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Abstract

Acclimating to toxicant stress is energy expensive. In laboratory toxicology tests dietary 

conditions are ideal, but not in natural environments where nutrient resources vary in quality and 

quantity. We compared the effects of additional lipid resources, docosahexaenoic acid (n-3; DHA) 

or linoleic acid (n-6; LA), or the effects of the toxicants, atrazine or triclosan on post-treatment 

starvation survival, reproduction, and lipid profiles. Chemical exposure prior to starvation had 

chemical-specific effects as DHA showed moderately beneficial effects on starvation survival and 

all of the other chemicals showed adverse effects on either survival or reproduction. Surprisingly, 

pre-exposure to triclosan inhibits adult maturation and in turn completely blocks reproduction 

during the starvation phase. The two HR96 activators tested, atrazine and LA adversely reduce 

post-reproduction survival 70% during starvation and in turn show poor fecundity. DHA and LA 

show distinctly different profiles as DHA primarily increases the percentage of large (>37 carbon) 

phosphatidylcholine (PC) species and LA primarily increases the percentage of smaller (<37 

carbon) PC species. The toxicants atrazine and triclosan moderately perturb a large number of 

different phospholipids including several phosphatidylethanolamine species. Some of these polar 

lipid species may be biomarkers for diets rich in specific fatty acids or toxicant classes. Overall 

our data demonstrates that toxicants can perturb lipid utilization and storage in daphnids in a 

chemical specific manner, and different chemicals can produce distinct polar lipid profiles. In 

summary, biological effects caused by fatty acids and toxicants are associated with changes in the 

production and use of lipids.
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1. Introduction

Acclimation to toxicants requires significant energy. The advent of global gene expression 

technologies has provided unique insights demonstrating numerous energy metabolism 

changes that occur following toxicant exposure. For example, Cr(VI) increases liver and 

heart-type FABP and glucose transporter, GLUT2, while repressing apolipoprotein B and 

cytochrome c oxidase expression in Fundulus heteroclitus liver (Roling et al., 2006). Carbon 

tetrachloride exposure leads to induction of genes related to phospholipid structure, lipid 

metabolism, and glycolysis in Oncorhynchus mykiss (Koskinen et al., 2004). Recent studies 

have shown that polyaromatic hydrocarbons and polychlorinated biphenyls disrupt 

mitochondrial function and oxidative phosphorylation in F. heteroclitus hepatocytes (Du et 

al., 2015), and the flame retardant Firemaster 550 (FM550), alters nutritional status in 

Daphnia magna by perturbing fatty acid, glucose, and amino acid metabolism (Scanlan et 

al., 2015).

Interestingly, toxicant responsive transcription factors such as AhR, CAR, and PXR that 

regulate phase I-III detoxification also regulate nutrient allocation and energy homeostasis 

(Ueda et al., 2002; Dong et al., 2009; Hernandez et al., 2009; Lu et al., 2015). For example, 

the AhR agonist TCDD alters the expression of genes involved in cholesterol biosynthesis, 

lipogenesis, and glucose metabolism (Sato et al., 2008). Phenobarbital activation of CAR 

down-regulates fatty acid oxidation and glucose synthesis, and reduces thyroid hormone 

activity by increasing thyroid hormone metabolism (Ueda et al., 2002; Maglich et al., 2004). 

PXR activation by PCN down-regulates β-oxidation and ketogenesis, and increases 

lipogenesis (Nakamura et al., 2007). CAR and PXR also cross talk with insulin or glucagon 

responsive transcriptions factors such as forkhead box O1 (regulates gluconeogenesis and 

glycogenolysis by insulin signaling), forkhead box A2 (regulates β-oxidation and 

ketogenesis), cAMP-response element binding protein (involved in gluconeogenesis), and 

peroxisome proliferator activated receptor gamma coactivator 1α (induces genes involved in 

mitochondrial oxidative metabolism) (Konno et al., 2008; Gao and Xie, 2012).

Daphnia and Drosophila HR96 receptors are orthologous to CAR/PXR/VDR receptors in 

mammals (Litoff et al., 2014), and aid in acclimation to toxicant stress (King-Jones et al., 

2006; Sengupta et al., 2015). Drosophila HR96 has also been shown to regulate gastric 

lipase (Magro), Niemann Pick type C1, Acyl coenzyme A acyltransferase, and ABC 

transporter genes involved in cholesterol and triacylglycerol homeostasis and transport 

(Bujold et al., 2010; Sieber and Thummel, 2012). DHA represses both mammalian CAR and 

D. magna HR96 activity (Li et al., 2007; Lu et al., 2008; Karimullina et al., 2012), and 

linoleic acid (LA, n-6 fatty acid) activates both CAR and HR96 (Finn et al., 2009; 

Karimullina et al., 2012), indicating similarities between the mammalian and invertebrate 

receptors in their response to some lipids. In addition, triclosan, a commonly used 

antimicrobial agent in household products, represses HR96 activity, and atrazine, a triazine 

herbicide activates HR96 (Karimullina et al., 2012). Atrazine is known to cause adverse 

mixture responses with other pesticides (Pape-Lindstrom and Lydy, 1997; Chen et al., 

2015), however, it may also provide protection from triclosan and unsaturated fatty acids in 

D. magna by inducing enzymes that provide protection from lipid peroxidation (Sengupta et 

al., 2015). Because oral exposure to toxicants and PUFAs may occur simultaneously, there 
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may be competition for receptors. Therefore, toxicants may cause inappropriate lipid-like 

responses or alter HR96’s ability to respond to diet. Conversely, exposures to specific or 

changing diets may perturb an individual’s toxicant responses and chemical sensitivity 

(Karimullina et al., 2012; Ginjupalli et al., 2015; Leão et al., 2015).

PUFAs are crucial structural and regulatory lipids within phospholipid membranes. 

Alterations in dietary PUFA levels, n-3 fatty acids and n-3/n-6 ratio can also affect 

membrane-linked cellular processes involved in energy metabolism (Hulbert et al., 2005). 

Research indicates that changes in dietary lipids impact metabolic rate, neuropeptide 

activity, second messenger generation and gene expression thus affecting several glucose 

and lipid metabolism pathways; confirming the role of PUFAs as signaling molecules 

related to growth, development, and energy metabolism (Hulbert et al., 2005; Wei et al., 

2010; Catala, 2013).

PUFA-rich phytoplankton are associated with better growth rate and fecundity in both 

invertebrates and vertebrates (Verreth et al., 1994; Brett and Muller-Navarra, 1997). PUFAs 

such as arachidonic acid (n-6 fatty acid), eicosapentaenoic acid (EPA, an n-3 fatty acid) and 

DHA (n-3) are considered important in the growth and reproduction of aquatic species, 

including arthropods (Brett and Muller-Navarra, 1997; Ginjupalli et al., 2015). D. magna 

growth may be directly attributed to increases in n-3 fatty acids such as α-linolenic acid, 

DHA and EPA; where α-linolenic acid is considered the primary n-3 producer and EPA is 

considered the primary final n-3 product (Becker and Boersma, 2005). D. magna is known 

to retain EPA and arachidonic acid during starvation or when food is scarce (Brett et al., 

2006). Some studies indicate DHA is retained in the ovaries of daphnids (Bunescu et al., 

2010), but most research indicates that DHA is rapidly converted to EPA in daphnids 

(Taipale et al., 2011).

Dietary restriction positively effects lifespan in some species (mice, C. elegans, D. 

melanogaster), however positive impacts of diet restriction are not prevalent in all species 

(Mair and Dillin, 2008; Latta IV et al., 2011). Under limited diet resources organisms tend to 

reduce reproduction because of its metabolic costs and invest in somatic maintenance for 

better survival until normal conditions are available for reproduction. This also explains the 

lifespan-extension observed in several organisms under dietary restriction (Mair and Dillin, 

2008). D. magna is a suitable model for understanding life history trade-offs of dietary 

restriction as there is already a vast amount of literature available on relationship between 

food concentrations and daphnid life history strategies (Latta IV et al., 2011). There is also 

an increasing interest in understanding how diet plays a role in determining the toxicant 

sensitivity of different organisms (Pavlaki et al., 2014). For example, algal diet and lipid 

concentrations have been proposed to be confounding variables in pesticide-induced male 

production (Olmstead and LeBlanc, 2003; Ginjupalli et al., 2015). In a natural ecosystem, 

organisms are exposed to different kinds of diets at different times of the year. One such 

example is algal succession in freshwater ecosystems, which has an impact on the higher 

organisms of the food chain. This variation has the potential of acting as a biotic stressor as 

the diet may interact differently with key lipid receptors. It is important to understand 

interactions between stressors, and Daphnia with its well understood ecology, provides an 
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excellent model for linking ecology or physiology to specific metabolic and genomic 

changes (Colbourne et al., 2011).

Our goal is to determine if environmental toxicants that perturb HR96 activity could alter 

resource allocation in D. magna. In part, we want to determine if D. magna would alter its 

resource allocation towards survival or reproduction during starvation stress depending on 

the chemicals to which they had been previously exposed, and test whether specific polar 

lipids are associated with specific chemicals or physiological responses. We tested whether 

lipids (DHA or LA) or toxicants (atrazine or triclosan) may alter resource allocation through 

starvation survival, starvation reproduction and polar lipid profiles.

2. Materials and Methods

2.1. Daphnia magna culture

D. magna were maintained at 21–23°C in moderately hard water at a pH of 8.1 – 8.3 in a 

16:8 light:dark cycle and fed cultured Pseudokirchneriella subcapitata (Aquatic Biosystems, 

Fort Collins, CO USA) supplemented with TetraFin fish food (Masterpet Corp., New South 

Wales, Australia) as described previously (Ginjupalli and Baldwin, 2013).

2.2. Chemicals

LA (≥ 99 %), DHA (≥ 98 %) and triclosan (97%) (Sigma-Aldrich, St. Louis, MO USA) 

stock solutions were dissolved in absolute ethanol (Sigma-Aldrich Chemical Co., Inc, 

Milwaukee, WI USA). Atrazine (98.9%) (Sigma-Aldrich, St. Louis, MO USA) stock 

solution was dissolved in 99.7% DMSO (Fisher Scientific, Fair Lawn, NJ, USA).

2.3. Chronic toxicity tests

The reproductive toxicity of DHA, LA, atrazine and triclosan were determined by exposing 

<24-h neonates (n=10) to these chemicals at multiple concentrations in 40 ml of culture 

medium that was renewed every other day for 21 d ((ASTM), 1988; Baldwin et al., 2001). 

Daphnids were fed 3 × 106 P. subcapitata cells supplemented with 50 μl of an aqueous 

suspension of blended, TetraFin fish flakes at 2.5 mg/ml dry weight 2X per day as described 

previously (Baldwin et al., 1997; Ginjupalli et al., 2015). Chemical concentrations used in 

the chronic toxicity tests were determined based on previously published acute toxicity tests 

performed in our laboratory (Sengupta et al., 2015). Atrazine was reconstituted in 99.7% 

DMSO for a total of 0.016% DMSO in each exposure beaker including the solvent-only 

(untreated; UT) group. DHA, LA and triclosan were reconstituted in 100% ethanol for up to 

a total of 0.004% ethanol in each exposure beaker including the UT group. Differences in 

reproduction were determined by one-way ANOVA followed by Fisher’s Least Significant 

Difference as the post-hoc test with a p-value of 0.05 considered significant. Statistical 

analysis was performed using GraphPad Prism 6 (GraphPad Software, San Diego, CA 

USA).

2.4. Starvation assay

D. magna (<24 h old) were fed and exposed to chemical treatments, LA (4 and 8 μM), DHA 

(2 and 4 μM), atrazine (20 and 40 μM) and triclosan (0.25 μM) (n=12) as described above. 
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On day 5, chemical exposure and feeding was stopped (Fig 1). Starvation survival and 

reproduction in the adolescent daphnids was monitored up to day 13 as none of the animals 

survived past day 13. Differences in reproduction were determined by one-way ANOVA 

with a general linear model followed by Fisher’s Least Significant Difference test with a p-

value of 0.05. Differences in survival were determined by Fisher’s exact test.

2.5. Cholesterol analysis

Treated and untreated daphnids were collected and homogenized in 100 μl of a pH 7.4 

0.01M HEPES, 0.05M EDTA, 10% glycerol buffer. Tubes were centrifuged at 10,000 rpm 

for 1 minute, and supernatant cholesterol concentrations were determined using a 

commercially available fluorometric assay kit (Cayman Chemical Co., Ann Arbor, MI USA) 

at an excitation wavelength of 550 nm and an emission wavelength of 590 nm (Amundson 

and Zhou, 1999).

2.6. Lipid extraction and Lipidomic analysis

Daphnids were collected at 5-days old (prior to starvation; see Fig 1) for lipid extraction and 

lipidomic analysis. Polar lipids were extracted from 5 tubes of 5 juvenile daphnids using 

previously published protocols (Fitzgerald et al., 2007) adapted to D. magna. Daphnids were 

homogenized and shaken in a 1 ml, 1:1 mix of water:chloroform. Following layer 

separation, 1.5ml of a 1:2 solution of chloroform:methanol was added and vortexed. The 

solution was centrifuged for 1 minute at 600 rpm, and the lower layer was collected using a 

glass Pasteur pipette. Chloroform addition (0.5 ml) followed by vortexing, centrifugation, 

and collection was performed two more times. The lipid extract was cleaned with 

subsequent washes of 1M KCl (0.5ml) and water. The lower layers were collected, placed in 

a teflon covered glass vial and dried under nitrogen. Samples were then frozen with dry ice 

and sent to the Kansas Lipidomics Research Center for lipidomic analysis. Lipid profiles 

were determined by mass spectrometry (electrospray ionization triple quadrupole mass 

spectrometer from Applied Biosystems API 4000) at Kansas Lipidomics Research Center as 

described previously (Isaac et al., 2007).

Changes in overall lipid profiles were determined by two-way ANOVA with repeated 

measures and the Bonferonni post-hoc test. One-way ANOVA followed by Tukey’s post-

hoc test was used to investigate differences between treatment groups for each of the 

individual polar lipid species. In addition, hierarchical clustering combined with one-way 

ANOVA with a p-value cutoff of 0.01 was used to cluster and visualize significant changes 

in the concentrations of individual lipids with MultiExperiment Viewer. PCA was 

performed with SAS 9.3 to show and confirm associations between specific lipids and 

chemical treatments (SAS Institute Inc., Cary, NC USA).

3. Results

3.1. Reproductive toxicity during 21-day chemical exposures

Reproductive fitness was determined in D. magna exposed to atrazine, triclosan, DHA, and 

LA. DHA, LA and triclosan did not reduce reproduction at any of the concentrations tested. 

However, atrazine reduced reproduction by 50% – 90% at concentrations from 10 – 80 μM 
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(Suppl File 1) with little effect (14%) at 5 μM. Previous studies found that atrazine reduced 

reproduction almost 30% at 2.32 μM (0.5 mg/L) and greater than 80% at 69.55 μM (15 

mg/L) (Palma et al., 2009). Therefore, our data for atrazine is similar but not identical to 

what has been previously reported. We observed a concentration-dependent drop in 

reproduction during triclosan exposures from 0.022 – 0.345 μM, but it was not statistically 

significant by ANOVA. Previous studies reported 0.22 μM (64 μg/L) triclosan reduced 

reproduction during chronic toxicity tests with D. magna (Peng et al., 2013). To our 

knowledge, this is the first paper to report the reproductive toxicity of DHA or LA (Suppl 

File 1).

Subsequent research with each chemical was performed at concentrations that did not 

significantly alter reproduction based on our chronic toxicity tests for DHA (2–4 μM), LA 

(4–8 μM), and triclosan (0.25 μM). We continued to use 20 – 40 μM atrazine despite the fact 

these concentrations reduced fecundity because these concentration have been shown to 

protect D. magna from the toxic effects of other chemicals such as triclosan and DHA most 

likely because of HR96 activation (Sengupta et al., 2015).

3.2. Chemical-induced changes in starvation survival and fecundity in D. magna

We hypothesized that several endogenous and xenobiotic chemicals, especially those that 

increase HR96 activity, may perturb resource allocation leading to increased survival during 

periods of starvation because of increased lipid absorption (King-Jones et al., 2006; Horner 

et al., 2009). Therefore, daphnids aged 1–5 days old were exposed to either HR96 activators 

(atrazine, LA) or HR96 inhibitors (triclosan, DHA) (Karimullina et al., 2012) and then 

starved to determine chemical-induced changes in starvation survival and reproduction. 

Survival rarely varied between UT daphnids and the other groups with the exception of day 

8 and day 11 in which DHA-treated daphnids showed greater survival than untreated 

daphnids. However, daphnids exposed to DHA did show increased survival relative to 

daphnids exposed to LA and atrazine (Fig. 2). In general there was a pattern indicating better 

survival for DHA > triclosan > LA > atrazine. This is the opposite of what we hypothesized 

as both HR96 inhibitors (triclosan and DHA) showed better starvation survival compared to 

the HR96 activators (atrazine and LA).

Reproduction was split into three tiers: groups that reproduced well, those that reproduced 

moderately well, and those that reproduced poorly during starvation (Table 1). The DHA 

groups and UT group reproduced the best (Table 1). Therefore, DHA showed some benefit 

in both starvation survival and reproduction relative to the other treatment groups (Fig. 2; 

Table 1). We expected that atrazine would demonstrate poor reproduction based on the 

chronic toxicity test data (Suppl File 1) and it did; however, reproduction was even worse in 

triclosan- and 4μM LA-exposed daphnids. Interestingly, the triclosan-exposed daphnids did 

not reproduce during starvation and appeared to enter a senescence or quiescence in which 

they no longer continued to develop. Other treatment groups continued to develop into 

adults despite the lack of food.

During starvation, several of the adult female daphnids died within 24 hours of releasing a 

brood (Table 1). A significant drop in post-reproductive survival (approaching 70%) was 

observed in the atrazine and LA treated groups; both HR96 activators. This suggests an 
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allocation of resources towards reproduction and away from survival in the daphnids treated 

with these HR96 activators. This is in contrast to triclosan-treated daphnids that did not 

reproduce and instead remained in the adolescent stage during the entire starvation phase (up 

to Day 13), and the DHA-exposed daphnids that survived following the release of their first 

brood.

3.3. Chemical exposures alter cholesterol levels and polar phospholipids

HR96 is a potent magro inducer in Drosophila (Sieber and Thummel, 2009). Magro, also 

known as gastric lipase in mammals, hydrolyzes cholesterol esters and promotes cholesterol 

clearance from the intestine (Sieber and Thummel, 2012). Therefore, we hypothesized that 

HR96 activators would reduce cholesterol. However, atrazine-exposure increased 

cholesterol concentrations greater than all other groups and the other HR96 activator, LA, 

produced the 2nd highest cholesterol concentrations. All chemical exposures increased 

cholesterol concentrations in the homogenized daphnids relative to control daphnids (Fig. 

3A).

In part because cholesterol did not drop as expected and in part because we suspected that 

HR96 regulators and lipids alter lipid profiles, we examined changes in several polar lipid 

classes. Total lipids were significantly lower in toxicant-exposed groups (atrazine and 

triclosan); reflected primarily by a small drop in PC and larger drop in PE (Table 2). To take 

a closer look at relative levels of individual lipid species, samples were evaluated as percent 

total signal. PC comprised 75% and PE 15.5% of the lipidome as these two polar lipids 

make up greater than 90% of the polar lipids in D. magna. SM (4.4%), PI (2.8%), LysoPE 

(0.74%), PS (0.57%), LysoPC (0.52%), PG (0.44%), and phosphatidic acid (0.08%) 

comprise the remaining polar lipid species (Fig. 3B). Again, PC and PE were significantly 

altered following chemical exposures. Percent total PC was increased in all groups 

compared to the untreated daphnids, and the percent PC in the toxicant exposures (atrazine, 

triclosan) was higher than in the PUFA exposures (LA, DHA) (Fig. 3B). Consequently, 

percent total PE was reduced about 2X in the atrazine and triclosan groups (Fig. 3B).

Therefore, we investigated the relative percent total signal for the individual PE and PC 

species (Fig. 4). Compared to the untreated daphnids there are few changes in the PE species 

with the exception of the 34 and 36 carbon PE species that are significantly lower in the 

atrazine and triclosan groups (Fig. 4A, Suppl File 3). However, there are many changes in 

individual PC species between UT and chemical exposures (Fig. 4B) and between the 

different chemical exposure groups (Suppl File 4). The percent signal for PC 34:2, 36:3, and 

36:4 are perturbed in all groups compared to the control, and PC 37:0 is different from the 

controls in all groups except triclosan. Several large PC species (40:7, 38:5, 37:1) are only 

different from the controls following DHA exposure. Triclosan specifically perturbed PC 

34:4 and 36:6 (Fig. 4B; Suppl Files 4–5).

SM, PI, PE and PS species also showed individual differences relative to controls or other 

groups (Suppl File 2). SM 38:1 is decreased in the atrazine, triclosan, and DHA groups, PI 

36:2/3/4 are increased by several treatments including DHA, PI 34:2 is increased only by 

DHA, and PS 36:2, and 36:4 are increased by triclosan.
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PCA was performed because two-way ANOVAs (Fig. 4; Suppl Files 2, 4) indicated 

associations between specific polar lipids and chemical exposures. Specific lipid species are 

associated with the different treatments. PCA demonstrates that the atrazine and triclosan 

groups are most similar while the DHA and LA groups often show opposing lipid profiles 

(Fig. 5). In addition, PCA confirmed that several large PC species such as 36:1, 37:1, 37:5, 

37:6, 38:5, 38:6, 40:7, and 40:8 are associated with DHA exposure. Some SM, PI, and mid-

weight PC species such as SM 32:1, 38:1, 40:1, 34:1, PI 36:2, 36:4, 34:2, and PC 36:4, 36:3, 

34:2, 35:2 are associated with LA exposure. PS 36:2, 36:4, SM 42:0, 34:1, 36:2, and PC 

34:3, 33:3, 32:2, 35:0, 36:6 are associated with triclosan and atrazine exposure.

PCA and two-way ANOVA indicate distinct lipid groupings based on the different chemical 

exposures (Figs. 4–5). Therefore we performed hierarchical clustering of the different 

treatments and polar lipids coupled with one-way ANOVA to filter non-significant polar 

lipids and better show specific patterns of polar lipids (Suppl File 6). The hierarchical 

clustering confirms the similarities of atrazine and triclosan exposures, and demonstrates a 

large difference between DHA exposure and the other exposures as DHA clusters into a 

separate clade from the other exposure groups. Scatter plots also confirm significant changes 

in specific polar lipid species (Suppl Files 3,5,7). For example, DHA caused the most 

changes in PC species with significant increases in large PC species such as 36:1, 37:0, 37:1, 

37:5, 37:6, 38:5, 38:6, 40:7, and 40:8. PC 37:0, 37:1, 38:5, 38:6, 40:7, and 40:8 are either 

major PC species or show relatively large changes (>2X) following DHA exposure. 

ANOVA also confirmed the PCA data indicating that LA and DHA cause opposing actions 

on the relative abundance of several phospholipids (Suppl File 5, Fig. 5). The change in 

concentration of some of these PC species may provide a novel biomarker for DHA or LA 

exposure or function.

Atrazine and triclosan showed similar lipid profiles. Each altered the relative concentrations 

of 15 different phospholipids with 8 of the changes being identical in the atrazine/triclosan 

groups (Suppl Files 3,5,7). Most of the polar lipids that show differences between control 

and triclosan or control and atrazine were within the PCs (Suppl File 5). Overall there were 

more significant changes in polar lipids caused by the toxicant exposure groups (atrazine 

and triclosan) in comparison to the control group than the PUFA groups (LA and DHA) 

compared to the control group; however, changes were usually larger in the PUFA exposed 

groups.

DISCUSSION

Each of the chemicals tested induced unique lipidomic signatures in the daphnids (Fig. 5, 

Suppl File 6). For example, LA and DHA had its most prominent effects on relative 

abundance of PC species with LA predominantly effecting PCs 36 carbons or less and DHA 

predominantly effecting PCs 37 carbons or more (Figs. 4–5; Suppl File 5). In addition, LA 

and DHA had nearly diametrically opposed placement following the PCA (Fig. 5). The two 

toxicants tested, triclosan and atrazine showed similar signatures to each other (Fig. 5) 

primarily because each significantly perturbs eight polar lipids in nearly identical fashion 

including significant decreases in several PE and PI species (Fig. 5, Suppl Files 3,7). Still 

triclosan and atrazine showed unique features from each other as atrazine preferentially 
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increased the relative abundance of 36–38 carbon PC species, while triclosan reduced mid-

range PS (36:2, 36:4) and PC (34:4, 36:4) species (Suppl Files 3,5,7).

It is possible that one or more of these polar lipid species may become biomarkers of 

exposure to a specific type of chemical, or a biomarker associated with a specific effect. Of 

special interest is triclosan. Triclosan caused an interesting phenotype during starvation. In 

the standard 21-day chronic toxicity test, triclosan had no significant effect on reproduction 

(Suppl File 1). However, triclosan exposure prior to starvation caused starved daphnids to 

enter a senescent state as the triclosan-exposed daphnids did not develop beyond 

adolescence and therefore never reproduced. This effect was specific to triclosan only in our 

study, where all the other groups developed into reproductive adults even in the absence of 

food. The lack of reproduction following triclosan exposure could have devastating effects 

on a stressed pond population.

Recent research indicates that triclosan inhibits fatty acid synthase (FASN) (Sadowski et al., 

2014) and this may contribute to the repressed development as lipid stores may not have 

been produced or available for growth and development. Polar lipid concentrations were 

lower in triclosan exposed daphnids (Table 2). However, survival was not lower than the 

other groups indicating lipids were available for survival, but not reproduction and 

development. Several polar lipids were repressed by triclosan exposure including multiple 

PE species (Fig. 4–5; Suppl File 3). Triclosan (and atrazine) moderately decreased PE 36:2, 

which has previously been associated with diabetes (Lappas et al., 2015). To a lesser extent 

some PI, PS, and PC species were also perturbed (Suppl Files 3, 5, 7) by triclosan exposure. 

However none of these lipid species are specific to triclosan as other chemicals that did not 

cause senescence also perturbed their relative abundance.

Other examples of unique signatures include DHA and LA. DHA’s effects on polar lipids 

were consistent across all analyses (Figs. 4–5; Suppl Files 2–7) with several large PC 

species highly increased by DHA including PC 37:0, 37:1, 38:6, 40:8 and to a lesser extent 

37:5, 37:6, 38:5 (Figs. 4–5; Suppl Files 4, 5). The effects of LA on lipid profiles are not as 

unidirectional for the PC species. Smaller species with one double bond (PC 30:1, 32:1, 

34:1) are decreased by LA exposure, and mid-sized PC species with multiple double bonds 

are primarily increased (PC 34:2, 35:2, 36:3, 36:4) by LA exposure (Figs. 4–5, Suppl File 5). 

LA has been used to protect embryos during cryogenic freezing and the high production of 

36 and 38 carbon PC is hypothesized to be involved in this protective effect (Leão et al., 

2015). Interestingly, in humans an increase in PC 36:4, a major supplier of arachidonic acid 

to the blood (Uhl et al., 2015), is associated with type I diabetes (Wittenbecher et al., 2015). 

PC 36:4 was increased by LA and atrazine, but decreased by DHA. DHA appears to be 

protective from diabetes and other metabolic diseases (Wei et al., 2010; Bhaswant et al., 

2015), and atrazine is associated with mitochondrial dysfunction and obesity (Mokdad et al., 

2001; Lim et al., 2009).

DHA is the only chemical that improved physiological endpoints measured during starvation 

relative to controls. Therefore, the reduction of PC 36:4 and the increase in large molecular 

weight PCs and PE 37:1 by DHA are associated with better starvation survival and 

reproduction. However, more work needs to be done to better define these associations. A 
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much greater percentage of DHA-exposed daphnids successfully reproduced compared to 

the other groups (Table 1). In most exposure groups, reproduction during the starvation 

phase of the study often led to death of the reproducing adult, however the DHA-exposed 

adults showed better survival following their first brood than the other groups (Table 1). The 

higher number of adult daphnids that reproduced and the ability of some DHA-exposed 

daphnids to produce a second brood are key factors in the increased reproduction in DHA-

exposed daphnids.

In contrast, triclosan, atrazine, and LA adversely affected starvation survival or reproduction 

(Fig. 2). Only atrazine reduced fecundity during the 21-day chronic toxicity test compared to 

untreated daphnids (Suppl File 1), therefore the other chemicals clearly show greater toxicity 

to daphnids under the stressful starvation conditions (Fig. 2, Table 1). Post-reproduction 

survival was significantly reduced (up to 70 %) by atrazine and LA (both HR96 activators) 

(Karimullina et al., 2012) exposure during starvation (Table 1). Chemical toxicity tests are 

performed under ideal conditions where temperatures are stable, light-cycles are optimal, 

and food is plentiful. However, food content may change because of temperature and 

seasonal changes leading to algal succession (Schlechtriem et al., 2006; Ginjupalli et al., 

2015). These changes may alter the lipid and protein content available (Bergman Filho et al., 

2011) and in turn perturb the nutritional content in the algae, altering energy budget, lipid 

profiles, and potentially increasing chemical toxicity (Pieters et al., 2006). Therefore, 

chemical toxicity may be greater than expected in natural environments because of seasonal 

changes that perturb algal succession and nutritional content. Of special concern is triclosan.

The percentage of PC was higher in all exposure groups relative to controls with the 

triclosan and atrazine groups showing the highest percent PC, 83 and 84.5% respectively. 

This occurred at the expense of PE (Fig. 3), and is in part why several PE’s are associated 

with the UT group (Fig. 5). DHA and LA have been shown previously to preferentially 

incorporate into phosphatidylcholines (Bouroudian et al., 1990; Leão et al., 2015). This may 

help explain the increase in PC following lipid exposures; however, this does not explain the 

increase in PC in the atrazine and triclosan groups.

The increase in PC may be a protective mechanism as phosphatidylcholines are associated 

with protection of various organs. An increase in PC is associated with increased survival of 

cryopreserved embryos (Leão et al., 2015), and reduced liver toxicity following exposure to 

alcohol, carbon tetrachloride, high-fat diet, and other toxicants primarily associated with 

oxidative stress (Aleynik et al., 1997; Lieber et al., 1997). However, CCl4-induced steatosis 

in rats causes an overall decrease in both hepatic PE and PC with an increase in specific 

species such a PE 34:1 that is decreased following LA, atrazine, and triclosan exposure in 

our study (Fig. 4; Suppl File 3), and PC 38:5 and 40:7 that are increased in severe steatosis 

(Ahn et al., 2008) and by atrazine or DHA exposure in our study (Fig. 4; Suppl File 5).

A recent study with JEG-3 cells demonstrated several changes in lipid profiles following 

exposure to tributyltin and perfluorinated chemicals including an increase in several PC 

species; however, few of these changes are similar to what we observed (Gorrochategui et 

al., 2014). A recent paper with D. magna also indicates that tributyltin disrupts PC 

incorporation into eggs (Jordão et al., 2015). There have been few published studies 
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investigating the effects of toxicants on lipid profiles, and only two previous studies with D. 

magna (Jordão et al., 2015; Scanlan et al., 2015). Therefore, it is difficult to draw 

conclusions, but overall the data indicates there are clearly distinct lipid profiles between 

species, tissues, disease states, or mediated by chemical exposures and it appears that the 

incorporation of more PC into polar lipids may be a protective mechanism.

The two HR96 activators, LA and atrazine showed a similar physiological response with 

starved animals dying shortly after releasing their first brood. This suggests that their energy 

resources were put into reproduction and not survival. However, there are few obvious 

patterns between the two chemicals that associate specific lipids with a decrease in post-

reproduction survival with the possible exception of some mid-weight PC (36:3, 36:4, 37:0) 

and PE (37:1, 38:5) species (Suppl File 3, 5, 6). Similarly, there are no lipids that can be 

easily associated with triclosan’s inhibitory effects on reproductive maturity. Overall, there 

are lipid profiles specific to the chemical exposures; however there are few lipids that can be 

easily associated with a specific phenotype at this time.

Furthermore, the two HR96 activators do not have similar lipid profiles (Fig. 5). Similarly, 

the two HR96 inverse agonists, DHA and triclosan only have a few lipids in common (Fig. 

5, Suppl Files 3, 5, 7) such as PE 34:1, 38:5, and PC 36:3, 36:4, suggesting modes of action 

on lipid profiles are not related to HR96. Interestingly, PI 34:2, 36:2, 36:3, 36:4 are all 

modulated in a similar pattern by DHA, atrazine, and triclosan (Suppl File 6–7). PI’s are 

very important in signal transduction (Kim et al., 2015), but the specific processes altered if 

any are not known. While we expect incorporation of lipids to vary greatly between 

toxicants and lipids as DHA and LA can directly incorporate into lipids, this data suggests 

that HR96 is not mediating many of the lipid profile perturbations observed. In further 

support of this conclusion, the HR96 inverse agonist, triclosan, and the HR96 activator, 

atrazine have similar profiles as observed from the PCA (Fig. 5) and hierarchical clustering 

(Suppl File 6).

In summary, daphnids exposed to different dietary unsaturated fatty acids or environmental 

chemicals show diverse and chemical-specific lipid profiles. These profiles or specific lipids 

may be good biomarkers of exposure or be associated with disease or adverse effects, but 

these associations are weak or unknown at this time. Lipid profiles are not well associated 

with HR96 activity. Profiles do show starkly different profiles between the n-6 fatty acid LA 

and the n-3 fatty acid DHA and similar profiles between the two toxicants, atrazine and 

triclosan. Chemical exposure also caused unique responses under starvation conditions with 

DHA providing some survival benefits, atrazine and LA exposed daphnids that reproduce at 

the expense of the mother’s survival, and triclosan enhancing survival at the expense of 

reproduction. This demonstrates that toxicants can alter energy or lipid utilization and 

storage in daphnids by chemical specific means. Further experiments will attempt to discern 

developmental differences between neonates and adults that may provide clues as to why 

triclosan inhibits adult maturation. In conclusion, chemical exposure causes unique lipid 

profiles.
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Abbreviations

AhR aryl hydrocarbon receptor

ANOVA analysis of variance

CAR constitutive androstane receptor

DHA docosahexaenoic acid

DMSO dimethyl sulfoxide

FABP fatty acid binding proteins

FASN fatty acid synthase

FM550 Firemaster 550

GLM general linear model

GLUT glucose transporter

LA linoleic acid

LSD least significant difference

PA phosphatidic acid

PC phosphatidylcholine

PCA principle component analysis

PCN pregnenolone 16 alpha-carbonitrile

PE phosphatidylethanolamine

PG phosphatidylglycerol

PI phosphatidylinositol

PS phosphatidylserine

PUFA polyunsaturated fatty acids

PXR pregnane-X-receptor

SM sphingomyelin

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin

UT untreated

VDR vitamin D receptor
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Highlights

• Chemical exposures alter D. magna’s starvation stress responses

• Triclosan inhibits adult maturation and blocks reproduction during starvation

• DHA supplementation increases starvation survival and does not perturb 

reproduction

• The ratio of phosphatidylcholines to phosphatidylethanolamines was perturbed 

in all groups

• Each chemical exposure induced specific changes in the profiles of polar lipids
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Fig. 1. 
Outline of the experimental design and timeline for the treatments and starvation of 

daphnids as described in the Materials and Methods.
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Fig. 2. Starvation survival in D. magna following exposure to DHA, LA, atrazine, or triclosan
Data are presented as the number of daphnids alive each day. Survival of adolescent 

daphnids was analyzed using Fishers 2×2 test (n=12). An ‘a’ represents different from UT, 

‘b’ different from LA (4 μM) and ‘c’ different from Atr (20 and 40 μM) groups.
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Fig. 3. Cholesterol concentrations and relative polar lipid levels in daphnids following four days 
of exposure to different chemicals
(A) Cholesterol concentrations in homogenized daphnids. Data are presented as mean ± 

SEM. Data was analysed by one-way ANOVA followed by Tukey’s multiple comparison 

test (n=6) (*p<0.05, **p<0.01 and ***p<0.001). An ‘a’ is different from UT and ‘b’ is 

different from Atr. (B) Relative polar lipid levels from chemically-exposed daphnids. Data 

were analyzed by two-way ANOVA (with repeated measures) followed by Bonferroni post-

hoc test (n=5). ‘a’ is different from UT, ‘b’ is different from DHA, ‘c’ is different from LA, 

‘d’ is different from Atr and ‘e’ is different from Tric (p<0.05, *p<0.01, **p<0.001).
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Fig. 4. Changes in phosphatidylethanolamine (PE) (A) or phosphatidylcholine (B) composition 
among different exposure groups
Changes in percent signal of individual PE (A) or PC (B) species following chemical 

exposures (UT = control, DHA 4 = 4 μM DHA, LA 4 = 4 μM LA, Atr 40 = 40 μM atrazine, 

Tric 0.25 = 0.25 μM triclosan) in daphnids were analyzed by two-way ANOVA (with 

repeated measures) followed by the Bonferroni post-hoc test. Statistical differences between 

different groups are noted with letters; ‘a’ indicates UT vs DHA, ‘b’ is UT vs LA, ‘c’ is UT 

vs Atr, ‘d’ is UT vs Tric, ‘e’ is DHA vs Tric, ‘f’ is LA vs Atr and ‘g’ is LA vs Tric (only 

letter = p<0.01, * indicates p<0.001).
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Fig. 5. Principle component analysis reveals associations between chemical exposures and lipid 
profiles in D. magna
Variability among polar lipids was observed following chemical treatment.
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Table 1

Survival of daphnids following release of broods.

Treatment Neonates/Daphnid# Adults that reproduced Adults that survived after reproduction

UT 8.83 ± 3.12a 7 7

2 μM DHA 11.42 ± 1.92a 12* 9

4 μM DHA 8.92 + 1.29a 12* 11

4 μM LA 2.17 ± 1.16c 3 1

8 μM LA 7.83 + 1.91ab 9 3*

20 μM Atr 3.83 + 0.99b 8 2*

40 μM Atr 4.00 + 1.13b 7 2*

0.25 Tric 0.00 + 0.00c 0* 0

n = 12 per treatment group

#
Letters that are different indicate statistical significance from other groups via ANOVA with a general linearized model followed by Fisher’s 

LSD.

*
indicates statistically different from UT group as determined by Fisher’s 2×2 test.
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