Daphnia by functional analysis 24.

The results from the functional analysis for all treatments can be found in SI Tables S6-S8.
Interestingly, fatty acid metabolism was affected at the lowest and highest doses, while lipid
metabolism was significantly enriched at all doses (p<0.05). Aryl hydrocarbon receptor
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(AhR) signaling appeared to be important in all three treatments, although with p>0.05. The
peroxisome proliferator-activated receptor a (PPARa)/RXRa activation as well as the
NRF2-mediated oxidative stress appeared to be important at the two highest doses (p>0.05).
While most analysis techniques calculate p-values to identify the significance of the
involvement of a given pathway in an experimental condition, recent approaches suggest
that pathways with insignificant p-values can be biologically meaningful 2°. We therefore
consider these pathways might be of interest even though their p-value cannot be considered
statistically significant. Furthermore, these three pathways, as well as lipid metabolism, have
been shown to be involved in the toxicity of TNT and derivatives in other species such as
quail and rat 1718, These results indicate that fatty acid and lipid metabolism, as well as AhR
receptor and PPARa might be important in the hormesis and/or toxicity as a result of TNT
exposure.

Transcriptional BMC analysis was then used to elucidate the mechanisms involved in the
hormetic response as well as those involved in the switch from hormetic to toxic response.
This type of analysis has been suggested as being extremely useful to find genes/pathways
that follow a dose-dependent response and to detect apical points of departure from

normal 16, The results from this analysis (Figure 2) suggested that lipid metabolism was
involved in the first hormetic response, as this category clearly followed a pattern similar to
a hormetic response. Other pathways such as noradrenaline and adrenaline degradation,
cellular growth and proliferation, AhR signaling, mTOR signaling, protein degradation, or
EIF2 signaling increased at the higher dose, suggesting that they might be involved in the
toxic response.

Linkage of Predicted Hormetic Mechanism to Physiological Outputs

In order to test the hypothesis that lipid metabolism was involved in hormesis due to TNT
exposure, we performed lipidomic analysis in all treatments. The amount of total lipids (mg
lipid/daphnia) followed a curve similar to the hormetic response (Figure 3f), although the
differences were not statistically significant. We then compared the different species of
lipids, five of which were significantly changed by TNT exposure (Figure 3): sphingomyelin
and dihydrosphingomyelin (SM and DSM, Fig 3a), lysophosphatidyl-ethanolamines (LPE,
Fig 3b), phosphatidylglycerols (PGs, Fig 3c), phosphatidic acid (PA, Fig 3d), and
lysophosphatidylcholines (LPC, Fig 3e). Three of these species (PA, LPC, and LPE)
followed a curve similar to the hormetic response, increasing at the lower doses and
decreasing at the highest dose. We then looked at the individual components of these three
families (Figure 4). In the three cases, shorter molecules with fewer carbons were more
abundant than longer molecules. This was particularly true at the lower doses, implicating
impacts on degradation of longer lipid molecules in the hormetic response, consistent with
transcriptomic observations of the importance of lipid metabolism in the TNT hormetic
response. This degradation could also be related to an increased energy demand of the
organisms due to increased length and reproduction.

Phosphatidic acid is present at very low concentrations in animal cells and it is fundamental
in the biosynthesis and metabolism of triacylglycerols and phospholipids and as a signaling
molecule 28, Levels of the PA species PA(34:1), (34:2), (34:3), (36:2), (36:3) and (36:4),
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where (x:y) equals (total carbons:total double bonds), were increased at the lower doses,
while PA(38:5) was increased at the highest dose. Although the exact role of PA as a
signaling molecule is still largely unknown, it has been reported to be involved in the
mechanical regulation of skeletal muscle growth through the mammalian target of
rapamycin (MTOR) signaling 27:28. Target of rapamycin is an evolutionary conserved sensor
of essential nutrients needed for the synthesis of biological molecules 2° and it has been
shown to require PA for the stability of mTOR complexes and their activity30. It has been
suggested that TOR is dependent on PA to sense the presence of sufficient phospholipids for
cell growth 31, The TOR pathway is evolutionarily conserved and has been shown to be
present in many species including yeast, Drosophila and Daphnia 3233, Furthermore, the
conservation of the PA-binding domain in TOR, from yeast to mammals, suggests that PA
requirement by TOR was a very early evolutionary event 31. In human cells, PA is bound to
the nuclear receptor steroidogenic factor 1 (sf1), stimulates sf1-dependent transcription of
cypl7 and induces expression of cyp17 and several other steroidogenic genes 34. Although
there is evidence that crustaceans synthesize steroid hormones from cholesterol 35, the
molecular details of steroidogenesis in crustaceans remains mostly conjectural 36.
Nevertheless, orthologs of enzymes that metabolize insect steroids have been identified in
Daphnia 36-38, While the above-mentioned effects of PA on muscle growth and
steroidogenesis have been observed in mammals, some of these functions could be similar
or evolutionarily conserved to the functions of PA in Daphnia, suggesting there could be a
link between changes on PA levels and the observed effects on growth and reproduction in
Daphnia.

Hydrolysis of PEs and PCs produces LPEs and LPCs respectively through removal of one of
the fatty acid groups. Levels of LPEs were significantly increased at 0.004 mg/L TNT, and
levels of both LPCs and LPEs were significantly increased at 0.12 mg/L TNT. This is
consistent with results observed in rat liver 18, where levels of LPC and LPE were increased
after TNT exposure. These results suggest that low TNT levels stimulate an increase in
hydrolysis of PC and PE to LPCs, LPEs, and polyunsaturated chains that may be
metabolized to eicosanoids. While no significant change in total PC and PE levels was
detected, several individual PC and PE isomers such as PE(38:5), PE(38:4), PE(42:10),
PC(38:5), PC(38:6), and PC(42:10) followed a trend consistent with increased hydrolysis of
PC and PE (Sl Figure S3). The most common fatty acid combinations that would form these
PC and PE isomers would most likely correspond to the fatty acid combinations 16:0/22:4,
16:0/22:6, 18:2/20:3, 18:1/20:4, 18:0/20:5, 18:0/20:4, 20:4/22:6 (Welti, personal
communication). Comparison of these combinations to the increased LPEs and LPCs
species (Fig 4) indicated that the polyunsaturated chains resulting from the hydrolysis of
PCs and PEs would likely correspond to palmitic acid (16:0), stearic acid (18:0), dihomo-
gamma-linoleic acid (DGLA, 20:3), arachidonic acid (ARA; 20:4), and eicospentaenoic acid
(EPA, 20:5). Free fatty acid analysis showed a decrease in total FFA at the lowest TNT
concentration and an increase at the highest concentration (Fig. 5a). Figure 5 shows the
levels of different FFA that showed significant changes by TNT treatment: 14 carbon atoms
FFA (Fig 5b), 16 carbon atoms FFA (Fig 5c), 18 carbon atoms FFA (Fig 5d), and 20 carbon
atoms FFA (Fig 5e). Palmitic acid, stearic acid, and DGLA levels decreased at the lower
TNT concentrations, while FFA 14:1, 14:0, DGLA and ARA increased at the highest
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concentration. It is worth noting that food composition can have major effects on the
biochemical composition of Daphnia. Particularly, the polyunsaturated fatty acid
composition present in Daphnia generally reflect that of their food sources 3°.

Eicosanoids are cell signaling molecules derived from C20 polyunsaturated fatty acids
(DGLA, ARA, and EPA) and have an important role in the regulation of essential functions
including reproduction 4041, There is evidence suggesting that ARA and EPA support
growth and reproduction in Daphnia because they are precursors of eicosanoids 4243,
Several invertebrate studies have investigated the potential roles of eicosanoids
demonstrating that both prostanoids and lipoxygenase products are important in oogenesis
(especially vitellogenesis) and embryogenesis 44-46, For example, prostaglandin E2 initiates
egg-laying behavior in several insect species, where it seems to regulate muscle contractions
in the ovarian musculature 47. Eicosanoids have also been identified as important mediators
in arthropod immune system 48 and ion transport 41, There is evidence suggesting that the
eicosanoid machinery is present in Daphnia 4049 and that eicosanoids play vital roles in
processes key to daphnid reproduction and survival 405051 The fact that DGLA levels are
decreased at the hormetic concentrations and increased at the highest concentration suggests
that the daphnids could be using DGLA to synthesize eicosanoids at the hormetic
concentrations but were not able to do it at the highest concentration. That would be
consistent with the increased growth and reproduction at the hormetic concentrations.

Our results show how a systems approach using toxicogenomics can help elucidate the
physiological outcomes driven by molecular changes. Exposure of D. magnato low TNT
doses resulted in a hormetic response leading to increased growth and reproduction, while
higher TNT doses had toxic effects. Functional analyses suggested the involvement of lipid
and fatty acid metabolism, AhR signaling, or mTOR signaling in TNT’s effects. The BMC
analysis suggested that lipid metabolism could be involved in the hormetic response
observed at low TNT concentrations. Lipidomic analysis supported this hypothesis by
showing the increase of several LPC and LPE isomers at the lower TNT doses, which imply
the release of several polyunsaturated fatty acids. Free fatty acid analysis showed the
decrease of several FFA at the hormetic doses, suggesting there could be an increase in
energetic demands and/or an increase in eicosanoid synthesis, which could be linked to
Daphnia growth and reproduction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) Number of neonates per survivor (as % of control treatment) in Daphnia exposed to TNT

from range-finding exposure A; b) Daphnia length (as % of control treatment) in Daphnia
exposed to TNT from range-finding exposure A; ¢) Daphnia length (as % of control
treatment) in Daphnia exposed to TNT from range-finding exposure B.
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Figure 2.
Results from the transcriptional Benchmark Concentration analysis showing significant

toxicological functions (a) and pathways (b) used for functional enrichment after TNT
exposure.
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Concentration of different lipids (mg lipid/daphnia) at different TNT concentration. Letters
indicate statistical significance after pairwise comparison (p<0.05). The lipids shown are: a)
Total sphingomyelin (SM) and dihydrosphingomyelin (DSM), b) Total
lysophosphatidylethanolamine (LPE), c) Total phosphatidylglycerol (PG), d) Total
phosphatidic acid (PA), e) Total lysophosphatidylcholine (LPC), f) Total lipids
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Figure4.
Concentration of different lipid isomers (mg lipid/daphnia) at different TNT concentration

(significant changes indicated by *, p<0.05). A) phosphatidic acid isomers; b)
lysophosphatidylethanolamine isomers; ¢) lysophosphatidylcholine isomers.
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Figureb5.
concentration of different free fatty acids (mg lipid/daphnia) at different TNT

concentrations. Letters indicate statistical significance after pairwise comparison (p<0.05).
Letters are not added to FFA without any significant changes. The free fatty acids are: a)
total free fatty acids; b) 14:0, 14:1, 14:2 free fatty acids; ¢) 16:0, 16:1, 16:2, 16:3 free fatty
acids; d) 18:0, 18:1, 18:2, 3:3 free fatty acids, €) 20:3, 20:4, and 20:5 free fatty acids.
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