
ABSTRACT 

LEONARD, JEREMY ADRIAN. Effects of Endocrine Disrupting Contaminants of 

Emerging Concern on the Behavior, Reproduction, and Metabolism of Two Species of 

Native North American Freshwater Mussels. (Under the direction of Dr. W. Gregory Cope). 

 

Freshwater mussels (Order Unionoida) are one of the most rapidly disappearing fauna 

in North America. Numerous causes include habitat destruction, invasive species, economic 

exploitation, and degradation of water quality with increasing human encroachment and 

development. Contaminants of emerging concern are compounds that have persisted in the 

environment or have been recently introduced, with little information regarding their effects 

on non-target species. Endocrine disrupting chemicals are of special concern because of their 

ability to adversely impact natural wildlife populations. This research examines behavioral, 

reproductive, physiological, and metabolic responses of two species of Unionids, Lampsilis 

fasciola and Elliptio complanata, to two endocrine disrupting chemicals with differing modes 

of action. The synthetic estrogen 17α-ethinylestradiol (EE2) is found in oral contraceptives 

and acts to induce vitellogenin-like egg-precursor proteins in male fish after exposure, with 

similar effects seen in some bivalve mollusks. Fadrozole hydrochloride is a model aromatase 

inhibitor that acts by preventing the conversion of androgens to estrogens. Mussels in the 

following studies were observed daily for changes in behavior such as foot protrusion, 

siphoning, and mantle lure display (L. fasciola females) as well as larval mortality after 

exposure to EE2 or fadrozole. Metabolomics analysis was conducted to examine changes in 

low-weight molecular metabolites in response to exposure to both toxicants in an effort to 

begin to link easily observed traditional endpoints with emerging high-throughput 

techniques. L. fasciola was exposed to fadrozole (2, 20, or 50 µg/L) or EE2 (5 ng/L or 1,000 

ng/L) for 12 days, and gill tissue was sampled after 4 and 12 days for metabolomics analysis. 



E. complanata was exposed to 17α-ethinylestradiol (5 ng/L and 50 ng/L) for 4 day or 28 day 

intervals from February through July 2012 or for one consecutive period of 180 days from 

February through July to encompass its reproductive cycle. Similar endpoints were examined 

as with L. fasciola, in addition to biochemical analysis of gonad tissue, hemolymph, and 

gonad fluid. Few acute reproductive effects were detected for either species or with either 

toxicant exposure, but female lure display of  L. fasciola was significantly reduced during 

exposure to both toxicants, which would likely reduce success in attracting a host fish for 

infection. Foot protrusion and siphoning were significantly affected by even the lowest 

concentration of toxicant used, and changes in these behaviors can alter gas exchange, 

prevent locomotion, or interfere with predator avoidance. A number of key metabolites were 

significantly affected by EE2 at both concentrations, though effects at 5 ng/L were observed 

mostly after 12 days of exposure and primarily in gill tissue of females. Fadrozole exposure 

resulted in several-sex specific differences in metabolic profiles, especially for ornithine 

metabolism and its derivatives. Generally, immediate carbohydrate reserves declined after 

exposure to both toxicants for 4 days, with a reduction in these effects after 12 days of 

adaptive exposure, indicating acute responses required to recover from detoxification or 

reduction-oxidation reactions or in preparation of such reactions. Carnitine and its 

derivatives, several purine nucleotide and nucleoside metabolites, and metabolites involved 

with tyrosine, phenylalanine, and tryptophan metabolism were up-regulated after exposure to 

both toxicants, suggesting disruptions in immune function, inflammatory responses, 

oxidative phosphorylation, and neurological processes. Decreases in fatty acids and increases 

in lysolipids after exposure to both toxicants suggest increased lipid metabolism and cleavage 

of membrane lipids, possibly by alterations in calcium cycling caused by changes in toxicant-



mediated peptide metabolites. This research emphasizes the importance of investigating a 

large range of metabolic responses that might be affected by exposure to endocrine 

disrupting chemicals rather than just traditional endpoints of interest similar to those used in 

vertebrate reproduction studies.  
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Chapter 1. An introduction to the ecology of freshwater mussels and why they may be 

susceptible to endocrine disrupting chemicals of emerging concern 

Taxonomy of North American freshwater mussels 

North American freshwater mussels (phylum Mollusca, class Bivalvia) can be 

divided into two subclasses. The first, Paleoheterodonta, contains the order Unionoida and 

further divides the superfamily Unionoidea into the families of Unionidae, which contains 

the majority of genera in the superfamily, and the true Pearly Mussels of the family 

Margaritiferidae, which contains only 5 species and 2 genera (McMahon and Bogan 2001). 

The second subclass, Heterodonta, contains the order Veneroida and can be divided into the 

superfamilies Corbiculoidea and Dreissenoidea. Members of Corbiculoidea are considered 

fingernail clams and include the invasive Asian clam Corbicula fluminea that first invaded 

North American freshwaters in the early 1900s (McMahon and Bogan 2001). Members of 

Dreissenoidea include the invasive quagga mussel Dreisenna bugensis and the more 

insidious zebra mussel D. polymorpha, which first invaded the Great Lakes region around 

1986, likely as a result of ballast water contamination (Ram and McMahon 1996). For the 

purpose of this work, the subclass Heterodonta and the family Margaritiferidae will not be 

covered further, and any use of the word Unionid refers to members of the family Unionidae. 

A detailed taxonomic analysis of the global diversity of freshwater mussels can be found 

elsewhere (Graf and Cummings 2007). 

 The family Unionidae consists of two subfamilies: 1) Unioninae, which consists of 

old world mussels (tribe Unionini) and new world mussels with hooked glochidia  
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(Anodontini) and 2) Ambleminae, which is much more diverse and consists of five separate 

tribes (Williams et al. 1993). These tribes include 1) Gonoideini that exists primarily west of 

the Rocky Mountains, 2) three short-term brooding (or tachytictic) tribes of Amblemini, 

Pleuroblemini, and Quadrulini, and 3) one long-term brooding (or bradytictic) tribe of 

Lampsilini (Cummings and Graf 2010). A simple phylogeny of North American freshwater 

mussels can be seen in Fig. 1. A more detailed taxonomic analysis of the five tribes of 

Ambleminae can be found elsewhere (Campbell et al. 2005).  

Life cycle, brooding, and reproductive strategies of Unionids 

 Nearly all Unionids undergo a unique life cycle that consists of both a brief obligate 

parasitic glochidia (larval) stage. Species such as the three-horn wartyback (Obliquaria 

reflexa) and the green floater (Lasmigona subviridis) may not require a fish host, but these 

represent rare exceptions in North American Unionids. Juvenile and adult stages are free-

living and self-sustaining (Fig. 2a). During gametogenesis, spermatogonia mature into 

spermatozoa (sperm) through mitotic and meiotic processes occurring in male gonad tissue, 

while oocytes develop into mature ova (eggs) in female gonad tissue. During the breeding 

and spawning season, female unfertilized eggs are released from ovaries to specialized 

brooding suprabranchial chambers called marsupial gills. Males release sperm directly into 

the water column, and this is taken up by siphoning action into the marsupial gills of females 

where eggs are fertilized and brooded. When a suitable fish host approaches (Barnhart et al. 

2008), females release thousands of parasitic glochidia through a variety of means and 

infection tactics, and these glochidia attach to the epithelial cells of fish gills, fins, or other 

tissues by valve closure. Some species, such as the kidneyshell (Ptychobranchus fasciolaris) 
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also release packets of eggs and glochidia, called conglutinates, that float freely in the water 

column and look like small insects or larvae in order to attract and infect fish hosts (Watters 

1999). Immune processes of the host fish result in the encystment or encapsulation of 

glochidia into tissue, where glochidia enrichment and transformation to a juvenile state 

occurs. Juvenile metamorphosis is completed in a period of days to weeks, depending on 

mussel species and temperature, and juveniles drop to the sediment and continue 

development into adulthood.  

Tachytictic mussel species generally release gametes in the spring, and glochidia are 

brooded in marsupial gills only as long as it takes to attain a viable parasitic state, at which 

point they are released to infect a host fish. This process usually does not take long, and often 

the sequence from infection to juvenile metamorphosis is completed over late spring to 

summer (Graf and Foighil 2000). In contrast, bradytictic mussel species usually spawn in late 

summer or fall and continue to brood their glochidia over winter before final release in 

spring. This brooding period lasts much longer and occurs even after glochidia are 

considered to be initially parasitic (Graf and Foighil 2000). This brooding strategy could 

result in a greater degree of maternal energy allocation to reproduction rather than somatic 

growth, compared to tachytictic species that release immediately and allow their parasitic 

offspring to derive nutrient energy from a fish host (McMahon and Bogan 2001). In addition, 

prolonged periods of full marsupial gills in gravid bradytictic species likely imposes 

difficulties in osmoregulation, siphoning, and feeding, all of which occur by gill action 

(Tankersley 1996). Phylogenetic and parsimony analysis of partial sequences revealed that 

bradytictic behavior is a derived trait (Graf and Foighil 2000). The tribe Anodontini, as well 
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as the tribe Lampsilini, is considered to consist of bradytictic species. However, these tribes 

have adapted to compensate for possible maternal stress caused by brooding. Anodontinines 

have divided the water tubes of their gills into three compartments with septa, which allows 

feeding and respiration to freely occur in the lateral two compartments and brooding to occur 

in the central compartment (Graf and Foighil 2000). Lampsilines and Pleurobleminines use 

only the outer two demibranchs of the marsupial gills to brood glochidia in (they are 

considered to be ectobranchous), thus allowing for more room for the tissue to expand 

without adversely affecting other gill processes. Ambleminines and Quadrulinines use both 

the outer and inner demibranchs of marsupial gills to brood glochidia (considered to be 

tetrageny), although this marsupium morphology is thought to be derived due to the more 

crowded nature of outer demibranchs compared to inner demibranchs (Graf and Foighil 

2000) in members of these two tribes. 

The two mussel species used for experimental exposures in the remainder of this 

work utilize different reproductive and brooding strategies. The eastern elliptio Elliptio 

complanata is considered a tachytictic brooder of the tribe Pleuroblemini that undergoes 

gametogenesis in late winter and early spring, spawns in spring, and then releases glochidia 

to infect host fish in late spring and early summer. The wavy-rayed lamp mussel Lampsilis 

fasciola is considered a bradytictic species of the tribe Lampsilini that spawns in late summer 

and fall, broods while overwintering, and then releases glochidia in the spring. Both species 

use only the outer demibranchs to brood, so marsupium morphology is unlikely to be a cause 

in any species differences observed. However, host infection strategies are significantly 

different.  
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The marsupial gill tissue of L. fasciola has been modified not only to expand but to 

also extend past the ventral margin of the demibranchs and shell valves (Graf and Foighil 

2000). In addition, mantle tissue has been modified to resemble prey species of certain fish 

hosts, and females are able to undulate or pulsate these “lures” (Haag and Warren 1999) to 

attract a suitable fish species (Fig. 2b). Once a fish strikes, the marsupial gill membranes are 

ruptured and glochidia are released to infect the host. The eggs and glochidia of this species 

are considered to be tightly wrapped in a mucus-like packet called a superconglutinate, which 

retains its shape regardless of release into the water column. In contrast, when a suitable fish 

host swims near, E. complanata releases loose mucus-like conglutinates that easily dissolve 

upon contact with the water column, thus utilizing a broadcast infection strategy. Because of 

the uncertainty in host-glochidia contact success, hundreds of thousands of glochidia are 

released by these females to infect fish. In addition, it is now accepted that some tachytictic 

species like E. complanata release glochidia at multiple times of the year (McMahon and 

Bogan 2001), likely in attempt to coordinate with mating or nesting behavior of host fish and 

to in order to increase infection success. Further details concerning the ecology of L. fasciola 

and E. complanata are discussed in the body of this work.  

The imperilment of Unionids and reasons for their decline 

The large number and great variety of host infection strategies in Unionids suggests 

that this process is full of uncertainty and frequent failures when it comes to population 

stability, and this is indeed the case. The probability of surviving from brood release to 

juvenile transformation in an individual glochidium is very small. It is estimated that out of  
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100,000,000 glochidia released in a natural population of M. margaritifera only close to one 

will reach the juvenile state after excystment (McMahon and Bogan 2001). The first obstacle 

to overcome, as mentioned above, is contact with a suitable fish host, and the next obstacle is 

complete transformation on the host before excystment. Glochidia themselves seem to be 

non-selective in fish host infection, and rather it appears that the innate immune system of 

fish determines whether a glochidium is able to undergo encystment and metamorphosis (Kat 

1984). Even once attached to a suitable host, the glochidium can still be rejected by the host’s 

immune system before transformation is achieved (Haag and Warren 1999). Adding to this 

complication is the observation that once a host is compromised by infection, it develops an 

adaptive immune response that often inhibits further infection (Rogers and Dimock 2003). 

The glochidia of several mussel species undergo a characteristic “clamping” or “snapping” 

behavior once released, especially in response to fish tissue, blood, or mucus (McMahon and 

Bogan 2001), indicating that some sort of chemical cues are used. This behavior has been 

exploited to determine viability of released glochidia, as determined by a mechanical 

response of valve closure when a saturated sodium chloride solution (35 ‰) thought to 

mimic the action of fish osmolytes is added (ASTM 2006), and which will be used routinely 

in methodology of this work to assess glochidia responses to toxicants of interest after 

maternal exposure. 

Obviously, low net fecundity and a low success rate in reaching adulthood poses a 

problem for population growth and stability in Unionids under the best of conditions. 

Delayed age to sexual maturity (~2-5 years), a long-life span (several decades to more than a 

century in some very long-lived species), and dependence on a host for dispersal also 
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complicate matters. The long lifetime of Unionids (Bauer 1992) can lead to miscalculations 

in population and community structure until accurate results are determined, at which point 

populations may have already declined substantially (Bogan 2008). Such has been the case in 

North America over the centuries. Unionids were utilized as supplemental food sources by 

indigenous peoples prior to European settlement, and soon afterwards their economic value 

in the pearl button industry was realized (Anthony and Downing 2001). In the late 1800s, the 

German immigrant Johann Böpple introduced North America to the lucrative practice of 

punching holes into mussel shells so that removed pieces could be polished and made into 

buttons (Fig. 3). This industry peaked around 1916, as thousands to millions of mussels were 

harvested from streams, as what seemed like an endless resource at the time. However, it was 

soon found that larger mussels were no longer easily available and that smaller mussels and 

species originally not thought to contribute much worth were necessary to keep the industry 

afloat, until profit slowly declined to 1930 (Anthony and Downing 2001). In the 1950s, 

Unionids encountered another economic threat when the Japanese pearl industry began 

importing small beads excised from the nacre (“mother-of-pearl”) of their shells to act as 

nuclei in propagated marine oysters to create cultured pearls. Several kilograms of mussel 

shell were required for harvest to create just one kilogram of nuclei (Anthony and Downing 

2001). 

It is now realized that freshwater mussels are one of the most rapidly declining and 

imperiled fauna in North America. Out of the 297 native species, nearly 72% are considered 

threatened, endangered, or of special concern (Williams et al. 1993). As suggested above, the 

decline in numerous species is due to overexploitation in the pearl industry, as nearly 50 
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species were used to create buttons, and at least 21 species are currently being used in the 

creation of cultured pearls (Anthony and Downing 2001). The encroachment of humans into 

the natural habitats of these mussels has also led to their decline, though it is difficult to point 

to exactly any one cause. Possible causes are numerous and include impoundments and dam 

construction, habitat destruction and alteration, invasive species, and pollution and water 

quality degradation (Bogan 1993; Strayer et al. 2004). Urbanization and other human 

disturbances have hastened this decline over the past 20 to 50 years. For example, Unionids 

require relatively stable sediments, with balance between flow swift enough to keep particles 

suspended for feeding but low enough to prevent excess turbidity and sediment deposition to 

the substrate (Layzer and Madison 1995). Dam construction has not only altered sediment 

flow regimes, but it has also affected the migration patterns and distribution of host fish and 

can result in local extirpation of mussels or their hosts (Bogan 2008). The invasive species D. 

polymorpha can quickly infest mussel beds of Unionids (Schloesser et al. 1996), which can 

lead to suffocation of the larger mussel species (Ricciardi et al. 1998). D. polymorpha can 

also compete for algal food resources with Unionids and zooplankton, which causes shifts in 

ecosystem energy structure (Strayer et al. 1999) and can affect host fish spawning success 

(Vrtilek and Reichard 2012). The invasive species C. flumenia displays a much more rapid 

growth rate than Unionids, which allows it to quickly dominate a body of water (McMahon 

and Bogan 2001) and compete against Unionids for resources. In addition, massive die-offs 

of C. flumenia can significantly reduce dissolved oxygen levels and raise ambient ammonium 

concentrations to those able to elicit acute toxicity in Unionids (Cherry et al. 2005; Cooper et 

al. 2005) and increase lethality. 



 

9 
 

As human development and encroachment into previously undisturbed areas 

continues, Unionids are at further risk for population declines. Rachel Carson made it 

abundantly clear in her groundbreaking and controversial publication of “Silent Spring” that 

toxicants such as pesticides can have far reaching and unintended effects on non-target 

species during their use. Intense investigations have revealed that adverse effects can persist 

long after a toxicant’s first introduction into the environment. The declines of Unionid 

diversity and abundance prompted the draft of a National Strategy for the Conservation of 

Native Freshwater Mussels, the aim of which was to identify causes of and prevent further 

mussel extinctions and declines (National Native Mussel Conservation Committee 1998). 

Among the goals listed was the need to determine how human perturbations impact mussel 

populations and their habitat, especially in regards to environmental stressors such as 

pesticides, metals, and organic contaminants. A wide variety and large number of organic 

contaminants can be considered with a status of “emerging concern”. That is, they are 

relatively new to the environment or have persisted for a long time with a high degree of 

uncertainty regarding their environmental impacts on non-target species. Many of these 

contaminants of emerging concern (CECs) are pharmaceuticals, pesticides, and personal care 

products that are thought to act as endocrine disrupting chemicals (EDCs).  

Sensitivity of Unionids to endocrine disrupting chemicals  

The realization that environmental contaminants could cause sexual disruption in 

wildlife was made as early as the 1970s, when a few casual anglers noted the presence of 

female sexual characteristics in male riverine Roach Rutilus rutilus downstream of a sewage 

outflow. This morphological abnormality, termed intersex, was finally attributed to 
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estrogenic chemicals in the wastewater over 10 years later (Jobling et al. 1998). Over the 

years since, investigations into endocrine disruption in natural populations have expanded 

immensely across the globe (Hotchkiss et al. 2008; Sumpter and Johnson 2008), with most 

concerning themselves with fish and amphibians. This is understandable given that EDCs are 

thought to primarily act on the hypothalamus-pituitary-gonad (HPG) axis and usually 

through receptor-mediated actions affecting hormonal regulation, synthesis, distribution, 

removal, and metabolism by positive- or negative- feedback mechanisms (Ankley and 

Johnson 2004; Ankley et al. 2010). Historically, far less EDC research was conducted on 

invertebrates (Oetken et al. 2004). Ironically, one of the best-known and earliest cases of 

endocrine disruption in wildlife involves the discovery of a penis-like structure in female 

prosobranch mud snails, termed imposex, after exposure to the anti-fouling compound 

tributyltin (TBT) in the 1970s (Smith 1981; Matthiessen and Gibbs 1998). Much work 

involving endocrine disruption in aquatic invertebrates focuses on gastropod mollusks 

(Oehlmann et al. 2007), and recent evidence has found similarities in the reproductive 

responses and sensitivities to a variety of environmental estrogens in three species of fish and 

a prosobranch mollusk (Jobling et al. 2003).  

A lot of the endocrine-related work conducted with bivalve mollusks was mostly for 

environmental monitoring purposes in marine environments, as marine mussels make 

excellent bio-indicator species of water quality. Characteristics include their ability to filter 

large volumes of water, relatively immobile nature, potential to accumulate large amounts of 

metals or lipophilic organic contaminants in shell and soft tissue, and their relatively hardy 

nature under contaminated conditions, which has led to monitoring programs dubbed 
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“Mussel Watches” in many areas (Claisse 1989; Sericano et al. 1995; Monirith et al. 2003). 

Freshwater bivalve mollusks have been much less studied, except for extensive investigations 

into endocrine effects of certain compounds on zebra mussels in an effort to curb population 

growth and dispersal or to exploit them as bio-indicator species (Ram et al. 1993; Ram and 

McMahon 1996; Quinn et al. 2006). In addition, a few authors have focused their efforts on 

effects of wastewater and other mixtures on immune responses, neurological function, and 

endocrine disruption in E. complanata in Canada and the St. Lawrence Seaway (Gagne et al. 

2001; Gagné and Blaise 2003; Gagné et al. 2004; Gagne et al. 2005; Gagné et al. 2007; 

Bouchard et al. 2009; Farcy et al. 2011; Gagné et al. 2011).  

Perhaps the lack of research on Unionids is due to the uncertainties and discrepancies 

involved in characterizing their endocrine system also seen in the majority of other mollusk 

species. For example, one author has argued that although abundant evidence points to the 

existence of steroids in mollusks, it is most likely that these are produced exogenously and 

taken into the animals via siphoning, where they are stored because of their lipophilic nature 

(Scott 2012). This author further argues that mollusks do not have the required metabolic 

enzymes or precursors for steroid biosynthesis, thus leading to much lower effect sizes when 

compared to steroid bioassays in vertebrates like fish (Scott 2013). However, other research 

has suggested that mollusks do contain the necessary metabolic machinery to produce 

estradiol and testosterone from cholesterol (Porte et al. 2006; Janer and Porte 2007; Lafont 

and Mathieu 2007; Fernandes et al. 2011). Neuroendocrine disruption has also been 

demonstrated in crustaceans and gastropod mollusks through alterations in peptide activity 

(LeBlanc 2007; Pascoal et al. 2013), possibly via secondary signaling pathways affected by 
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toxicant exposure. Sequences for an estrogen-like receptor have been isolated from the 

octopus Octopus vulgaris (Keay et al. 2006), in the Pacific oyster Crassostrea gigas 

(Matsumoto et al. 2007), and in the sea hare Aplysia californica (Thornton et al. 2003; DeFur 

2004). Evidence, then, appears to suggest the potential for endocrine disruption to some 

degree in freshwater mussels through impacts on steroid metabolism or peptide molecules. 

Precaution should be taken, however, in determining how EDCs such as natural and 

synthetic estrogens might behave in Unionids due to the observation of a lack of estrogen 

binding to isolated mollusk receptors and that the ligand-binding domain of such receptors 

constitutively activates transcription (Thornton et al. 2003; Keay et al. 2006). It is thought 

that loss of estrogen-binding activity is recent and is a trait derived in the molluscan lineage 

from an ancient receptor capable of binding endogenous ligands (Thornton et al. 2003). It is 

further believed that this ancestral receptor was not originally designed to bind steroids as a 

hormonal function. Rather, it is suggested its use was as a nutritive sensor to bind lipophilic 

particles such as fatty acids, eicosanoids, steroids, etc. that may have acted as food particles 

for primordial metazoans. As such, these ligands were interchangeable, and their binding 

resulted in transcriptional activation for subtle metabolic differences such as induction of 

detoxifying enzymes (Markov and Laudet 2011). In fact, it appears that as ancient receptors 

duplicated and diverged, they recruited random biochemical intermediates which then acted 

as allosteric regulators and specific binding partners for specialized metabolic functions, 

termed molecular exploitation (Eick and Thornton 2011). The activation of estrogen 

receptors upon binding of a variety of ligands compared to the low activation potential or 

antagonistic  properties of ligand binding on androgen and progesterone receptors further 
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supports the hypothesis that estrogen receptors are the more ancient and were the first to 

form binding partners with a 3-hydroxy aromatic structure similar to estradiol (Eick and 

Thornton 2011). Over evolutionary history then, it is possible that this receptor has 

secondarily lost its transcriptional induction activity upon ligand binding in mollusks, while 

in vertebrates it has become highly specialized to bind specific molecules (Markov and 

Laudet 2011).  

Increasing evidence is also coming to light that estradiol can act in non-genomic ways 

to disrupt signaling pathways in mollusks. Whereas genomic mechanisms seen in vertebrates 

require the binding of steroids to nuclear-related receptors and transport to promoter regions 

of DNA for transcriptional activation of genes, non-genomic mechanisms occur by binding 

of exogenous ligands to membrane-related or cytosolic receptors and the rapid activation of 

secondary signaling pathways that control multiple biological processes (Falkenstein et al. 

2000; Losel et al. 2003; Janer and Porte 2007). Using microarray data, the marine 

Mediterranean mussel Mytilus galloprovincialis was shown to have higher lysosomal 

membrane destabilization and more lipofuscin (a granular breakdown product of lysosomes) 

in digestive gland tissue, as well as alterations in estrogen and serotonin receptor expression, 

when exposed to estradiol and the organophosphate chlorpyriphos (Canesi et al. 2011), which 

the authors attributed to estradiol-mediated calcium and calmodulin stimulation and 

activation of phospholipase A2. Exposure of M. galloprovincialis hemocytes to estradiol in 

conjunction with kinase inhibitors like wortmannin (PI3 kinase inhibitor) was shown to result 

in rapid phosphorylation of mitogen activated protein kinases (MAPKs) and STAT (signal 

transducers and activators of transcription) proteins, as well as lysosomal membrane 
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destabilization and increases in cytosolic calcium (Canesi et al. 2004a). A variety of 

environmental and synthetic estrogens such as nonylphenol and diethylstilbesterol (DES) 

induced activity of p38 MAPK, PI3-kinase, and the extracellular signal-regulated kinase 

(ERK)/MAPK pathway in M. galloprovincialis hemocytes (Canesi et al. 2004b). Estradiol 

and a mixture of other EDCs (17α-ethinylestradiol, mestranol, nonylphenol, bisphenol A) 

were observed to cause increased expression of antioxidant enzymes such as catalase and 

phase II detoxification enzymes such as glutathione-S-transferase in M. galloprovincialis 

digestive gland (Canesi et al. 2007; Canesi et al. 2008).  

Justification and approach 

Clearly, toxicants that are considered EDCs have multiple effects in mollusks other 

than alterations in reproductive functions. Disruptions in signaling or hormone-regulated 

pathways have the potential to affect filtering, feeding, osmoregulation, locomotion, immune 

function, and neurological processes, as well as reproduction. Freshwater mussels are 

especially vulnerable to EDCs and other toxicants of emerging concern because of their high 

filtration rate and removal of contaminants from the water column, their close association 

with contaminated sediments and pore water through burrowing and deposit feeding 

activities, their relatively immobile nature with means of dispersal only through a fish host, 

and because of their unique life cycle. For example, glochidia can be exposed to 

contaminants in host fish tissue or as the fish swims through a polluted water body even if 

the adult mussels are located in a relatively pristine and undisturbed location. Juveniles can 

become exposed to contaminants in the sediment as they release from fish and begin to pedal 
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 feed. Finally, adults can be exposed to contaminants in the sediment in which they are 

burrowed or to contaminants in the water column during filtering and feeding (Cope et al. 

2008). Unionids provide a variety of valuable ecosystem services. They provide food to 

animals such as raccoons and otters, their empty shells create habitat for benthic organisms 

as well as enhance substrate stability, and their large filtration capacity aids in the removal of 

contaminants from the water column and in nutrient cycling (Vaughn et al. 2008). Therefore, 

there is a high incentive to protect and preserve remaining North American Unionids from 

further population decline, extirpation, and extinction.  

In the past, traditional endpoints such as behavior, morphological abnormalities, and 

reduced fecundity have been used to investigate sub-lethal effects of EDCs on Unionids, 

while immobilization, growth, and mortality have long been an accepted means of acute 

toxicity determination, especially in glochidia and juveniles (ASTM 2006). Use of such 

endpoints has led to the belief that EDCs do not provide much threat to Unionids under 

natural and environmentally relevant concentrations. This is especially true when only 

growth and survival studies are conducted under the assumption that mode of action is 

primarily due to traditional receptor-mediated mechanisms. For example, in one study 

investigating the predicted no-effect concentration of the synthetic estrogen 17α-

ethinylestradiol (EE2), at least 3 species of mollusks were used in the species sensitivity 

distribution curve, but only reproductive endpoints were examined (embryo abnormalities, 

egg masses, and imposex), leading the authors to discount the relevance in exposure of 

mollusks to the estrogen relative to fish which were considered to be more sensitive 

(Caldwell et al. 2008). Maintaining this assumption, mussels should then be protected by 
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regulatory concentrations that are able to protect fish. However, freshwater mussels have 

been shown to be some of the most sensitive species to certain contaminants, including 

ammonia, copper, lead, zinc, and contaminated sediments (Augspurger et al. 2003; Wang et 

al. 2007a; Wang et al. 2007b; Wang et al. 2009; Wang et al. 2011; Wang et al. 2013), 

especially during earlier stages of their life cycles (Wang et al. 2010), and may be as 

sensitive to EDC effects if alternative endpoints such as changes in metabolism are 

considered.  

For the remainder of this work, both L. fasciola and E. complanata were chosen as 

species of interest because of their availability, basic knowledge of toxicant-induced effects 

in these species, and because of their different reproductive strategies that might influence 

response to EDC exposure. Two emergent contaminants known to result in endocrine 

disruption in vertebrates were selected due to the differing nature of their modes of action. 

Further details of each toxicant will be provided within the respective chapters following this 

introduction. Briefly, EE2 was selected because it is a potent xenoestrogen that is capable of 

mimicking biological processes of the natural estrogen estradiol in vertebrates and because 

estradiol exposure has resulted in metabolic and reproductive changes in other bivalve 

mollusks (Canesi et al. 2007; Canesi et al. 2008; Saavedra et al. 2012). In contrast, fadrozole 

hydrochloride is a model aromatase inhibitor that prevents the conversion of androgens to 

estrogens. Chapter 2 examines, in L. fasciola, traditional endpoints of usual interest in 

freshwater mussel studies, such as glochidia mortality, adult behavior, growth and 

physiological condition, and reproduction, all of which are easily observed. It also links these 

traditional endpoints to biochemical processes that might be occurring upon exposure to EE2 
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and which are more critical but less easily observed. This latter goal was accomplished using 

a metabolomics approach, which involves analyzing changes in the profiles of low-molecular 

weight metabolites in response to perturbations like EDC exposure (Viant et al. 2003; Viant 

2007). This approach was thought to efficiently determine possible non-genomic 

mechanisms that might be occurring in these freshwater mussel species that might not 

otherwise be detected if using traditional vertebrate EDC endpoints and assays (DeFur 2004). 

Chapter 3 uses a similar experimental design to examine traditional and metabolomics 

endpoints in L. fasciola exposed to fadrozole. In addition, because studies involved in 

metabolomics analyses could be considered acute considering the long life span of Unionids, 

the fourth chapter of this work is concerned with investigating chronic effects at 

environmentally relevant levels of EE2 throughout the reproductive cycle of E. complanata 

in order to predict possible changes in population structure under natural conditions. The 

final chapter summarizes results and compares and contrasts effects of the two putative 

EDCs on L. fasciola and E. complanata behavior, reproduction, and biochemistry.   
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Figure 1. Phylogeny of North American freshwater mussels with evolutionary  

transformations of key morphological characteristics. Note that tribes (only) are represented  

in clades and that branches do not represent true evolutionary distances. Tribes under  

investigation in this work are highlighted. Characters (1) three main hinge teeth, (2) free- 

floating buoyant veliger larvae, (3) hermaphroditic and viviparous, (4) broods parasitic  

glochidia, (5) reduction of water tubes, (6)  brooding in all four demibranchs (tetrageny), (7)  

hooked, sub-triangular glochidia, (8) long-term brooder (bradytictic), (9) brooding only in 

two demibranchs, (10) Short-term brooder (tachytictic). Adapted from (Graf and Foighil  

2000; McMahon and Bogan 2001; Cummings and Graf 2010). 
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Figure 2. (a) Life cycle of a freshwater mussel. Adult males release sperm into the water  

column and fertilize eggs in female marsupial gills where they are brooded for a certain 

amount of time (bottom). Embryos develop into parasitic glochidia (right) and are  

released by the thousands to infect a host fish (top). Depending on temperature and 

species of mussel, the glochidia encyst in fish tissue and transform into juveniles after days  

to weeks and then drop to the sediment (left). (b) Lure display behavior of a female 

Lampsilis reeveiana in an attempt to attract a host fish. Images taken from 

http://www.fws.gov/midwest/mussel/life_history.html.  
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Figure 3. (a) Round blanks cut from the shells of freshwater mussels in preparation for 

polishing into buttons in the late 1800s. Photo by J. L. Anthony; taken from (Anthony and  

Downing 2001). (b) Mussel shell middens and camps with cooking stations lining the shores 

of the Illinois River in the early1900s. Photo courtesy of the Peoria Historical Society 

Collection, Bradley University Library, Peoria, Ill.; taken from (Anthony and Downing 

2001).(c) Barges loaded with mussel shells harvested to create buttons in Arkansas  

in the early 1900s. Photo by (Coker 1919); taken from (Strayer et al. 2004).  
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Figure 4. Possible signaling pathways involved in the cellular action of natural and synthetic  

estrogens. ER = estrogen receptor, PKC = protein kinase C, MAPK = mitogen activated  

protein kinases, PKA = protein kinase A; taken from (Porte et al. 2006). 
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Chapter 2. Metabolomics, behavioral, and reproductive effects of the synthetic estrogen  

17 α-ethinylestradiol on the Unionid mussel Lampsilis fasciola 

Abstract 

The endocrine disrupting effects of estrogenic compounds in surface waters on fish, such as 

intersex, feminization of males, and altered sex ratios may also occur in aquatic invertebrates. 

However, the underlying mechanisms of action and toxicity, especially in native freshwater 

mussels (Order Unionoida), remain undefined. This work evaluates the effects of a 12 day 

exposure of 17α-ethinylestradiol (EE2), a synthetic estrogen found in oral contraceptives, on 

the behavior, condition, metabolism, and reproductive status of Lampsilis fasciola Unionids. 

Adult mussels of both sexes were exposed to a control and 2 concentrations of EE2 (0 ng/L, 

5 ng/L considered to be environmentally relevant, and 1,000 ng/L designed to provide a 

positive metabolic response) and samples of gill tissue were taken on days 4 and 12 to 

determine effects soon after exposure and over a longer period of exposure time. Gills were 

used because of the variety of critical processes they mediate, such as feeding, ion exchange, 

and siphoning. Observations of mussel behavior (mantle display, siphoning, and foot 

movement) were made daily, and condition of conglutinates released by females was 

examined. No significant effects of EE2 on glochidia mortality, conglutinate condition, 

female marsupial gill condition, or mussel foot extension were observed. Exposure to both 

concentrations of EE2 significantly reduced male siphoning and mantle display behavior of 

females. Metabolomics analyses identified 207 known biochemicals in mussel gill tissue and 

showed that environmentally relevant EE2 concentrations led to decreases in glycogen 

metabolism end products, glucose, and several  
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essential fatty acids in females after 12 days, indicating reductions in energy reserves that 

could otherwise be used for growth or reproduction. In addition, males and females showed 

alterations in metabolites involved in signal transduction, immune response, and 

neuromodulation. Most of these changes were apparent at the highest concentration, but 

similar metabolites and pathways were also affected at 5 ng/L. Components of the 

extracellular matrix of gill tissue were also altered. These results demonstrate the utility of 

metabolomics when used in conjunction with traditional endpoints and demonstrate the 

usefulness of this approach in determining possible underlying toxicological mechanisms of 

EE2 in exposed freshwater mussels.  

 Keywords: endocrine disruption; Lampsilis fasciola; energy; glochidia; osmoregulation 

Introduction 

Numerous studies investigating fish and amphibians have presented strong evidence 

of anthropogenically-induced endocrine disruption in aquatic organisms across the world 

(Sumpter and Johnson 2008). Endocrine disrupting chemicals (EDCs) generally act on 

vertebrate systems by interfering with the hypothalamic-pituitary-gonadal (HPG) axis 

(Ankley and Johnson 2004), resulting in adverse reproductive and developmental effects. 

Less research in endocrine disruption has focused on invertebrates, despite their large 

contribution to species diversity worldwide (Oetken et al. 2004). However, some invertebrate 

groups such as arthropods, echinoderms, and mollusks have recently provided valuable 

models in the study of EDCs (DeFur 2004; Ketata et al. 2008). 17α-ethinylestradiol (EE2) is 

an orally active synthetic derivative of estradiol that is found in contraceptive pills and is 
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commonly introduced into the environment through incomplete treatment of wastewater that 

contains urine and feces of individuals taking the medication. Environmental concentrations 

of EE2 range from 0.1 to 0.5 ng/L in surface water (Heberer 2002) to generally between 1 

and 5 ng/L in wastewater effluent (Desbrow et al. 1998). Concentrations as low as 0.1 ng/L 

can cause adverse reproductive effects in fish after 10 days (Purdom et al. 1994) to 60 days 

(Caldwell et al. 2012). The presence of the egg precursor protein vitellogenin (Vtg) and other 

vitellogenin-like proteins in the plasma of feminized males are excellent biomarkers of EE2-

induced endocrine disruption in fish (Länge et al. 2001; Van den Belt et al. 2002; Xu et al. 

2008).  

Environmental metabolomics technologies and applications are relatively new (Miller 

2007), but are gaining in use and have great potential to facilitate environmental toxicology 

studies and biomarker discovery (Southam et al. 2011; Fasulo et al. 2012). Metabolomics 

(metabonomics) is the study of low molecular weight metabolites in a cell, tissue, or biofluid, 

especially in response to an environmental stressor (Viant 2007). Biomarker approaches 

using metabolomics have the advantage of considering multivariate combinations of changes 

in the small-molecule profile that can provide insight into alterations in biochemical 

pathways that might not be detected if one is only monitoring single biomarkers such as Vtg.  

Several countries have implemented “mussel watches” using marine mussels as 

indicators of environmental contaminant concentrations (Claisse 1989; Sericano et al. 1995; 

Monirith et al. 2003) due the benthic and relatively immobile nature of these animals, their 

ability to filter large volumes of water and particulates, and their potential to bioaccumulate 

toxicants in soft tissue. Freshwater mussels belonging to the Order Unionoida have similar 
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characteristics that make them highly exposed to, and potentially susceptible to, pollutants 

and that possibly make them indicator species of declines in water quality. Rather than 

exploiting their utility in environmental monitoring, however, a major concern should be the 

investigation of possible threats that EDCs and other contaminants of emerging concern pose 

to freshwater mussel populations. In the early 1990s, nearly 72% of the 297 native North 

American species were considered threatened, endangered, or of special concern (Williams et 

al. 1993) due to habitat destruction, dam and impoundment construction, invasive species, 

and pollution (Strayer et al. 2004). More recently, it is estimated that 202 of the nearly 300 

Unionid species in North America are listed by the Natural Heritage Network as extinct, 

possibly extinct, imperiled or vulnerable (Lydeard et al. 2004). Unionids can be exposed to a 

number of contaminants at different stages of development due their unique life history, 

consisting of both an obligate parasitic larval stage and free-living juvenile and adult stages, 

especially while burrowing in sediments or filtering from the overlying water column 

(Vaughn et al. 2008). However, sensitivity to, and the underlying mechanisms of action of, 

EDCs in native freshwater mussels remain undefined. 

The wavy-rayed lampmussel, Lampsilis fasciola is distributed throughout the eastern 

United States, from tributaries of the Great Lakes to drainage basins of the Ohio, Mississippi, 

and Tennessee Rivers. This species was chosen for our experiments because this lab has 

previously conducted extensive glochidia and juvenile testing with a similar species, L. 

siliquoidea (Bringolf et al. 2007a; Bringolf et al. 2007b; Bringolf et al. 2007c), and so there 

is familiarity with husbandry protocols, exposure protocols, and toxic outcomes in these 

earlier life stages. This sexually dimorphic species is found in shallow, small to medium-size 
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streams. Males release sperm into the water column in late summer; females siphon the 

sperm, develop fertilized eggs into glochidia in specialized brooding chambers known as 

marsupial gills in the fall, and release glochidia in winter, spring, and summer to infect the 

appropriate host fish. Females of this species use mantle flap lures that resemble minnows or 

worms to attract host fish and then release thousands of parasitic glochidia into the buccal 

cavity of the fish and the surrounding water when the fish strikes the lure (Barnhart et al. 

2008). The objectives of this research were to investigate the relation between behavioral and 

reproductive effects of EE2 on adult L. fasciola, along with changes in biochemical pathways 

investigated using a metabolomics approach. It was hypothesized that upon EE2 exposure, 

male mussels would demonstrate shifts in metabolite responses closer to those normally seen 

in females, whereas females would exhibit changes in behavioral and reproductive endpoints 

that might lower reproductive success.  

Materials and Methods 

Collection, transport, and holding of animals 

In order not to deplete natural populations, adult (22 month old) L. fasciola used for 

this study were obtained from a pool of captive bred individuals from the Alabama Aquatic 

Biodiversity Center near Marion, AL (USA) after propagation with standard host fish 

infection strategies (Barnhart et al. 2008) . All mussels were the offspring of a single female 

collected from the Paint Rock River (N 34 47.733’ W 86 14.396’) in Jackson County, AL on 

June 11, 2009. Glochidia were transformed into juveniles on Redeye Bass (Micropterus 

coosae) obtained from the Eastaboga Fish Hatchery in Calhoun County, AL. Juveniles were 

reared in pond water cages, and adults were transferred to flow-through basins containing the 
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same pond water. Mussels were selectively chosen from basins to maintain a consistent size 

and were transported to North Carolina State University’s Aquatic Toxicology Laboratory on 

May 19, 2011 using coolers with pond water-saturated towels and ice packs indirectly 

contacting mussels to maintain temperature at 19°C, with periodic monitoring of conditions. 

Mussels were allowed to recover from the 10 h trip in 19 cm high by 81 cm diameter 

holding tanks containing a mixture of 64 L of synthetic reconstituted hard water (ASTM 

2006) and culture pond water taken from the Alabama Aquatic Biodiversity Center. After 

this time, they were fed a 60 ml mixture of Instant Algae® shellfish diet (2 ml) and 

Nannochloropsis concentrate (1 ml) diluted in 1 L deionized water (Reed Mariculture, 

Campbell, California, USA) every 48 h. Males and females were segregated based on 

external shell morphology and gill characteristics by two trained independent evaluators after 

unanimous agreement. Nearly 95% of females were actively brooding and could be identified 

by lure display and full water tubes in marsupial gills, while males were confirmed by lack of 

marsupial gills. 

Mussel toxicity testing  

Experimental animals were acclimated for at least 24 h in 19°C to 20°C 3.75 L 

aquaria with well-aerated ASTM hard water (ASTM 2006) provided by a central aeration 

unit (Sweet Water Air Pump SL24 Aquatic Eco-Systems, Inc., Apopka, Florida, USA) and 

monitored to ensure that stress from handling and transport did not result in glochidia release. 

Experimental procedures followed the guidelines for conducting toxicity tests with early life 

stages of freshwater mussels (ASTM 2006) with modifications for testing adult mussels such 

as number of replicates and duration of exposure. Working solutions of EE2 (Sigma-Aldrich, 
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St. Louis, MO, USA) were created by dissolution in 100% methanol, and test aquaria were 

pre-conditioned with the appropriate concentration of EE2 at least 48 h prior to the 

experiment to saturate possible binding sites of chemical to the glass. Stock EE2 suspensions 

were diluted in ASTM hard water and added to 2 L aquarium water to achieve desired 

concentrations and to ensure that final methanol content remained below 0.01% (0.005% 

actual concentration) a vehicle concentration known not to induce adverse toxic effects in 

freshwater mussels (ASTM 2006).  

Effects of EE2 on L. fasciola were assessed at two concentrations (5 ng/L and 1,000 

ng/L) along with a control containing only 0.005% methanol, which was 10X lower than the 

vehicle concentration suggested in acute studies and 2X lower than the concentration 

suggested in-longer term studies using freshwater mussels (ASTM 2006). The lowest EE2 

concentration was chosen to be environmentally relevant. The higher concentration was 

chosen to give a positive metabolic signal and because it was close to the maximum 

measured in a survey of 139 US streams in 1999 and 2000 (831 ng/L) (Kolpin et al. 2002), 

although this higher measurement was later shown to result from measurement error (Vickie 

Wilson, personal communication) and was likely too high. Aquaria were not part of a flow-

through system, and so static renewals of water (100%) and fresh chemical additions of EE2 

were conducted daily. Water samples were taken randomly from each treatment (six 

replicates per treatment) 24 h after exposure on days 4 and 12 prior to water and chemical 

renewal and on day 0 immediately after EE2 addition for verification of nominal 

concentrations using a commercial ELISA kit (Ecologiena, Tokiwa Chemical Industries Co., 
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Ltd, Tokyo, Japan). Samples were run in duplicate and resulted in 80-90% recovery of target 

(nominal) concentrations.  

Experimental design and setup 

 Mussels were weighed and measured prior to placement in experimental aquaria. 

They averaged 36.9 mm in length, with a range of 30.5 to 43.4 mm, and had a mean weight 

of 8.63 g, ranging from 5.41 to 13.46 g. They were allowed to feed 24 h before the 

acclimation period while still in holding tanks, thus resulting in a 48 h lapse between feeding 

and treatment exposures. Each treatment and control consisted of 24 females and 24 males 

selected randomly from holding tanks, with four mussels per experimental aquarium 

replicate. In order to avoid possible sexual bias within the treatments, each aquarium 

consisted of 2 males and 2 females, resulting in 12 experimental aquaria per treatment. Shells 

of each individual were scored with a sharp instrument for unique identification during 

observational periods (Fig. A1). Test aquaria were maintained at 20°C, with gentle aeration. 

Alkalinity and hardness were measured on aliquots from every new batch of ASTM water 

made throughout the experiment (APHA 1998) (Table B1). A calibrated multiprobe (YSI 

Model 556 MPS, Yellow Springs Instruments, Yellow Springs, OH, USA) was used to 

measure pH, dissolved oxygen, conductivity, salinity, and temperature daily in the treatment 

aquaria (Table B2).  

Reproductive and behavioral endpoints 

 All mussels were observed twice daily for foot extension and swelling, male 

siphoning, female lure display, and conglutinate (packets of eggs and/or glochidia) releases 
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by females until time of sampling (Fig. A2). Observations were conducted by one trained 

independent evaluator, and every effort was made to designate a consistent time for 

observation early (10:00-11:00 AM) and late (2:00-3:00 PM) in the day. To allow animals to 

behave normally, aquaria were not disturbed, and individuals were observed at a distance for 

as long as necessary to determine behaviors. Half of the females and half of the males (n=12 

for each sex) were sampled from each treatment 4 days after exposures began. The remaining 

24 mussels were fed on day 6 and allowed to filter for at least 1-2 h prior to water renewal, 

and they were sampled on day 12. This feeding regimen allowed a consistent period of 6 

days between feeding and sampling for both sets of mussels to minimize nutritional artifacts 

and to sustain them throughout the duration of the experiment. No mortality was noted in any 

treatment throughout the experiment.  

Upon sampling, individuals were again weighed and measured. The two marsupial 

gills for each female were excised, weighed to the nearest mg, and normalized to female wet 

weight. An Olympus Binocular Stereo Microscope (20X-40X) was used to determine the 

number of full water tubes in each gill compared to the total number of water tubes and 

whether these water tubes contained glochidia, eggs, or a mixture. Prior to daily water 

changes and chemical renewals, released conglutinates were collected from each aquarium 

and examined under an Olympus Stereoscope for condition, as determined by the presence of 

eggs only, a mixture of eggs and glochidia, or glochidia only. In cases where glochidia were 

seen in conglutinates, three replicates were taken of 50 glochidia each (when possible) and 

placed into individual wells of a BD Falcon™ 24-microwell plate. Viability of glochidia was 

assessed by noting the number of closed valves prior to, and the number of open valves after, 
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the addition of 3 drops of a saturated sodium chloride (35‰) solution. Male siphoning 

behavior was given a binary designation of siphoning or not siphoning. Female lure display 

designations were modified and reduced from six stages (Bringolf et al. 2010) to three stages 

of no display, partial display, or full display. Both males and females were observed and 

assigned a probability of foot extension. 

Metabolomics 

  Four females and four males were randomly chosen from holding tanks on day 0, and 

their gill tissue was excised and pooled for a total of ~150 mg tissue per sex (n=1 for baseline 

measurements of each sex). In addition, gill tissue was excised and pooled (~150 mg) from 4 

individuals of each sex out of the 24 mussels sampled on day 4 and the remaining 24 

sampled on day 12 (n=3 pooled tissue samples for each sex on each day). Tissue was blotted 

dry, weighed to the nearest mg in a pre-weighed 1.5 ml cryovial, flash frozen in liquid 

nitrogen, and immediately placed into a -80°C freezer until metabolomics analysis. Gill 

tissues were transported on dry ice to Metabolon, Inc. (Durham, NC, USA; 

http://www.metabolon.com) for full metabolite analysis. 

A detailed description of the proprietary analytical techniques used by Metabolon, 

Inc. can be found elsewhere (Lawton et al. 2008; Evans et al. 2009). Briefly, recovery 

standards were added to all samples for quality control (QC) purposes prior to sample 

preparation through a series of methanol and aqueous extractions to remove proteins and 

allow maximum recovery of small molecules. The resulting extract was divided into two 

portions for dual platform analysis by liquid chromatography (LC) and gas chromatography 

(GC), followed by tandem mass spectrometry (MS
2
). Instrument variability was calculated 
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from the median relative standard deviation (RSD) of the internal standards that were 

injected prior to analysis, while total process variability was calculated from the median RSD 

for technical replicates of the endogenous metabolites. Instrument variability was estimated 

to be 4%, and total process variability was estimated to be 12%, both of which complied with 

Metabolon’s QC acceptance criteria. 

 The LC-MS platform used a Waters Acquity ultra performance liquid 

chromatography (UPLC) and a Thermo-Finnigan linear trap quadrupole (LTQ) mass 

spectrometer. The GC column was 5% phenyl with a temperature ramp from 40° to 300° C in 

a 16 min period, coupled with a Thermo-Finnigan Trace dual-stage single quadrupole (DSQ) 

fast-scanning mass spectrophotometer. Compounds were identified based on retention time, 

mass to charge ratio (m/z), and MS
2
 spectra when compared against an in-house library of 

over 1000 commercially available purified standards and compounds registered into 

Metabolon’s Laboratory Information Management System (LIMS) (Lawton et al. 2008; 

Evans et al. 2009).   

Statistical analysis 

All data were examined using the statistical program SAS Enterprise Guide 5.1 (Cary, 

NC, USA) and the graphing/statistical program GraphPad Prism 6.0 for Windows (GraphPad 

Software, La Jolla, CA, USA, www.graphpad.com). Significance was determined at α = 0.05. 

A non-parametric Mann-Whitney test determined that neither glochidia viability was affected 

by treatment exposure period (p = 0.1807) nor was conglutinate condition (p = 0.2023), so 

glochidia mortalities and condition for all treatments were grouped regardless of which day 

conglutinates were sampled. However, because several aquaria contained mussels that 

http://www.graphpad.com/
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released conglutinates multiple times, a generalized linear mixed model was used to examine 

the effects of treatment on binomial data of glochidia mortality and ordinal data of 

conglutinate condition, with observation number of each release per aquarium used as a 

random repeated variable. This was followed by a Dunnett’s post-hoc comparison of controls 

against the EE2 treatments. In order to correct for removal of some replicate aquaria during 

exposure for sampling, releases per aquarium for each time period were examined to 

determine EE2 effects on fecundity using Mann-Whitney tests comparing the control to each 

EE2 treatment during each observational period. Effects of treatment and time period were 

examined for log transformed female marsupial gill weights, percentages of eggs within 

marsupial gills, and percentage of full water tubes using a mixed model ANOVA. A Holm-

Šidák post-hoc comparison was used to compare time differences, and a Dunnet’s post-hoc 

test was used to compare all treatments against the control. 

A generalized linear mixed model was used to examine the effects of time period, 

treatment, and sex on foot extension. Only eight observations were able to be conducted in 

replicate aquaria that were sampled on day 4, while the remaining replicates had a total of 22 

observations. These observations of behavior per mussel were considered repeated effects, 

and replicate was added as a random effect. The percentage of each stage observed per 

individual was derived from the frequency of that stage compared to all possible stages for 

each behavior and was used to determine the mean for the six replicates sampled per 

treatment on each day. Generalized linear mixed models were also used to examine the 

effects of treatment and time period on male siphoning and female mantle lure display. In all 

cases, correlation followed a variance component structure. A Dunnett’s post-hoc 
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comparison was used to examine treatment probability of foot extension in males and 

females, lure display in females, and the probability of siphoning in males. 

Integrated raw detector counts provided relative abundance data for each metabolic 

compound. To correct for any instrument variability of compounds run on different days, 

area counts for each compound were normalized by setting the medians of each day’s run as 

equal. For comparisons within the same day, no normalization was necessary. Missing 

values, which accounted for 7% of all analytical measurements, were assigned the minimum 

value for each compound. A three-way ANOVA was used to determine the effects of 

sampling time period, sex, and treatment on each measured metabolite as well as any 

possible interactions. A false discovery rate (q < 0.1) was used to improve confidence of the 

numerous pairwise comparisons. Influences of sex, treatment, and sampling period, as well 

as interactions, were examined using principal components analysis (PCA) on log-

transformed metabolite data. Random forest classification was used to determine how well 

compounds could be classified into groups for biological pathway analysis, and top 

compounds of interest were identified by variable importance. Statistical analysis for 

bioinformatics data was performed using the programs “R” (R Development Core Team, 

2008). 

3. Results  

Female Reproduction 

 Over the course of the 12 d exposure, the females in the control treatment had 17 

conglutinate releases, with 7 occurring during the first 4 days, and 10 occurring during the 

last 8 days. The 5 ng/L treatment had 10 releases, with only one occurring during the first 4 
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days. The 1,000 ng/L treatment had 25 releases, with 7 occurring during the first 4 days, and 

18 observed the last 8 days. There were no significant effects of treatment on releases per 

aquarium for the first 4 days (p = 0.1079 for 5 ng/L and p > 0.999 for 1,000 ng/L), the last 8 

days (p = 0.8052 for 5 ng/L and p = 0.1017 for 1,000 ng/L), or throughout the entire 

exposure period (p = 0.3411 for 5 ng/L and p = 0.5371 for 1,000 ng/L), indicating variability 

in the number of releases within each treatment (Table 1). Indeed, upon closer inspection, a 

few replicate aquaria in treatments demonstrated several releases over the given period, 

whereas others had few or no releases. Glochidia mortality was significant (p = 0.0379) only 

in the 1,000 ng/L concentration after pooling data results over the 12 day exposure period 

(Table 1). The control had 2 egg-containing conglutinates released on days 4 and 12, the 5 

ng/L treatment released a mixed conglutinate on day 7, and the 1,000 ng/L treatment released 

two egg-containing conglutinates each on days 3 and 9 and one mixed conglutinate on days 

4, 7, and 8. Overall, both the control and 5 ng/L treatment releases were 88.2% and 90% 

glochidia, and the 1,000 ng/L treatment releases were 72% glochidia, although treatment was 

not significant (p = 0.4571) (data not shown). There were two instances of non-glochidia 

releases in the control treatment, but these were embryos observed to be near full maturation, 

whereas non-glochidia releases in the highest EE2 concentration were very immature and 

underdeveloped eggs.  

 The percentage of undeveloped eggs and embryos in female marsupial gills increased 

from 17% in the control to 21% in 5 ng/L EE2 to 29% in 1,000 ng/L EE2, but there was not a 

significant effect of treatment (p = 0.2819). Time was highly significant (p < 0.0001), as 

more eggs were present in the marsupial gills of mussels taken on day 4 than in those of 
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mussels taken on day 12, especially in the control and 5 ng/L treatments which had no eggs 

in female gills sampled on day 12 (Table 1). There were no significant effects of time (p = 

0.1032) or treatment (p = 0.6838) on percentage of gills that were full, although there was a 

significant interaction (p = 0.0141). Gills from the 1,000 ng/L treatment sampled on day 12 

were less full than those sampled on day 4, while gills from the control and 5 ng/L treatment 

did not differ between days (Table 1). Gill weight normalized to female wet weight also did 

not show any significant effects of time (p = 0.5838) or treatment (p = 0.0611) (Table 1).  

Male and female behavior 

 There were significant effects of treatment (p = 0.0024), time (p < 0.0001), and sex (p 

< 0.0001) for foot extension of mussels throughout the 12 day exposure. Females showed  

more foot extension than males regardless of treatment during the first 4 days of observation 

(Fig. 1a), and during the last 8 days only the 5 ng/L treatment did not show sex differences as 

females tended to display little foot protrusion (Fig. 1b). There were no significant effects of 

treatment for females the first 4 days (p = 0.2830) or the last 8 days (p = 0.0707). There were 

also no treatment differences for males for the first period (p = 0.0612) or the second period 

(p = 0.3005), and the only apparent differences between treatments were a result of including 

the different sexes or times into the model. Both males and females exhibited more foot 

extension during the first 4 days than during the last 8 days (Figs. 1a and 1b).  

There were significant effects of time (p < 0.0001) and treatment (p = 0.0084) on 

male siphoning behavior, as well as a significant interaction (p = 0.0209). No treatment 

differences were seen during the first 4 days, and males in all treatments reduced siphoning 

during the last 8 days. However, both the 5 ng/L and 1,000 ng/L treatments showed 
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significantly reduced siphoning relative to the controls during this last period (Fig. 2a). There 

was not a significant effect of time (p = 0.4446) or significant interaction between time and 

treatment (p = 0.0656) on female mantle lure behavior, but there was a significant treatment 

effect (p = 0.0101). During the first 4 days, the frequencies of no display were similar 

between treatments, and while display was similar between the 5 ng/L treatment and control, 

the 1,000 ng/L treatment exhibited significantly higher incidences of partial display than the 

control (Fig. 1b). During the last 8 days, females in the control exhibited similar frequencies 

of no display to those observed during the first 4 days, but partial display frequencies 

decreased while full display frequencies increased. The two EE2 treatments showed an 

opposite trend, and frequencies of no display increased at the expense of full display 

behavior, resulting in significantly lower instances of full display compared to the control.  

Metabolomics 

Metabolomics analysis revealed 207 differentially expressed biochemicals in male 

and female L. fasciola gill tissue. Table B3 provides information regarding all metabolites 

detected and fold differences between the control and EE2 treatments for males and females 

taken on days 4 and 12. Lipids accounted for over 45% of the metabolites detected, followed 

by amino acids (26%). Carbohydrates and nucleotides accounted for 11% to 10% of 

metabolites, respectively. After removing main effects and interactions of treatment, time, 

and sex that loaded on more than one component, principal components analysis revealed 2 

components with eigenvalues greater than 1, and a scree plot validated a selection of only 2 

components. These two components accounted for 86.6% of total variance in metabolites. 
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Clusters were primarily due to differences in sampling day, and component two generally 

was loaded with male-related predictors (Fig. 3).  

On day 4, significant differences could be seen in female gill metabolites at the 5 

ng/L concentration, but these were far fewer than those seen at 1,000 ng/L (Table 2). Up-

regulated metabolites generally included those involved in amino acid metabolism, especially 

in the 1,000 ng/L treatment. Down-regulated metabolites at both concentrations included 

several glycogen breakdown products such as maltose, maltotriose, and maltopentaose. There 

was a decline in essential and medium- and long-chain fatty acids such as caprylate and 

palmitoleate, as well as an increase in lysolipids such as 1-

palmitoleoylglycerophosphocholine and 1-docosapentaenoylglycerophosphocholine, but this 

was mostly seen at the higher EE2 concentration. In addition, nucleotides and nucleosides 

increased in both concentrations, though this again was more apparent at 1,000 ng/L. The 

carnitine derivative propionylcarnitine also increased at the 1,000 ng/L concentration. 

However, by day 12, a large number of metabolites were present at lower concentrations in 

the lowest EE2 concentration, especially those involved in lipid metabolism, glycogen 

metabolism, and glycolysis (Table 2). Included in these down-regulated metabolites was the 

inhibitory neurotransmitter gamma-amino-butyric acid (GABA), which is structurally similar 

to the only up-regulated metabolite on day 12, the phospholipid monoester 

phosphoethanolamine (PE). Fewer amino acid metabolites were up-regulated in the 1,000 

ng/L treatment on day 12 compared to day 4, and fewer carbohydrates were down-regulated. 

Lipids showed a mixed profile, with a decrease in essential and long-chain fatty acids and 

general increase in lysolipids. The purine-related metabolite inosine decreased in the lower 
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EE2 treatment, while purine metabolites hypoxanthine and 2’-deoxyinosine decreased in the 

1,000 ng/L treatment as well. 

Male gill metabolite profiles showed similar trends as those of females, but with 

fewer metabolites that were significantly different in either EE2 concentration when 

compared to the control. On day 4, glycogen breakdown products such as maltose and 

maltotriose were down-regulated, and xylose, an aldopentose involved in O-glycosylation of 

serine and threonine residues, was up-regulated in both EE2 treatments (Table 3). The purine 

nucleoside guanosine, which acts as a potent inhibitory neurotransmitter as well as an 

important secondary molecule in cellular signal transduction, was also up-regulated in both 

EE2 treatments. On day 12, metabolites involved in serine and tryptophan showed decreases. 

The amino sugar glucosamine was up-regulated in the 5 ng/L treatment, while erythronic 

acid (erythronate) was down-regulated in the 1,000 ng/L treatment. All lipid metabolites 

increased in both concentrations (Table 3). Carnitine metabolites 3-dehydrocarnitine and 

propionylcarnitine increased in the 5 ng/L and 1,000 ng/L concentrations, respectively.  

Discussion 

 EE2 exposure resulted in fewer effects on female reproductive end-points than what 

were hypothesized to occur for this study. Glochidia were exposed immediately via the water 

when released from the marsupial gills of females and collected prior to each water renewal, 

thus duration of exposure ranged from just a few hours up to 8-12 h if the glochidia were 

released overnight. Exposure may have occurred while in marsupia, but experiments 

conducted concurrently during this 12 day study resulted in survival of glochidia for up to 

10-12 days when marsupial gills were excised from brooding females, as long as the gill 
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membranes were intact and water was aerated to prevent bacterial degradation (data not 

shown). This observation suggests that marsupial gills were water-tight and that any 

exposure in marsupia would have been minimal and as a result of diffusion of EE2 across the 

gill membrane. Glochidia viability is known to be a sensitive toxicological endpoint for 

compounds like ammonia and metals in acute toxicity tests using freshwater mussels 

(Weinstein 2001; Wang et al. 2007). Higher glochidia mortality could result from more 

prolonged exposure periods, but preliminary experiments conducted in our lab using naïve 

conglutinates (released from females not included in the chemical exposure and held in 

separate storage tanks) did not reveal significant differences in viability with EE2 treatment 

over 48 h (data not shown), suggesting that exposure duration alone was unrelated to the lack 

of treatment effect on mortality. A higher number of conglutinate releases containing eggs or 

mixtures of undeveloped eggs and glochidia in the broods of females, coupled with water 

tubes full of small eggs, suggests EE2 may cause rapid release of eggs from ovaries to 

marsupial gills, but this was mainly observed only at higher concentrations. However, in a 

separate experiment involving mussels exposed to environmentally relevant concentrations 

(5ng/L to 10 ng/L) of EE2 in a small outdoor pond, spawning behavior was also stimulated 

(M.C. Barnhart, unpublished data). Rejection of small eggs by the females brought on by 

stress before the eggs fully have a chance to develop may also explain release of small 

immature eggs in conglutinates in the highest EE2 concentration.  

 This induction of spawning behavior has also been seen in freshwater mussels 

exposed to the selective serotonin reuptake inhibitor (SSRI) fluoxetine (Fong 1998; Fong et 

al. 2003; Bringolf et al. 2010; Hazelton et al. 2013), suggesting that EE2 may be affecting 
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signaling pathways involved in neuromodulation. Spawning and glochidia release could be 

influenced by alterations in catecholamine, indoleamine, and nucleotide neurotransmitter 

metabolites revealed here through metabolomics analysis. The constitutively active estrogen 

receptor seen in some mollusks does not appear to bind estradiol (Bannister et al. 2007), and 

other authors suggest a minimal influence of EE2 and vertebrate-like steroids as well through 

this mechanism (Caldwell et al. 2008; Scott 2012). Recent evidence has suggested that 

estrogen receptors at the surface of several types of cells, including pancreatic β cells, can be 

involved in rapid nongenomic effects of estrogens (Ropero et al. 1999) and that this 

membrane receptor is similar in structure to the α estrogen receptor (Pappas et al. 1995). A 

membrane receptor that binds estrogenic compounds as well as catecholamines in vertebrates 

has also been identified and is considered to be γ-adrenergic due to its activation of a nitric 

oxide-independent guanylate cyclase that regulates intracellular calcium levels (Nadal et al. 

2000). A vertebrate transmembrane intracellular receptor located in the endoplasmic 

reticulum (GPR30) can bind estrogen and result in intracellular calcium mobilization 

(Revankar et al. 2005) and stimulation of the cyclic AMP (cAMP)-mitogen activated protein 

kinase (MAPK) pathway (Filardo et al. 2002) for rapid signaling processes. The human 

transmembrane tyrosine kinase receptor C-ERB-2 has extensive homology similar to the 

epidermal growth factor receptor and is capable of binding a variety of signaling molecules 

with ligand-dependent and ligand-independent activity to rapidly activate pathways involved 

in cellular proliferation and cell growth (Yamamoto et al. 1986; Ross and Fletcher 1998). 

These examples demonstrate that EE2 has the potential to act through rapid nongenomic 

processes in vertebrates. Similar effects in cell signaling processes, either at membrane or 
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cytosolic locations, have been observed in Mytilus galloprovincialis (Canesi et al. 2004). 

Therefore, while it seems unlikely that EE2 at 5 ng/L is acting through classical receptor-

mediated action that results in direct changes in gene expression, non-genomic mechanisms 

affecting kinase cascades, ion fluxes, and intracellular calcium concentrations may result in 

increased endocrine-immune responses that sequester energy which would otherwise be 

available for reproduction. 

 EE2 also showed little effect on foot movement of either sex, but both male siphoning 

and female mantle lure display behavior were significantly affected at both EE2 

concentrations. The nearly equal frequencies of males siphoning versus not siphoning in the 

two treatments during the last 8 days of observations suggest that prolonged exposure to EE2 

may result in valve closure in an attempt to alleviate toxicant-related effects. Manley and 

Davenport (1979) reported a general trend in shell closure response in several marine 

mollusks such as Mytilus edulis, Crassostrea gigas, and Anadara senilis exposed to toxic 

pollutants like copper. Mollusks exposed to low concentrations gradually closed their shell 

valves until eventually full closure was reached, followed by periodic valve opening required 

for occasional respiration. When exposed to higher concentrations of a variety of toxicants 

during the first 24 h, the freshwater mussel Lampsilis siliquoidea remained closed but after 

24 h was forced to maintain open valves as the need to alleviate respiratory stress apparently 

overcame the ability for toxicant avoidance (Cope et al. 2008). Male mussels did not show 

metabolic profiles commonly associated with anaerobic fermentation, such as increased 

lactate and acetoacetate along with decreased glucose and glutamine (Fasulo et al. 2012), so 

it is unclear, though also unlikely, such a process was occurring. Fluoxetine was found to 
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increase mantle display behavior of L. fasciola females at 300 and 3,000 µg/L (Bringolf et al. 

2010; Hazelton et al. 2013). In contrast, females in this study showed reduced displayed 

behavior, even at environmentally relevant concentrations. Serotonin (5-HT) is formed from 

tryptophan and its derivatives. Tryptophan was not affected by EE2, but its metabolite 

kynurenate increased in gill tissue of females and decreased in male gill tissue, indicating 

possible disruptions in tryptophan-related metabolism which may be affecting female mantle 

lure display. A reduced ability to attract a host fish due to decreased lure display supports the 

hypothesis that EE2 may reduce reproductive success by alterations in neurotransmitter 

processes or cell signaling, even if glochidia mortality or conglutinate condition are not 

significantly affected.  

Using an exploratory two-platform (LC/GC-MS) approach, several metabolites were 

identified in female and male L. fasciola gill tissue that increased or decreased upon exposure 

to EE2. While many of these metabolites were significantly differentially expressed at the 

highest EE2 concentration, several were also significantly affected at 5 ng/L. Time and sex 

appeared to be the main influences on the metabolic profile as a whole according to PCA 

analysis, with few effects in treatment. However, when analyzing metabolites and pathways 

in further detail, EE2 exerted effects in biochemicals related to carbohydrate, lipid, and 

nucleotide metabolism the most, with some influence on individual amino acid components. 

Contrary to hypothesized metabolic outcomes, male gill tissue displayed different metabolite 

profiles than gill tissue in females.  

 Several glycogen breakdown products such as maltopentaose, maltotetraose, 

maltotriose, and maltose were found in significantly higher concentrations in the control 
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compared to all EE2 treatments, in both sexes (Tables 1 and 2 and Table B3). These 

glycogen metabolites were generally undetectable following EE2 exposure, with the greatest 

difference being a decrease relative to the control on d 4, suggesting an acute response that 

may affect the mussels’ overall energy status. Glycogen acts as a crucial energy reserve in 

bivalves to compensate for periods of food shortage, to mitigate short periods of stress, or to 

be reallocated during gametogenesis from the soma into reserves in follicles and gametes 

(Hummel et al. 1988). The measurement of glycogen has been previously used as a 

biomarker of contaminant and other stress in freshwater mussels (Rajalekshmi and Mohandas 

1993; Ngo et al. 2010; Nandurkar and Zambare 2012), so the observed decline of immediate 

carbohydrate  energy reserves in the current study appears to be a general response to 

environmental stress factors.  

 Mytilus galloprovincialis that were exposed to a mixture of environmental estrogens 

displayed alterations in key digestive gland glycolytic enzymes such as pyruvate kinase (PK) 

and phosphofructokinase (PFK) (Canesi et al. 2008), suggesting possible stimulation of 

carbohydrate degradation for lipid synthesis involved in gametogenesis. However, estradiol 

(E2) alone stimulated PFK with no effect on PK (Canesi et al. 2007), indicating differential 

responses in carbohydrate metabolism due to different estrogenic compounds. The decline in 

glycolytic intermediates such as glucose in females in the current study suggests decreased 

glycolysis, which is in agreement with decreased glycogen metabolism. If indeed glycolytic 

enzymes such as PK or PFK are induced in response to estrogens, this may be a 

compensatory response to increase glucose utilization and restore energy levels. 

Alternatively, carbohydrate utilization may have occurred as an immediate stress response to 
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EE2, as increases of PFK and PK activity seen in M. galloprovincialis at 24 h of exposure to 

an estrogenic mixture were no longer apparent at 72 h (Canesi et al. 2008).  

A reduction in glycolysis and Kreb’s Cycle activity was also seen in the zebrafish 

Danio rerio exposed to 30 ng/L EE2 (De Wit et al. 2010), possibly due to a shift of glucose-

derived glucose-6-phopshate towards the pentose phosphate pathway for synthesis of 

NADPH involved in synthesis of antioxidant enzymes. This deceleration of glycolysis is in 

agreement with results presented here, suggesting that EE2 induces oxidative stress in L. 

fasciola as well. NADPH is involved in the reduction of glutathione-disulfide to glutathione 

by glutathione reductase after enzymatic activity of glutathione peroxidase converts the 

oxygen radical hydrogen peroxide (H2O2) to water (Doyotte et al. 1997). Glutamate, a 

precursor in glutathione synthesis, increased in female gill tissue in the 1,000 ng/L treatment. 

This may indicate increased up-regulation for incorporation into glutathione synthesis for 

antioxidant defense, although this is not certain because enzymatic activities were not 

measured.  

Glutamate has long been known to be a major excitatory neurotransmitter in 

vertebrates, and it has also been shown to regulate neuromodulatory actions in mollusks 

(Magazanik et al. 1990; Nesic et al. 1996; Levenson et al. 2000; Karanova and Gakhova 

2007). Excitotoxicity in vertebrates results from increased influx of extracellular calcium into 

cells through glutamate-activated N-methyl-D-aspartate (NMDA) channels, resulting in 

positive feedback of further calcium release from endoplasmic reticulum through the 

ryanodine receptor, compromise of the mitochondrial membrane, and activation of apoptosis-

inducing caspases (Camacho and Massieu 2006). Elliptio complanata exposed to wastewater 
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effluent prior to ozone treatment exhibited signs of excitotoxicity due to perturbations in 

gamma-amino butyric acid (GABA), dopamine, and acetylcholine cycling (Gagné et al. 

2007), as did R. philippinarum (Liu et al. 2011), indicating such toxic responses are possible 

in mollusks as well. The increase of glutamate in only the 1,000 ng/L treatment raises 

questions as to the potential of excitotoxicity at more environmentally relevant 

concentrations. However, metabolites involved in other neuromodulatory roles were affected 

even at 5 ng/L. 

Phenylalanine is an essential amino acid that can be incorporated into cellular 

proteins and is the precursor to tyrosine and the catecholamine neurotransmitters L-DOPA, 

dopamine, norepinephrine (noradrenaline), and epinephrine (adrenaline) (Salway 2004). 

Choline is a precursor to the neurotransmitter acetylcholine and also acts as a methyl donor 

in various metabolic activities, such as lipid metabolism. An accumulation of phenylalanine 

was shown to disrupt synthesis of neurotransmitters normally synthesized from other amino 

acids in mice (Sarkissian et al. 2000). Increased phosphatidylcholine hydrolysis generally 

accompanied incidences of Alzheimer’s disease in patients with advanced 

neurodegeneration, as elevated phospholipase activity led to increased levels of 

glycerophosphocholines in cerebral spinal fluid (Walter et al. 2004). Both phenylalanine and 

several glycerophosphocholines increased in female gill tissue in EE2 exposures, indicating 

possible disruptions in catecholamine metabolism and acetylcholine synthesis. Decreases in 

choline could lead to problems in digestive gland metabolism and homeostasis (Wu et al. 

2011). The decrease in choline is somewhat puzzling because this should be an end product 
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of phosphatidylcholine breakdown. Choline can be oxidized to form betaine, which acts as an 

osmolyte to regulate cell volume homeostasis.  

Alternatively, choline can be incorporated into phospholipids during fatty acid 

synthesis, and its decrease could be related to the increase in glycerophospholipids, 

especially in the highest EE2 treatment. The increase of the phosphomonoester PE is also 

indicative of increased lipid metabolism, as it is a precursor of phospholipid synthesis and a 

product of phospholipid breakdown (Salway 2004). PE can bind to glycolipids, and these 

glycolipids can potentially activate cAMP-dependent protein kinase in the mollusk Aplysia 

kurodai in a manner similar to, but not identical to, cAMP itself (Satake and Miyamoto 2012) 

and affect cell signal transduction processes. PE is also structurally similar to GABA so may 

compete with GABA regulatory activity, possibly explaining the decline in GABA in female 

gill tissue in the 5 ng/L treatment concurrent with the rise in PE, as a possible feedback 

mechanism. While PE does not appear to have any significant activity at GABA receptors, 

PE could act at other GABA levels such as an indirect inhibitor of the GABAergic system 

(Klunk et al. 1995).  

Neurotransmitter processes and cell signaling can also be heavily influenced by 

purine nucleotides and nucleosides. Adenine and adenosine both showed increases only in 

gill tissue of females exposed to the higher EE2 treatment, but guanosine increased in gill 

tissue of both females and males on day 4 in both EE2 concentrations. Guanosine is the 

ribosylated nucleoside moiety of guanine, and the increase in guanosine may explain the 

decrease in guanine in gill tissue of males in the 1,000 ng/L treatment on day 4. M. 

galloprovincialis exposed to the organophosphate chlorpyrifos and to nickel also revealed 
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increases in guanine and adenine nucleotide metabolites (Oah et al. 2008). Adenosine is 

thought to cause anti-inflammatory responses by activating Gs g-proteins that simulate PKA 

activity and Gq g-proteins that regulate calcium levels and activate protein kinase C (PKC), 

and it is thought to cause pro-inflammatory responses by activating Gi to reduce PKA 

activity (Nakav et al. 2008). Guanosine also exerts important neuroprotective and 

neuromodulator roles in the nervous system to counteract the stimulatory activity of 

glutamate, and both guanosine and adenosine are thought to increase in response to trauma 

(Rathbone et al. 1999). Declines in metabolites related to the purine salvage pathway, such as 

inosine and hypoxanthine, in females could lead to immune deficiency and excess 

inflammatory responses upon exposure to EE2 (Haskó et al. 2000).  

Changes in the nucleotide profile have also been associated with peroxisome 

proliferation (Ringeissen et al. 2003). Peroxisomes are small organelles, ubiquitous in 

eukaryotes, which aid in detoxification, so increased nucleotides observed in this study may 

indicate elevated phase I and phase II enzymatic activity as well as increased antioxidant 

enzymatic activity. The activity of some phase I oxidizing enzymes such as D-amino oxidase 

in peroxisomes can produce H2O2. Because beta oxidation of long chain fatty acids in 

peroxisomes is not coupled to ATP synthesis, this process can also produce H2O2 as high-

energy electrons are transferred instead to O2 (Nelson 2008). Catalase, along with glutathione 

peroxidase mentioned earlier, can reduce H2O2 to water. However, excessive oxidative stress 

or inefficient metabolism of H2O2 can produce highly toxic hydroxide radicals (OH
*
) through 

Fenton mechanics (MacKenzie 2008). Carnitine and its derivatives such as 

propionylcarnitine facilitate the transport of acetyl-coA into the mammalian mitochondrial 
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matrix during beta oxidation of fatty acids in peroxisomes and in the mitochondria (Schulz 

1991), and increases in carnitine may be an important indicator of high mitochondrial activity 

in the eastern oyster Crassostrea virginica (Tikunov et al. 2010). Propionylcarnitine 

increased in gill tissue of both males and females at the higher EE2 concentration, while 3-

dehydrocarnitine increased in male gill tissue in the 5 ng/L treatment. Formation of reactive 

oxygen species (ROS) may have resulted in increased levels of carnitine metabolites in EE2-

exposed males and females. These metabolites are considered to be raised under oxidative 

stress and help in antioxidant protection against lipid peroxidation and ROS (Gulcin 2006). 

Essential omega-3 and omega-6 fatty acids play important roles in many metabolic 

and cell signaling processes. Linolenic acid can be metabolized to eicosapentaenoic acid 

(EPA) by phospholipase A2 (PLA2), and linoleic acid is metabolized to arachidonic acid 

(AA) by PLA2 in a similar manner (Salway 2004). Decreased levels of EPA and other 

essential fatty acids in female gill tissue along with an increase in EPA in male gill tissue 

suggest differences in lipid metabolism between the sexes. Long-chain fatty acids were also 

observed to decline in gill tissue of females and increase in gill tissue of males. The decline 

in long-chain and medium-chain fatty acids agrees with increased carnitine metabolism and 

may have resulted from beta oxidation and lipid catabolism to produce acetyl-coA for 

incorporation into the Kreb’s Cycle and NADH and FADH for oxidative phosphorylation 

(Nelson 2008). This utilization of longer-term energy reserves may be a compensatory 

response to decreased glycolysis and glycogen breakdown. Both EPA and AA are the 

precursors to eicosanoids, signaling molecules with both pro-inflammatory (omega-6) and 

anti-inflammatory (omega-3) properties that act in a paracrine or autocrine manner (De 
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Caterina and Basta 2001). Decreases of both AA and its eicosanoid 5-oxoETE in gill tissue 

of females on days 4 and 12 indicate possible altered immunity status.   

Increases in glycerophospholipids (lysolipids) indicate elevated PLA2 activity 

(Salway 2004). The general increase of several lysolipids in gill tissue of females suggests 

such cleavage of membrane phospholipids was occurring, especially at the higher EE2 

concentration, possibly in response to altered calcium signaling (Canesi et al. 2004) and 

tissue damage from ROS. An increase in phospholipids may also indicate an induction in Vtg 

synthesis, as seen in rainbow trout exposed to 10 ng/L EE2 (Samuelsson et al. 2006), because 

Vtg is a glycolipophosphoprotein. Inositol and inositol phosphate (IP) are key components of 

the phosphatidylinositol (PI) signaling pathway. Inositol acts as a structural precursor to 

several secondary messengers in eukaryotic cells such as IPs, PI, and phosphatidylinositol 

phosphate (PIP) lipids (Salway 2004). These PIPs can undergo various phosphorylation steps 

and become active to regulate processes such as intracellular calcium signaling and activation 

of protein kinase C, which is involved in immune response, membrane functions, cell 

growth, and transcription (Xia and Yang 2005). PIPs can also activate protein kinase B 

(AKT), which is associated with pathways involving immune response, cell survival, cell 

proliferation, and nervous system regulation (Abel et al. 2001). A decline of myo-inositol in 

gill tissue of females indicates possible disruptions in these critical signaling processes, 

which may also be leading to changes in observed behavioral endpoints. 

While the metabolites mentioned so far show interesting effects of EE2 on cell 

signaling, immune response, neurotransmitter processes, and energy metabolism, these 

reflect a mode of action of a general xenobiotic or toxicant that causes a biological acute 
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phase response (Baumann and Gauldie 1994) rather than acting through an endocrine-

mediated pathway. Of particular interest are the increases in xylose on day 4 in males and 

changes in the aminosugars glucosamine and erythronate on days 12 in males and females, as 

well as increased concentrations of proline in females on days 4 and 12. These metabolites 

are involved in proteoglycan synthesis, extracellular matrix (ECM) structure, and collagen 

synthesis. Glucosamine is a precursor to glycosaminoglycans (mucopolysaccharides) and is a 

naturally occurring component in the shell matrix of mollusks (Marie et al. 2007). Xylose is a 

mucopolysaccharide of connective tissue and a precursor to most anionic polysaccharides 

such as heparin sulphate and chondroitin sulfate, through O-glycosylation of serine and 

threonine residues, which stabilize the extracellular matrix (Poncet et al. 2000) by attachment 

to glycosaminoglycan chains to form proteoglycans (Couchman and Pataki 2012). 

Proteoglycans perform many vital functions, including acting as membrane receptors for 

growth factors and modifying their activity, influencing inflammatory and immune 

responses, and regulating morphogenic processes (Hardingham and Fosang 1992). Proline is 

a critical component in the triple-helix stabilization of protein collagen (Shoulders and 

Raines 2009).  

Up-regulation of proline in gill tissue of females at both EE2 concentrations could 

indicate increased collagen synthesis. Male zebrafish exposed to 30 ng/L EE2 exhibited 

changes in cytoskeleton organization and up-regulated procollagen-proline, an enzyme that 

synthesizes collagen (De Wit et al. 2010), possibly through disruptions in TGF-β signaling. If 

EE2 exerts a unique effect on collagen or extracellular matrix structure and function as well 

as its accepted mode of action (MOA) as an endocrine disruptor, then examination of 
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aminosugars and proline involved in collagen synthesis and catabolism may provide potential 

biomarkers of estrogenic exposure. Further work is required to determine the utility, ease, 

and specificity in the use of these extracellular matrix metabolites in biomarker assessment. 

Potential effects of EE2 are particularly of interest when considering that the shells of 

mollusks are simply calcified extracellular matrix components (Marie et al. 2007). Collagen 

is a critical protein used by marine bivalve mollusks in byssus thread production (Gosline et 

al. 2002) for anchorage to substrates. While adult Unionids do not produce byssus threads 

due the stability of their infaunal habitats, juveniles produce single byssus threads during 

pedal movement to prevent dislodgement from small shear stress in streams (McMahon and 

Bogan 2001). Therefore, EE2 may negatively affect shell growth and movement in juvenile 

Unionids, although this requires further study. 

Conclusions 

 This is one of the first studies to integrate behavioral and reproductive endpoints with 

high-throughput metabolomics to investigate EE2 effects in freshwater mussels. Although 

more eggs were produced in EE2 treatments, conglutinate condition, release number, and 

glochidia mortality were not adversely affected by EE2. This is in agreement with previous 

work conducted in this lab showing that it was not possible to determine an LC50 of glochidia 

exposed to EE2 concentrations as high as 500 µg/L (Cope 2011). Foot extension also was not 

affected by EE2, indicating disruptions in osmoregulation such as those that occurred in 

mussels exposed to fluoxetine (Hazelton et al. 2013), did not occur in the present study. 

However, both male siphoning and female lure display were significantly affected by EE2 at 

5 ng/L. Increased periods of resting with closed valves may eventually lead to oxidative 
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stress in males due to the lack of gas exchange. Females with an inability to properly attract a 

fish host due to lack of full display may not successfully contribute to population growth, 

which could lead to lowered reproductive success and changes in community structure. 

 Surprisingly, males in this study revealed few metabolic effects caused by EE2 when 

compared to females. This may also be due to the higher frequencies of shell closures seen in 

males throughout the exposure period. Females are required to maintain open valves to 

display mantle for host fish attraction, which may expose them to higher levels of toxicant. 

Males, on the other hand, can close their valves to reduce exposure to the toxicant. The main 

noticeable difference was the decline in essential fatty acids and long-chain fatty acids in gill 

tissues of females with a concurrent increase in gill tissue of males. Such a decrease observed 

in females may result in reduction of energy stores which would otherwise be allotted to 

growth or reproduction. While environmental metabolomics is a promising field for eliciting 

toxicant effects on mollusks, most current studies have examined effects of metals and 

pesticides and have used marine mollusks as models (Tuffnail et al. 2009; Wu and Wang 

2010; Liu et al. 2011). Freshwater mussels in the current study exhibited similar responses 

such as a decrease in glycolysis and glycogen intermediates which suggest general toxicant-

related stress. Cell signaling, neuromodulaion, and immune function also seemed to be 

metabolic processes affected by EE2 (Fig. E1), possibly as mussels underwent an acute phase 

response upon exposure to EE2. Although several metabolites were affected at only the 

highest EE2 concentration, a number of related metabolites and pathways were affected even 

at 5 ng/L.  
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Future studies with EE2 should focus on metabolism related to ECM structure and 

function, as this may provide a useful indication of estrogenic exposure, especially in 

juvenile mussels. This chapter examined short-term exposure effects of EE2 on freshwater 

mussels, and other research in this lab is concerned with behavior and biochemical changes 

of Unionids throughout their reproductive cycle at environmentally relevant concentrations 

(Chapter 4). EE2 did not affect fecundity or glochidia mortality, but if concentrating mostly 

on these classical reproductive endpoints rather than underlying metabolic processes that are 

affected even at environmentally relevant concentrations, then there is a possibility that the 

environmental impact of EE2 and similar compounds on freshwater mussels is being 

underestimated.  
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Table 1. Reproductive endpoints of Lampsilis fasciola  measured in response to 17α-ethinylestradiol at 0 ng/L (control), 5 ng/L, and 1,000 ng/L for 4 days, 8 days, and 12 days.

Values represent mean ± SE. Different letters represent significant differences between sampling days (p < 0.05). Significant differences of treatments from the control 

are shown as * = p < 0.05.

Endpoint Measured 4 Days 8 Days 12 Days

0 ng/L 5 ng/L 1,000 ng/L 0 ng/L 5 ng/L 1,000 ng/L 0 ng/L 5 ng/L 1,000 ng/L

Releases per aquarium 0.583 ± 0.229 0.083 ± 0.083 0.583 ± 0.229 1.670 ± 0.494 1.500 ± 0.563 3.00 ± 0.447 1.42 ± 0.468 0.833 ± 0.345 2.08 ± 0.633

Percent glochidia mortality 4.67 ± 1.27 15.3 ± 0 12.6 ± 3.03 3.78 ± 1.36 2.84 ± 1.41 9.56 ± 3.05 4.23 ± 0.880 4.92 ± 2.37 10.7 ± 2.17*

Day 4 Day 12 Total

0 ng/L 5 ng/L 1,000 ng/L 0 ng/L 5 ng/L 1,000 ng/L 0 ng/L 5 ng/L 1,000 ng/L

Percent eggs in marsupial gills 33.3 ± 10.5
A

41.7 ± 15.4
A

33.3 ± 10.5 0 ± 0
B

0 ± 0
B

25 ± 17.1 16.7 ± 7.11 20.8 ± 9.65 29.2 ± 9.65

Percent full water tubes 78.6 ± 9.61 67.4 ± 9.81 89.9 ± 2.85
A

75.9 ± 9.24 74.8 ± 12 55.9 ± 15
B

77.3 ± 6.37 71.1 ± 7.46 72.9 ± 8.91

Marsupial gill weight (mg/g WW) 6.99 ± 1.09 8.74 ± 1.77 4.66 ± 0.397 7.16 ± 1.85 7.08 ± 1.62 7.26 ± 1.26 7.07 ± 1.02 7.91 ± 1.16 5.96 ± 0.628
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Table 2. Fold differences (relative to control) of select metabolites differentially expressed in gill tissue of female Lampsilis fasciola exposed to 5ng/L and 1,000 ng/L 

17α-ethinylestradiol for 4 days and 12 days; Symbols represent up-regulation (+) or down-regulation (-); all metabolites are signficantly different from 0 ng/L (p < 0.05).

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) Day 4 Day 12 Day 4 Day 12

Amino Acid Metabolism

C00079 Phenylalanine & tyrosine Metabolism phenylalanine +  1.75

C00489 Lysine Metabolism glutarate (pentanedioate) +  1.63

C01717 Tryptophan Metabolism kynurenate +  1.64

C02712 Cysteine, methionine, SAM,  and taurine N-acetylmethionine +  1.45

C00148 Urea cycle; arginine and proline proline +  1.36 +  1.30 +  1.25

C00188 Glycine, serine and threonine threonine +  1.17

C00025 Glutamate Metabolism glutamate +  1.18

C00334 gamma-aminobutyrate (GABA) -  1.64

Carbohydrate Metabolism

C00329 Aminosugars glucosamine -  1.69 -  2.13

C00095 Fructose, mannose, galactose, starch, fructose -  1.43 -  1.49

C00208 and sucrose maltose -  9.09 -  20.00

C00275 mannose-6-phosphate

C01835 maltotriose -  7.14 -  33.3 -  100.00

C02052 maltotetraose -  10.00 -  100.00

C06218 maltopentaose -  3.33 -  4.76

C00258 Glycolysis, gluconeogenesis, and pyruvate glycerate -  1.67

C00293 glucose +  1.75 

Energy

C00149 Krebs cycle malate +  1.52

Lipid Metabolism

C06427 Essential fatty acid linolenate  (18:3n3 or 6) -  1.24

C03242 dihomo-linolenate (20:3n3 or n6) -  1.27

C06428 eicosapentaenoate (EPA; 20:5n3) -  1.59 -  1.56

C16513 docosapentaenoate (n3 DPA; 22:5n3) -  1.75 -  1.59 -  1.82

C16513 docosapentaenoate (n6 DPA; 22:5n6) -  1.79 -  1.75 -  1.89

C06429 docosahexaenoate (DHA; 22:6n3) -  1.69 -  1.72

C06423 Medium chain fatty acid caprylate (8:0) -  1.49

C08362 Long chain fatty acid palmitoleate (16:1n7) -  1.54

10-heptadecenoate (17:1n7) -  1.28

C16300 stearidonate (18:4n3) -  1.67 -  2.00

C16525 dihomo-linoleate (20:2n6) -  1.32

5 ng/L 1,000 ng/L
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Table 2 continued.

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) Day 4 Day 12 Day 4 Day 12

mead acid (20:3n9) -  1.58

C00219 arachidonate (20:4n6) -  1.35

C16533 docosadienoate (22:2n6) -  1.47 -  1.41

C16534 docosatrienoate (22:3n3) -  1.54

C16527 adrenate (22:4n6) -  1.47 -  1.49 -  1.47

C06104 Fatty acid, dicarboxylate adipate -  1.64

C14732 Eicosanoid 5-oxoETE -  1.39

C03017 Carnitine metabolism propionylcarnitine +  3.38

C00346 Glycerolipid metabolism phosphoethanolamine +  1.53

choline -  1.22

C00137 Inositol metabolism myo-inositol -  1.43 -  1.47

Glycerophospholipids 1-palmitoleoylglycerophosphocholine +  1.83 +  1.52

2-palmitoleoylglycerophosphocholine +  2.50

2-oleoylglycerophosphocholine +  1.80

C04100 1-linoleoylglycerophosphocholine +  1.64 +  1.82

2-linoleoylglycerophosphocholine +  2.06

1-eicosatrienoylglycerophosphocholine +  1.53

1-docosapentaenoylglycerophosphocholine +  1.74 +  2.76

2-docosapentaenoylglycerophosphocholine +  1.77 +  2.01

1-docosahexaenoylglycerophosphocholine +  1.74

1-heptadecanoylglycerophosphocholine -  3.33

1-stearoylglycerophosphocholine -  2.33

1-palmitoylglycerophosphocholine -  2.94

2-stearoylglycerophosphocholine -  2.17

1-stearoylglycerophosphoinositol -  1.89

Sphingolipid palmitoyl sphingomyelin +  1.25

C01189 Sterol/Steroid lathosterol -  1.47

Nucleotide Metabolism

C00147 Purine Metabolism adenine +  1.54

C00212 adenosine +  1.41

C00387 guanosine +  1.16 +  1.26

C00262 hypoxanthine -  1.79

C00294 inosine -  1.79

C05512 2'-deoxyinosine -  2.56 -  2.56

5 ng/L 1,000 ng/L
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Table 3. Fold differences (relative to control) of select metabolites differentially expressed in gill tissue of male Lampsilis fasciola exposed to 5ng/L and 1,000 ng/L 

17α-ethinylestradiol for 4 days and 12 days; Symbols represent up-regulation (+) or down-regulation (-); all metabolites are signficantly different from 0 ng/L (p < 0.05).

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) Day 4 Day 12 Day 4 Day 12

Amino Acid Metabolism

C00065 Glycine, serine and threonine Metabolism serine -  1.33

C01717 Tryptophan metabolism kynurenate -  1.59

Carbohydrate Metabolism

C00329 Aminosugars glucosamine +  1.81

erythronate -  1.75

C00208 Fructose, mannose, galactose, starch, maltose -  16.70

C01835 and sucrose maltotriose -  33.3

C02052 maltotetraose -  25.00 -  7.69

C00181 Nucleotide sugars and pentose xylose +  1.48 +  1.34

Lipid Metabolism

C06428 Essential fatty acid eicosapentaenoate (EPA; 20:5n3) +  1.50

C06424 Long chain fatty acid myristate (14:0) +  1.20

C16300 stearidonate (18:4n3) +  1.92

C03017 Fatty acid and branched chain amino acid propionylcarnitine +  3.07

C02636 Carnitine metabolism 3-dehydrocarnitine +  1.77

Nucleotide Metabolism

C00387 Purine Metabolism guanosine +  1.20 +  1.16

C00242 guanine -  4.17

Xenobiotic

C00160 Chemical glycolate (hydroxyacetate) +  1.34

5 ng/L 1,000 ng/L
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Figure 1. Foot extension of male and female Lampsilis fasciola during the first 4 days (a) 

and last 8 days (b) of 0 ng/L (control), 5 ng/L, and 1,000 ng/L 17α-ethinylestradiol exposure;  

n=12 replicates for the first 4 days and 6 replicates for the last 8 days. Values are mean ± SE.  

Different cases of letters represent significant differences between sexes within treatments 

overlaid with a line (p < 0.05). 
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Figure 2. Lampsilis fasciola male siphoning activity (a) and female lure display behavior (b)  

during the first 4 days and last 8 days of 0 ng/L (control), 5 ng/L, and 1,000 ng/L 17α- 

ethinylestradiol exposure; n=12 replicates for the first 4 days and 6 replicates for the last 8 

days. Values are mean ± SE. 
*
significant difference from the control (p < 0.05). 
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Figure 3. Results of principal components analysis of gender, treatment, and time for all  

metabolites in Lampsilis fasciola gill tissue after exposure to 17α-ethinylestradiol for 12  

days. The proportions of variation of PC1 and PC2 were 52.7% and 47.3%, respectively.  

Abbreviations are as follows: T=time, C=control, L=low, H=high, F=female, M=male, and 

numbers represent sampling day 4 or 12. 

4 
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Chapter 3. Metabolomics, behavioral, and reproductive effects of the aromatase 

inhibitor fadrozole hydrochloride on the Unionid mussel Lampsilis fasciola 

Abstract 

Androgenic effects of endocrine disrupting chemicals (EDCs) may be seen less often than 

those caused by estrogenic compounds because environmental compounds that bind to 

androgen receptors are generally antagonists and block activity of endogenous ligands, 

whereas those that bind to estrogen receptors usually act as agonists and facilitate estrogenic 

effects. However, androgen-induced masculinization of females poses concerns for 

population stability. This work evaluated the effects of 4-12 day exposure of fadrozole 

hydrochloride on the condition, metabolism, and reproductive status of the Unionid mussel 

Lampsilis fasciola. This compound is not common in the environment but was chosen 

because it is a model aromatase (enzyme that converts testosterone to estradiol) inhibitor 

used as a therapeutic drug to treat breast cancer. Adult mussels of both sexes were exposed to 

a control and 3 concentrations of fadrozole (2 µg/l, 20 µg/l, and 50 µg/l) and samples of gill 

tissue were taken on days 4 and 12 for metabolomics analysis soon after exposure and over a 

longer period of exposure time. Gills were used because of the variety of critical processes 

they mediate, such as feeding, ion exchange, and siphoning. Mussel behavior was observed 

daily, including mantle display, foot protrusion, siphoning, and larval (glochidia) releases. 

Glochidia mortality was significantly higher in the 20 µg/L treatment, while the 50 µg/L 

treatment resulted in mortality similar to the control. However, far fewer conglutinate 

releases were observed in the 50 µg/L treatment, and mortality was highly correlated to  
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release numbers. No differences in conglutinate condition could be seen although some 

releases in the 20 µg/L treatment consisted of small and deformed glochidia which likely 

would lower infection success on host fish. Foot protrusion was significantly higher in 

females in nearly all treatments, including the control during the first 4 days of observations, 

and this sex difference was no longer observed during the last 8 days except in the 50 µg/L 

treatment, in which females exhibited significantly lower foot protrusion than the control 

while males showed the opposite. Male siphoning was not affected by fadrozole. Females 

exhibited significantly less frequencies of no mantle lure display in the 50 µg/L treatment 

and significantly less frequencies of full display in the 20 µg/L treatment. Fadrozole affected 

mostly metabolites involved in carnitine metabolism, ornithine metabolism, nucleotide and 

nucleoside metabolism, glucose and glycogen metabolism, and metabolism of monoamines 

and their derivatives. Generally these differences involved significant fold changes in female 

gill tissue in the 2 µg/L treatment while males were mostly affected only at the highest 50 

µg/L treatment. Both sexes also revealed significant reductions in fadrozole-induced 

metabolic effects in gill tissue sampled after 12 days compared to tissue sampled after 4 days, 

indicating time-dependent mechanisms of disruptions in metabolic pathways and homeostatic 

processes to compensate for such disruptions.  

Keywords: Lampsilis fasciola, glochidia, mantle lure display, metabolomics, aromatase 

inhibitor 
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Introduction 

 Thus far, many of the compounds examined for their occurrence, fate, modes of 

action, and risk in endocrine disruption studies are those with assumed estrogenic properties. 

Such emphasis is seen in environmental monitoring (Desbrow et al. 1998; Belfroid et al. 

1999; Swart et al. 2011; Lee et al. 2012), in situ studies (Purdom et al. 1994; Vethaak et al. 

2005), and numerous laboratory exposures. This is understandable given the concern with 

declines in human fertility, sperm count, and semen quality (Giwercman and Bonde 1998; 

Bonde 2010). In addition, some studies have revealed potential declines in wildlife 

populations exposed to environmentally relevant concentrations of natural and synthetic 

estrogens (Kidd et al. 2007; Palace et al. 2009) resulting from intersex individuals or males 

with reduced genitalia (Guillette Jr et al. 1996). Androgenic effects of endocrine disrupting 

chemicals (EDCs) may be seen less often than those caused by estrogenic compounds 

because most compounds that bind androgen receptors act in an antagonistic manner 

compared to more common agonistic activities of compounds that bind estrogen receptors. 

However, females may likely be just as vulnerable, or even more so, as males to EDCs when 

considering androgenic effects and disruptions in enzymatic processes. Androgen-induced 

masculinization of females can pose a concern for population stability (Larsson et al. 2000; 

Vos et al. 2000). Contaminants known to adversely affect female reproduction include 

unidentified androgenic receptor agonists in kraft/mill pulp effluent (Bortone and Davis 

1994; Parks et al. 2001).  

Recent research has focused on chemicals and compounds that act as inhibitors of key 

enzymes in steroid biosynthesis and which display pro- and anti- estrogenic and androgenic 
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properties. This is especially true for clinical studies targeting 17β-hydroxysteroid 

dehydrogenase (Jansson 2009), which is involved in the formation of testosterone (T) and 

androstenediol, in measures to prevent human breast cancer. Sulfatases involved in the 

formation of dehydroepiandrosterone (DHEA) are also a therapeutic target in the prevention 

of testicular cancer (Maltais and Poirier 2011). The enzyme aromatase (CYP19) is necessary 

in the conversion of C19 androgens to C18 estrogens such as β-estradiol (E2). A number of 

compounds have been shown to act as brain and/or ovarian aromatase inhibitors (AIs), 

including the fungicides prochloraz, fenarimol, and propiconazole (Ankley et al. 2005), as 

well as commonly-used breast cancer medications such as exemestane (irreversible) and 

anastrozole and letrozole (reversible) (Santen et al. 2009). In addition, the antifouling 

compound tributyltin (TBT) is known to induce imposex in prosobranch snails, as seen by 

the formation of a pseudo-penis, through possible CYP19 inhibition resulting in elevated free 

testosterone titers, though this mechanism has been questioned (Sternberg et al. 2010). 

Fadrozole is a competitive reversible and selective AI used in breast cancer therapy 

and has been shown to cause adverse effects in fish, birds, mammals, reptiles, and 

amphibians (Elbrecht and Smith 1992; Wibbels and Crews 1994; Afonso et al. 1999; Kitano 

et al. 2000; Ankley et al. 2002; Tamada et al. 2004; Olmstead et al. 2009; Villeneuve et al. 

2009; Langlois et al. 2010). Often, results of these studies show masculinized females and 

males with enhanced testes development and elevated sperm counts. Other than the 

aforementioned work concerned with TBT effects in gastropod mollusks, a detailed literature 

search reveals few, to no, studies examining the effects of aromatase inhibitors in marine or 

freshwater bivalve mollusks. One possible reason for this lack of data may be the assumption 
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that primitive invertebrates in general, and bivalve mollusks in particular, lack the enzymes 

or steroid precursors necessary for their biosynthesis (Scott 2012). No aromatase activity was 

seen in the optic gland of the octopus Octopus vulgaris or in the cerebral ganglion of the 

lobster Homarus americanus (Callard et al. 1978), leading the authors to conclude that 

aromatization is a widely conserved and primitive characteristic of vertebrate phylogenies 

only. However, Callard et al. (1978) did not measure aromatase activity in gonads of these 

two invertebrates, and two different isozymes with aromatization capability have been 

observed in both the brain and ovaries of the goldfish Carrasius auratus (Tchoudakova and 

Callard 1998). In addition, aromatase like activity has been reported in some mollusks 

(Matsumoto et al. 1997; Le Curieux-Belfond et al. 2001; Janer and Porte 2007; Gust et al. 

2010), though aromatization rates are close to detection limits of the methods used to 

determine such activity (i.e. tritiated water release assays, in vitro enzymatic assays, 

radioimmunoassays).  

Freshwater mussels (Order Unionoida) lack a brain and cephalic sensory organs, thus 

leading to reduced centralization of nervous tissue compared to more advanced mollusk 

species. Instead, they have paired cerebral ganglia and pedal ganglia which exert motor 

control over the anterior portion of the animals’ feeding and adductor muscle machinery and 

paired visceral ganglia that exert control over siphoning and posterior adductor muscle 

movement (McMahon and Bogan 2001). Therefore, uncertainty in the effects of an 

aromatase inhibitor such as fadrozole is warranted. However, there is indirect evidence in 

fish, reptiles, and birds that some metabolites may mediate androgen actions (Callard et al. 

1978). There is a possibility that fadrozole may disrupt particular metabolic pathways, 
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especially through alterations in cell signaling, as observed in the marine Mediterranean 

mussel Mytilus galloprovincialis exposed to environmental estrogens and contaminants 

(Canesi et al. 2004; Canesi et al. 2005; Canesi et al. 2011) or may affect an ovarian CYP19 

enzyme, if present. Peptide metabolites involved in neuroendocrine-related pathways may 

also be altered. 

Several countries have implemented “mussel watches” using marine mussels as 

indicators of environmental contaminant concentrations (Claisse 1989; Sericano et al. 1995; 

Monirith et al. 2003) due the benthic and relatively immobile nature of these animals, their 

ability to filter large volumes of water and particulates, and bioaccumulation of toxicants in 

soft tissue. Freshwater mussels have similar characteristics that make them highly exposed 

to, and potentially susceptible to, pollutants and that make them possible indicator species of 

declines in water quality. However, rather than exploiting their utility in environmental 

monitoring, a major concern should be the investigation of possible threats that EDCs and 

other contaminants pose to freshwater mussels. Out of the 297 native species, nearly 72% are 

considered threatened, endangered, or of special concern (Williams et al. 1993). Possible 

causes are numerous and include impoundments and dam construction, habitat destruction 

and alteration, invasive species, and pollution and water quality degradation (Strayer et al. 

2004). More recently, it is estimated that 202 of the nearly 300 Unionid species in North 

America are listed by the Natural Heritage Network as extinct, possibly extinct, imperiled or 

vulnerable (Lydeard et al. 2004). Urbanization and other human disturbances have hastened 

this decline over the past 20 to 50 years. In addition, Unionids can be exposed to a number of 

contaminants at different stages of development due their unique life history which consists 
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of both an obligate parasitic larval stage and free-living juvenile and adult stages, especially 

while burrowing in sediments or filtering from the overlying water column (Vaughn et al. 

2008). 

Unionid sensitivity to, and underlying causes of possible endocrine disruption in these 

species remains in question due to lack of consistent data in reproductive, behavioral, and 

endocrine-related endpoints. Environmental metabolomics is a relatively new and promising 

field designed to facilitate toxicological studies and biomarker development (Miller 2007; 

Southam et al. 2011; Fasulo et al. 2012). By examining changes in low molecular weight 

metabolites using high throughput analysis in response to environmental stressors (Viant 

2007), metabolomics offers an advantage of discovering multivariate combinations in 

metabolic profiles that may go otherwise unnoticed if attempting to verify the presence of a 

specific marker.  

The wavy-rayed lampmussel, Lampsilis fasciola is distributed throughout the eastern 

United States, from tributaries of the Great Lakes to drainage basins of the Ohio, Mississippi, 

and Tennessee Rivers. This species was chosen for use in experiments because this lab has 

previously conducted extensive glochidia and juvenile testing with a similar species, L. 

siliquoidea (Bringolf et al. 2007a; Bringolf et al. 2007b; Bringolf et al. 2007c), and so there 

is familiarity with husbandry protocols, exposure protocols, and toxic outcomes in these 

earlier life stages. In addition, L. fasciola is sexually dimorphic, with males exhibiting a more 

streamlined and smoother shell slope compared to the broader, steeper shell slopes of 

females. These mussels are found naturally in shallow creeks and streams, where males 

release sperm into the water column in late summer. Females siphon the sperm, eggs are 
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fertilized in ovaries, and fertilized eggs are shunted to specialized brooding demibranchs 

known as marsupial gills where larval glochidia continue to develop. Members of the tribe 

Lampsilini are considered bradytictic, or long-term brooders, and females retain glochidia 

throughout the winter and release them in spring and early summer to infect the appropriate 

host fish. Females use mantle flap lures that resemble minnows or worms to attract host fish 

and then release thousands of parasitic glochidia into the buccal cavity of the fish and the 

surrounding water when the fish strikes the lure (Barnhart et al. 2008). Glochidia generally 

metamorphose into juveniles after several weeks of encystment, depending on temperature, 

on the host fish gills or fins. Afterwards, they release and fall to the sediment where they 

continue further development into benthic dwelling adults. 

The purpose of this research was to evaluate and identify possible adverse effects of 

fadrozole on the adult freshwater mussel L. fasciola through changes in behavior, 

reproduction, and metabolic pathways. It should be noted that while aromatase activity was 

not measured specifically, focus was placed on endpoints known to indicate possible 

endocrine disruption or contaminant-related acute-phase stress in Unionids. In addition, 

previous work in this lab (Chapter 2) assessed these same endpoints using the synthetic 

estrogen 17α-ethinylestradiol (EE2), and there was interest in comparing a compound with a 

known differing mode of action. Rather that acting in a classical receptor-mediated fashion, 

EE2 in that study appeared to affect metabolites related to energy and fatty acid metabolism 

as well as neuroendocrine-related pathways and neurotransmitter precursors (Chapter 2). 

Fadrozole is not considered to be ecologically relevant, but its selectivity and reversible 

nature allowed its use as a model AI for this research. One hypothesis was that female 
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reproduction would be affected in a negative, concentration-dependent manner as metabolic 

profiles changed. Possible effects in males were uncertain, but there was an assumption of 

relatively few changes in metabolites other than those related to gonad maturation.  

Materials and Methods 

Collection, transport, and holding of animals 

In order not to deplete natural populations, adult (<2 years of age) L. fasciola were 

obtained from captive culture at the Alabama Aquatic Biodiversity Center near Marion, AL 

(USA) after propagation with standard host fish infection strategies (Barnhart et al. 2008) . 

All mussels were offspring of a single female collected from the Paint Rock River (N 34 

47.733’ W 86 14.396’) in Jackson County, AL on June 11, 2009. Glochidia were transformed 

into juveniles on Redeye Bass (Micropterus coosae) obtained from the Eastaboga Fish 

Hatchery in Calhoun County, AL, juveniles were reared in pond water cages, and adults were 

transferred to flow-through basins containing the same pond water. Mussels were selectively 

chosen from basins to maintain a consistent size and were transported to North Carolina State 

University’s Aquatic Toxicology Laboratory on May 19, 2011 using coolers with pond 

water-saturated towels and ice packs indirectly contacting mussels to maintain temperature at 

19°C.  

Mussels were allowed to recover from the 10 h trip in 19 cm high by 81 cm diameter 

holding tanks containing a mixture of 64 L of synthetic reconstituted hard water (ASTM 

2006) and culture water taken from the Alabama Aquatic Biodiversity Center. After this 

time, they were fed a 60 ml mixture of Instant Algae® shellfish diet (2 ml) and 

Nannochloropsis concentrate (1 ml) diluted in 1 L deionized water (Reed Mariculture, 
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Campbell, California, USA) every 48 h. Males and females were segregated based on 

external shell morphology and gill characteristics by two trained independent evaluators after 

unanimous agreement. Nearly 95% of females were actively brooding and could be identified 

by lure display and full water tubes in marsupial gills, while males were confirmed by lack of 

marsupial gills. Soon afterwards (~10 days), mussels were transferred to a Living Stream® 

recirculating system with false bottom (84” X 24”; 140 gallons; 1.5 minutes cycling time) 

with a heater/chiller unit maintained at 20°C with a 12:8 light/dark cycle. Mussels were held 

for 1.5 months before beginning this experiment, with bi-weekly water changes and 48 h 

feeding period, and exhibited normal behavior, viable glochidia release, and feeding, 

indicating this long holding time did not adversely affect their condition.  

Mussel Toxicity Testing 

 Experimental animals were acclimated for at least 24 h in 19°C to 20°C 3.75 L 

aquaria with well-aerated ASTM hard water (ASTM 2006) provided by a central aeration 

unit (Sweet Water Air Pump SL24 Aquatic Eco-Systems, Inc., Apopka, Florida, USA). 

Experimental procedures followed the guidelines for conducting toxicity tests with early life 

stages of freshwater mussels (ASTM 2006), with modifications for testing adult mussels, 

such as number of replicates and duration of exposure. Because of the relatively high water 

solubility of fadrozole hydrochloride (20 mg/mL DMSO; log Kow of 1.92), working solutions 

(Sigma-Aldrich, St. Louis, MO, USA) were created by dissolution in ASTM hard water to 

create stock solutions of 1 mg/mL and 0.4 mg/mL. Test aquaria were preconditioned at least 

48 h before experiments with the appropriate concentration of stock solution in 2L ASTM 
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hard water. The effects of fadrozole were assessed at three nominal concentrations of 2 µg/L, 

20 µg/L, and 50 µg/L, along with a control of only ASTM hard water.  

Experimental design 

 Mussels were weighed and measured prior to placement in experimental aquaria. 

They averaged 36.9 mm in length, with a range of 30.5 to 43.4 mm, and had a mean weight 

of 8.63 g, ranging from 5.41 to 13.46 g. They were allowed to feed 24 h before the 

acclimation period while still in holding tanks, thus resulting in a 48 h lapse between feeding 

and treatment exposures. Each treatment and control consisted of 24 females and 24 males 

selected randomly from holding tanks, with four mussels per experimental aquarium 

replicate. In order to avoid possible sexual bias, each aquarium consisted of 2 males and 2 

females, resulting in 12 experimental aquaria per treatment. Shells of each individual were 

scored with a unique identifying mark to be used for observational endpoints (Fig. A1). Test 

aquaria were maintained at 20°C, with gentle aeration. Alkalinity and hardness were 

measured on samples of water from every new batch of ASTM water made throughout the 

experiment. Alkalinity was determined by titration with 0.02 N H2SO4 to pH 4.5, and 

hardness was determined by titration with 0.01 ethylenediaminetetraacetic acid (Table C1) 

(APHA 1998). A calibrated multiprobe (YSI Model 556 MPS, Yellow Springs Instruments, 

Yellow Springs, OH, USA) was used to measure pH, dissolved oxygen, conductivity, 

salinity, and temperature daily in the treatment aquaria (Table C2). Water renewals (100%) 

and fresh chemical additions of fadrozole were conducted daily.  
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Reproductive and behavioral endpoints 

 All mussels were observed twice daily for foot extension and swelling, male 

siphoning, female lure display, and conglutinate (packets of eggs and/or glochidia) releases 

by females until time of sampling (Fig. A2). Half of the females and half of the males (n=12 

for each sex) were sampled from each treatment 4 days after exposures began. The remaining 

24 mussels were fed on day 6 and allowed to filter for at least 1-2 h prior to water renewal, 

and they were sampled on day 12. This feeding regimen allowed a consistent period of 6 

days between feeding and sampling for both sets of mussels to minimize nutritional artifacts 

and to sustain them throughout the duration of the experiment. No mortality was noted in any 

treatment throughout the experiment. Upon sampling, individuals were again weighed and 

measured. The two marsupial gills for each female were excised, weighed to the nearest mg, 

and normalized to female wet weight. An Olympus Binocular Stereo Microscope (20X-40X) 

was used to determine the number of full water tubules in each gill compared to the total 

number of tubules and whether tubules contained glochidia, eggs, or a mixture.  

 Observations were conducted by one trained independent evaluator, and every effort 

was made to designate a consistent time for observation early (10:00-11:00 AM) and late 

(2:00-3:00 PM) in the day. To allow animals to behave normally, aquaria were not disturbed, 

and individuals were observed at a distance for as long as necessary to determine behaviors. 

Effects of fadrozole on foot extension and male siphoning were assigned a binary designation 

as to the behavior occurring or not occurring. Female lure display designations were 

modified and reduced from six stages (Bringolf et al. 2010) to three stages of no display, 

partial display, or full display. Prior to daily water changes and chemical renewals, released 
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conglutinates were collected from each aquarium and examined under an Olympus 

Stereoscope for condition, as determined by the presence of eggs only, a mixture of eggs and 

glochidia, or glochidia only. In cases where glochidia were seen in conglutinates, three 

replicates were taken of 50 glochidia each (when possible) and placed into individual wells 

of a BD Falcon™ 24-microwell plate. Viability of glochidia was assessed by noting the 

number of closed valves prior to, and the number of open valves after, the addition of 3 drops 

of a saturated sodium chloride (35‰) solution.  

Metabolomics  

Four females and four males were randomly chosen from holding tanks on day 0, and 

their gill tissue was excised and pooled for a total of ~150 mg tissue per sex. In addition, gill 

tissue was excised and pooled (~150 mg) from 4 individuals of each sex from the 24 mussels 

sampled on day 4 and the remaining 24 sampled on day 12 (n=3 pooled tissue samples for 

each sex on each day). Because of cost constraints, only the control and lowest (2 µg/L) and 

highest (50 µg/L) fadrozole treatments could be examined for metabolomics effects. Tissue 

was blotted dry, weighed to the nearest mg in a pre-weighed 1.5 ml cryovial, flash frozen in 

liquid nitrogen, and immediately placed into a -80°C freezer until metabolomics analysis. 

Gill tissues were transported on dry ice to Metabolon, Inc. (Durham, NC, USA) for full 

metabolite analysis. A detailed description of the proprietary analytical techniques used by 

Metabolon, Inc. can be found elsewhere (Lawton et al. 2008; Evans et al. 2009). A brief 

description of analytical and quality control procedures are presented below. 

 Each individual sample received by Metabolon was assigned its own unique identifier 

to track sample handling, processing, results, etc., and this was linked back to the original 
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sample source only. When portions of a sample were isolated for a new task or analysis these 

were also given a unique identifier. Samples were prepared on an automated MicroLab 

STAR® system (Hamilton Robotics Company). Prior to the first step, recovery standards 

were added to assess instrument variability and verify optimal processing for quality control 

purposes. A series of organic and aqueous extraction procedures commonly used by 

Metabolon was used to remove protein fractions while allowing for recovery of small 

molecules. The resulting extract was divided into two portions for analysis by liquid 

chromatography (LC) and gas chromatography (GC), briefly evaporated on a TurboVap® 

(Zymark Corporation) to remove organic solvent, frozen, and dried under vacuum.  

For quality control and quality assurance purposes a number of standards and samples 

were used in analysis runs each day. A reference standard of human plasma characterized 

extensively by Metabolon was used to assure all processes were operating within 

specifications. A small pool of sample was used to assess non-plasma matrix interference on 

instrument variability compared to biological variability. A pure water blank was used to 

assess the contribution of compound signal in the process, and a solvent blank was added to 

assess potential contamination in extraction and processing steps. A derivitization standard 

assesses derivitization variability in samples process on GC/MS. Finally, an internal standard 

was added to assess instrument variability and performance. Instrument variability was 

calculated from the median relative standard deviation (RSD) of the internal standards that 

were injected prior to analysis, while total process variability was calculated from the median 

RSD for technical replicates of the endogenous metabolites. Instrument variability was 
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estimated to be 4%, and total process variability was estimated to be 12%, both of which 

complied with Metabolon’s QC acceptance criteria. 

The liquid chromatography/mass spectrophotometer (LC/MS) portion of the platform 

was based on a Waters Acquity ultra high-performance liquid chromatograph and a Thermo-

Finnigan linear trap quadrupole mass spectrometer, which consisted of an electrospray 

ionization source and linear ion-trap (LIT) mass analyzer. The sample extract was split into 

two aliquots, dried, then reconstituted in acidic or basic LC-compatible solvents, each of 

which contained 11 or more injection standards at fixed concentrations. One aliquot was 

analyzed using acidic positive ion optimized conditions and the other using basic negative 

ion optimized conditions in two independent injections using separate dedicated columns. 

Extracts reconstituted in acidic conditions were gradient eluted with water and methanol, 

both containing 0.1% formic acid. The basic extracts, which also consisted of 

water/methanol, contained 6.5 mM ammonium bicarbonate. The MS analysis alternated 

between MS and data-dependent MS
2
 scans using dynamic exclusion. Accurate mass 

determination was achieved with a similar platform as above but with a LIT front end and a 

Fourier transform ion cyclotron resonance mass spectrometer backend. The samples 

separated for GC/MS analysis were re-dried under vacuum desiccation for a minimum of 24 

h prior to being derivatized with bistrimethyl-silyl-triflouroacetamide under dried nitrogen. 

The GC column was 5% phenyl and the temperature ramp was from 40° to 300° C in a 16 

min period. Samples were analyzed on a Thermo-Finnigan Trace dual-stage DSQ fast-

scanning single-quadrupole MS with electron impact ionization. Metabolon’s Laboratory 

Information Management System (LIMS) was used to automate auditable sample 
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accessioning and preparation and instrumental analysis and reporting, followed by advanced 

data analysis. Data extraction from raw MS files was entered into a database, and proper QC 

limits were imposed. Peaks were then analyzed using Metabolon’s proprietary peak 

integration software. Metabolon data analysts use proprietary visualization and interpretation 

software to confirm the consistency of peak identification among the various samples. 

Library matches for each compound were checked for each sample and corrected if 

necessary. All compounds were identified by comparison to library entries of purified 

standards or recurrent unknown entities. Identification of known chemical entities was based 

on comparison to metabolomics library entries of purified standards. As of this writing, more 

than 1000 commercially available purified standard compounds had been acquired registered 

into LIMS for distribution to both the LC and GC platforms for determination of their 

analytical characteristics (Lawton et al. 2008; Evans et al. 2009). The combination of 

chromatographic properties and mass spectra gave an indication of a match to the specific 

compound or an isobaric entity. Additional entities could be identified by virtue of their 

recurrent nature (both chromatographic and mass spectral). These compounds have the 

potential to be identified by future acquisition of a matching purified standard or by classical 

structural analysis.  

Statistical analyses 

 All data were examined using the statistical program SAS Enterprise Guide 5.1 (Cary, 

NC, USA) and the graphing/statistical program GraphPad Prism 6.0 for Windows (GraphPad 

Software, La Jolla, CA, USA, www.graphpad.com). Significance was determined at α = 0.05. 

Data for glochidia viability was unable to be normalized, and a non-parametric Mann-

http://www.graphpad.com/
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Whitney test determined that neither glochidia viability was affected by treatment exposure 

period (p = 0.5707) nor was conglutinate condition, so glochidia mortalities and condition for 

all treatments were grouped regardless of which day conglutinates were sampled. However, 

because several aquaria released multiple times, a generalized linear mixed model was used 

to examine the effects of treatment on binomial data of glochidia mortality and ordinal data 

of conglutinate condition, with observation number of each release per aquarium used as a 

random repeated variable. This was followed by a Dunnett’s post-hoc comparison of the 

control against each fadrozole treatment. A Mann-Whitney test was used to determine effects 

of treatment on number of conglutinate releases per aquarium during each observational 

period. A Holm-Šidák post-hoc comparison was used to compare time differences. 

 A mixed model was conducted on the weight of female marsupial gills normalized to 

female wet weight, as well as on the percentage of full water tubes using the main effects of 

time sampled (day 4 or day 12) and treatment. Correlation followed a variance component 

structure. A Holm-Šidák post-hoc comparison was used to compare time differences, and a 

Dunnett’s post-hoc test was used to compare all treatments against the control. A generalized 

linear mixed model was used to examine the effects of time period, treatment, and sex on 

foot extension. Only seven observations were able to be conducted in replicate aquaria that 

were sampled on day 4, while the remaining replicates had a total of 22 observations. These 

observations of behavior per mussel were considered repeated effects, and replicate was 

added as a random effect. The frequency of foot protrusion for each individual after all 

observations was used to determine the mean for the six replicates sampled per treatment on 

days 4 and 12. Generalized linear mixed models were also used to examine the effects of 
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treatment and time period on male siphoning and female mantle lure display. In all cases, 

correlation followed a variance component structure. A Dunnett’s post-hoc comparison was 

used to examine differences in treatments for foot extension in males and females, lure 

display in females and siphoning in males. 

For comparisons consisting of more than one day, metabolomics data was normalized 

to correct for inter-day tuning and calibration variation in analytical instruments. In these 

cases each compound was corrected in run-day blocks by designating the medians as equal to 

one (1.00) and normalizing each data point proportionately (considered “block correction”). 

For comparisons within the same day, no normalization was necessary. Missing values, 

which accounted for 7% of all analytical measurements, were assigned the minimum value 

for each compound, and a three-way ANOVA was used to determine the effects of sampling 

time period, sex, and treatment on each measured metabolite, as well as any possible 

interactions. A false discovery rate was used to improve confidence of the numerous possible 

pairwise comparisons commonly accompanying metabolomics-based studies. Influences of 

sex, treatment, and sampling period were examined using principal components analysis 

(PCA) to transform multiple metabolic variables into a smaller number of orthogonal 

variables to analyze the differences in the separate exposure conditions. Random forest 

classification was used to determine how well compounds could be classified into groups for 

biological pathway analysis, and top compounds of interest were identified by variable 

importance. The top 30 biochemicals in each classification group were considered for further 

analysis. Statistical analysis for bioinformatics data was performed using the program “R” (R 

Development Core Team, 2008.) 
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Results 

Female reproduction 

 Over the course of the 12 day exposure, the control had a total of 17 conglutinate 

releases, while 21, 19, and 10 releases were noted in the 2 µg/L, 20 µg/L, and 50 µg/L 

treatments, respectively (Fig. 1 inset). In order to correct for the loss of sample replicates due 

to sampling halfway through the experiment, releases were compared on a per aquarium 

basis overall and for each observational period. There was no significant effect of treatment 

(p = 0.0858) or interaction between treatment and time (p = 0.8401). However, there was a 

significant effect of time (p = 0.0065), and this was seen mostly in the control, which showed 

a higher number of releases during the last 8 days than during the first 4 days (Fig. 1). 

 While total number of conglutinate releases showed an obvious decline at 50 µg/L 

fadrozole relative to the control, when examining on a per-aquarium basis, this difference 

was not apparent. This lack of treatment effect suggests a discrepancy in conglutinate 

releases between replicate aquaria and that some aquaria hardly had any releases while others 

had multiple releases. In fact, once time is corrected for due to the loss of some replicates 

after 4 days, the trend seen in overall release numbers was driven primarily by occurrences 

during the first 4 days. For example, 42% of the 12 control aquaria released conglutinates 

during the first 4 days, while 100% of the remaining 6 replicates released after 8 days, with 

the highest number of releases being 4 in two aquaria. Females exposed to 2 µg/L released in 

75% of the replicates during the first 4 days and in only 33% during the last 8 days, with the 

highest release number of 4 in one replicate. Females exposed to 20 µg/L released in 41% of 

the replicates during both periods, with one replicate releasing 5 times. Finally, females 
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exposed to 50 µg/L released in 25% of replicates during the first 4 days and 50% during the 

last 8 days, with a high of 3 releases in two aquaria. 

 Percentage of glochidia mortality was significantly higher (p = 0.0215) in the 20 µg/L 

treatment than in the control (Fig. 2). A nonparametric Spearman correlation test revealed a 

significant correlation between mortality and release data (p = 0.0191), suggesting the two 

variables were related. Conglutinate condition did not vary among treatments, as there was 

only one egg-containing conglutinate released at 20 µg/L on day 11 and one each of a mixed 

conglutinate released by the control and 2 µg/L treatments. At 50 µg/L, only glochidia were 

released (Data not shown). 

Almost all females contained only developing glochidia in their marsupial gills upon 

excision, with very few marsupial gills containing eggs. However, it should be noted that at 2 

µg/L, one female sampled after four days had a mixture of eggs and glochidia in gills, as did 

one female sampled after 12 days. At 20 µg/L, 3 females sampled after 4 days and one 

female sampled after 12 days had both glochidia and eggs in gills. The control and 50 µg/L 

treatment did not have eggs or mixtures in any gills (Data not shown). There was no 

significant effect of treatment (p = 0.8826) or interaction of treatment and time (p = 0.4513) 

on gill weight normalized to female weight. However, there was a highly significant time 

effect (p < 0.0001), with greater gill weights seen in females collected after 4 days than after 

12 days in the control (Fig. 3). Female wet weights were 8.14 ± 0.40 g and 7.91 ± 0.025 g for 

the control replicates sampled on days 4 and 12, respectively. These were 8.04 ± 0.315 g and 

8.04 ± 0.363 g for the 2 µg/L treatment, 7.87 ± 0.420 g and 8.81 ± 0.588 for the 20 µg/L 

treatment, and 8.39 ± 0.160 and 8.54 ± 0.433 g for the 50 µg/L treatment. Percentage of gills 
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full with brooding glochidia or mixtures was not affected by treatment (p = 0.2721). There 

was a highly significant effect of time (p < 0.0001) and a significant time and treatment 

interaction (p = 0.0123), however. Only the 20 µg/L treatment did not show any difference in 

gill fullness of females sampled after 4 days compared to those sampled after twelve days. In 

the other treatments and the control, gills were fuller in females sampled after 4 days (Fig. 3). 

In addition, gills from females sampled after 4 days in the control were significantly fuller 

than those in females from the 20 µg/L treatment (p = 0.0002). In females sampled after 12 

days, no statistically significant differences in treatments could be seen.  

Male and female behavior 

 There were significant effects of time (p = 0.0098) and sex (p < 0.0001) for foot 

extension of mussels throughout the 12 day exposure, but there were no treatment differences 

(p = 0.5208). However, there was a highly significant treatment and gender interaction (p < 

0.0001) as well as a significant time and gender interaction (p = 0.0024). During the first 4 

days of observations, females exhibited higher degrees of foot protrusion than males in all 

but the 2 µg/L treatment (Fig. 4a). During the last 8 days of observations, female and male 

foot protrusion was similar in all but the 50 µg/L treatment. Sex differences seen in the 50 

µg/L treatment during the last 8 days primarily resulted from significantly higher foot 

protrusion than the control in females (p = 0.0063) and significantly lower foot protrusion 

than the control in males (p = 0.0072) (Fig. 4b). 

 Male siphoning was not affected by time (p = 0.1668) or treatment (p = 0.1546) (Fig. 

5a). For female mantle lure display, time had no effect (p = 0.5129), and results of display 

behavior were pooled over both time periods to increase sample size. This resulted in a 
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highly significant effect of treatment (p < 0.0001) on display behavior. In the 20 µg/L 

fadrozole treatment, female full display was significantly lower compared to the control (p = 

0.0002). While full display was similar between the control and 50 µg/L treatment, there 

were significantly lower instances of no display in the latter (p < 0.0001) (Fig. 5b).  

Metabolomics 

 Metabolomics analysis revealed 240 known biochemical compounds in freshwater 

mussel gill tissue. The numbers of metabolites significantly affected by fadrozole exposure in 

test mussels (α = 0.05; corrected for false discovery rate q < 0.1) were, in increasing 

influence, 40 by time, 29 by treatment, and 57 by sex. There were also 24 metabolites 

affected by a treatment and time interaction, 8 by a treatment and sex interaction, 12 by a sex 

and time interaction, and 20 by a three-way interaction. The majority of metabolites detected 

were lipids (~46%), followed by amino acids (~23%), along with 10% nucleotides and ~8% 

carbohydrates. PCA analysis did not show a strong clustering pattern in response to time, 

sex, or treatment (Data not shown). However, fadrozole affected a number of metabolites in 

key metabolic super pathways, especially on day 4, and sex-specific differences could be 

seen as male gill tissue was most often affected by the higher fadrozole concentration, 

whereas female gill tissue was affected in even the 2 µg/L treatment (Fig. 6). 

 In female gill tissue sampled after 4 days, there was a significant increase in the final 

glycogen metabolite glucose-6-phophate (G6P) in the 2 µg/L fadrozole treatment compared 

to the control (Table 1). In male gill tissue, both the 2 µg/L and 50 µg/L treatments resulted 

in significant increases in G6P (Table 2). After 12 days, control levels of G6P rose as did 

those in female gill tissue in all treatments (data not shown), thus reducing significance of 
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fold changes in fadrozole treatments (Table C3). Fructose-6-phosphate (F6P) was 

significantly up-regulated in both sexes on day 4, but female gill tissue was mostly affected 

in the 2 µg/L treatment (Table 1) while male gill tissue showed an effect in the 50 µg/L 

treatment (Table 2). As with G6P, these treatment differences were no longer observed in 

either sex on day 12 (Table C3). There was significant up-regulation in glutamate in the 2 

µg/L treatment in female gill tissue collected after 4 days (Table 1). Male gill tissue showed 

differences from the control in glutamine, another metabolite involved in glutamate 

metabolism, only at the highest concentration of 50 µg/L, in which it was down-regulated 

(Table 2). 

In both sexes, there was a consistent and significant up-regulation in purine and 

pyrimidine nucleoside- and nucleotide-related metabolites such as adenosine 5’ 

monophosphate (AMP), guanosine 5’ monophosphate (GMP), 2’-deoxyadenosine 3’-

monophosphate, 2’-AMP, guanosine, 2’-deoxycytidine 5’-monophosphate, and uracil in both 

fadrozole treatments in relation to the controls after 4 days, followed by down-regulation 

after 12 days. These nucleotide changes were seen in male gill tissue only in the 50 µg/L 

treatment (Table 2), but effects were apparent in female gill tissue even in the 2 µg/L 

treatment (Table 1). The energy-related component of organic phosphate (Pi) was 

significantly up-regulated in female gill tissue on day 4 in both fadrozole treatments (Table 

1). In male gill tissue, on both days in the 2 µg/L treatment, inorganic pyrophosphate (PPi) 

was significantly up-regulated (Table 2). There was also significant up-regulation in the 

redox cofactors flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) in both 

sexes after 4 days, although female gill tissue exhibited this increase with both cofactors in 
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both fadrozole concentrations (Table 1), and male gill tissue FMN was only affected in the 

50 µg/L treatment (Table 2). 

Several gender-specific differences could be seen in metabolites involved in arginine 

and proline metabolism. Ornithine was significantly up-regulated in female gill tissue in the 2 

µg/L treatment on day 4 (Table 1). Several other metabolites involved in proline metabolism 

such as proline and 5-aminovalerate were significantly down-regulated in both fadrozole 

treatments in male gill tissue, with most effects occurring in the 50 µg/L treatment (Table 2). 

Although not significant (p < 0.1), a common side product of ornithine metabolism, 5-

methylthioadenosine (5-MTA) was consistently down-regulated to a higher degree in male 

gill tissue in both fadrozole treatments than in female gill tissue (Table C3). In female gill 

tissue, the dipeptide leucylalanine was significantly down-regulated in both fadrozole 

concentrations on day 4, while leucylglycine was significantly up-regulated in the 2 µg/L 

treatment (Table 1). The only significant treatment effect on peptides in male gill tissue was a 

down-regulation in gamma-glutamylleucine in the 50 µg/L treatment on day 4 (Table 2).  

Fadrozole treatment often resulted in significant up-regulation of aromatic amino 

acids (phenylalanine and tyrosine), as well as several of their metabolites such as 

phenylpyruvate, phenyllactate, and phenylacetate in female gill tissue in the 2 µg/L treatment 

on day 4 (Table 1). In male gill tissue, several aromatic amino acids and their derivatives 

were also significantly affected, although no clear pattern was apparent due to up-regulation 

and down-regulation both occurring (Table 2). The only aromatic amino acid acting in a 

similar manner in both male and female gill tissue was phenylpyruvate, which displayed 

significant up-regulation in female gill tissue on day 4 in the 2 µg/L treatment (Table 1) and 
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in male gill tissue on day 12 in the 2 µg/L treatment and on day 4 in the 50 µg/L treatment 

(Table 2; Table B3). C-glycosyltryptophan, the glycosylated derivative of the serotonin 

precursor tryptophan, also was significantly up-regulated in female gill tissue on day 4 in the 

2 µg/L treatment (Table 1).  

In female gill tissue, there was significant up-regulation of carnitine in the 50 µg/L 

treatment on day 4 and of 3-dehydrocarnitine in both treatments on day 4. However, 

propionylcarnitine was significantly down-regulated in the 2 µg/L treatment on day 4 (Table 

1). In male gill tissue, carnitine was significantly up-regulated in the 50 µg/L treatment on 

day 12 (Table 2). Significant up-regulation of inositol-1-phosphate (IP1), a metabolite 

involved in the phosphatidylinositol (PI) pathway occurred in female gill tissue in both 

fadrozole treatments on day 4 (Table 1). Significant up-regulation of IP1 also was observed 

in male gill tissue in the 50 µg/L treatment on day 4, and myo-inositol phosphate also 

involved in inositol signaling was significantly up-regulated in the 50 µg/L treatment on day 

4 and down-regulated on day 12 (Table 2).  

Discussion 

Previous work in this lab resulted in increased conglutinate releases in L. fasciola 

overall with EE2 exposure (Chapter 2). Similar results were seen with freshwater mussels 

exposed to EE2 in pond mesocosms (Dr. Chris Barnhart, personal communication). In 

contrast, fadrozole was seen to delay oocyte maturation in goldfish Carassius auratus (Zhang 

et al. 2009), to reduce hatching success in chickens (Elbrecht and Smith 1992), to lower 

fecundity in fathead minnows Pimephales promelas (Ankley et al. 2002), and to reduce the 

number of neonates in brood pouches of the New Zealand mudsnail Potamopyrgus 
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antipodarum (Gust et al. 2010). Due to the thousands of glochidia and/or eggs released in 

conglutinates in the current study, it was difficult to enumerate individual offspring at a per-

female or per-aquarium level. In addition, released conglutinates were often broken up by 

movement of animals or by the current created by air stones. Because of this, true fecundity 

was unable to be determined for each treatment, and a lower resolution measurement of 

conglutinates released per aquarium was used instead. Number of releases was generally the 

same between the first two fadrozole concentrations and the control, suggesting these 

concentrations do not affect conglutinate release. Females exposed to 50 µg/L released fewer 

conglutinates than the control overall, but this was not considered significant when compared 

by releases per aquarium, possibly because of the variability in the numbers of releasing 

females in each aquarium. These results suggest that fecundity may decline with increasing 

fadrozole concentration, especially in the 50 µg/L treatment, but this decline is not significant 

and does not affect female conglutinate release at concentrations tested here.  

The two endpoints of conglutinate releases and glochidia mortality were highly 

related to each other, and it is not unreasonable to assume the primary effect of high 

fadrozole concentrations on female reproduction may simply be reduced fecundity, which 

disproves the hypothesis of concentration-dependent mortality. Glochidia in this experiment 

were retrieved upon immediate release by females whenever possible, resulting in short 

exposure times of generally one to two hours, or 8 to 12 hours if releases occurred overnight. 

Therefore, it is highly unlikely that fadrozole directly caused mortality, and exposure in 

marsupia through filtration activity of females may have resulted in higher glochidia 

mortality and morphological deformities. The only known effects of fadrozole on glochidia 
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prior to release were likely through indirect maternal stress. Concurrent work in this lab has 

revealed that glochidia remain viable in excised marsupial gills as long as the gill membrane 

remains intact and aeration is provided to prevent bacterial degradation (data not shown). 

This observation supports the hypothesis that little exposure is occurring directly to glochidia 

in these water-tight brooding compartments, especially due to the low lipophilic nature of 

fadrozole and its likely difficulty in diffusing through the gill membrane. Mortality in 

treatments ranged from 7 to 21%, with 7% mortality also occurring in the control. This is 

similar to the range of mortality caused by fadrozole exposure in larval tropical clawed frogs 

Xenopus tropicalis (Olmstead et al. 2009), where mortality ranged from 13 to 21%, and the 

highest mortality was seen during the first 3 days. In the current study, mortality was ~13% 

during the first 4 days and 16% the last 8 days.   

Unlike previous work with EE2 (Chapter 2), only one conglutinate contained eggs, 

and there were few mixtures. Few eggs were also observed in marsupial gills of females in 

fadrozole treatments relative to the control, indicating fadrozole does not impede larval or 

oocyte development. However, it should be noted that some females exposed to 20 µg/L 

released small and deformed live glochidia (Fig. 2b), and at least one female in the 50 µg/L 

treatment released conglutinates that were trapped in mucus. Freshwater mussels that 

undergo emersion and other types of stress not only close valves but also tend to release 

mucus to “glue” valves shut and retain water (Byrne and McMahon 1994). Small, viable but 

deformed glochidia, along with excess mucus in conglutinates may potentially reduce 

glochidia infection of host fish under natural conditions. Only the control displayed 

differences in gill weights between sampling days 4 and 12, which can be explained by the 
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significantly higher number of conglutinate releases occurring during the last 8 days than 

during the first 4 days. Despite a lower percentage of gill fullness, the 20 µg/L treatment 

showed similar gill weights as the control after 4 days, which may be explained by water 

intake through increased ciliary action and widening of water canals (ostia) (Gardiner et al. 

1991). This could lead to weight gain in gill tissues through fadrozole-induced changes in 

serotonin regulation, cAMP signaling, and ion flux (Dietz and Graves 1981; Dietz et al. 

1982; Dietz et al. 1992) controlling such water intake.  

  During the first four days of exposure, both males and females tended to remain 

either completely closed or maintain open valves with no sign of foot protrusion, but females 

generally exhibited more foot protrusion than males. Only during the last 8 days were 

differences between sexes eliminated, mostly because females tended to decrease foot 

protrusion while males increased foot protrusion slightly in all but the highest fadrozole 

treatment. L. siliquoidea exposed to fluoxetine were observed to have increased foot swelling 

and extension (Bringolf et al. 2010; Hazelton et al. 2013), which the authors attributed to a 

disruption of the serotonergic pathway or to inefficient regulation of ostia in gill filaments. 

Changes in foot protrusion exhibited by females and males in the 50 µg/L treatment might be 

due to disruptions in such neurotransmitter or monoamine signaling caused by changes in 

calcium or calmodulin intracellular concentrations (Zhang et al. 2009; Martyniuk et al. 2010) 

or ion transport (Villeneuve et al. 2009). 

Males in these experiments were required to remain open only to siphon, whereas 

females were brooding and maintained open valves due to their instinctual nature to attract a 

host fish. Because of this difference between the two sexes, females could have been 
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potentially exposed to higher concentrations of fadrozole relative to males. Several marine 

mollusks such as Crassostrea gigas and Mytilus edulis have been shown to close their valves 

when exposed to toxicants like copper (Manley and Davenport 1979). This may be a form of 

toxicant avoidance or a response to general stress, as freshwater mussels also close their 

valves upon emersion (Byrne and McMahon 1994). This behavioral pattern results in 

increased resting periods, and occasional gaping to maintain gas exchange and reduce 

anaerobic metabolism (Cope et al. 2008). All treatments resulted in ~80% male siphoning 

during the entirety of this experiment, suggesting a twelve day exposure period is too short or 

that fadrozole concentrations were inadequate to cause males to resort to toxicant avoidance 

by closing their valves. 

Fluoxetine was seen to increase female L. siliquoidea and L. fasciola mantle lure 

display at 300 and 3,000 µg/L (Bringolf et al. 2010; Hazelton et al. 2013). In contrast, 

females exposed to fadrozole exhibited significantly lower display behavior in the 20 µg/L 

treatment. Similar declines in lure display behavior were observed in L. fasciola exposed to 5 

ng/L and 1,000 ng/L EE2 (Chapter 2). Fadrozole may have more actions other than simply 

behaving as an AI in teleost fishes at higher concentrations (Villeneuve et al. 2009). Changes 

in lure display behavior at the two highest concentration of fadrozole may be again be due to 

disruptions in serotonin or dopamine signaling, as evidenced by changes in these 

catecholamine metabolites presented here. Alternatively, lure display requires a high degree 

of activity due to the pulsating action of mantle tissue to attract fish, and metabolic analysis 

indicated that L. fasciola was under a high energy demand, as seen by increased phosphate, 

pyrophosphate, and other ATP hydrolysis metabolites in fadrozole treatments. Cellular 
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activity to compensate for xenobiotic and oxidative stress may take priority over ancillary 

activities such as constant lure display behavior in females. 

  A major difficulty with large scale metabolomics analysis is being able to distinguish 

effects of environmental stressors from natural variability in sex, age, or other physical 

conditions (Hines et al. 2007). The additional factor of time in this study may also have 

reduced significant clustering in PCA analysis. In addition, the medium treatment of 20 µg/L 

was excluded from metabolomics analysis because of cost, and its addition may have resulted 

in clearer distinctions between fadrozole and the control through introduction of more 

prominent dose-response effects. However, once individual metabolites were examined in 

further detail, significant differences could be detected with fadrozole treatment, time, and 

especially between sexes. This allowed the identification of key metabolites that were 

affected by fadrozole, a compound with a mode of action (MOA) that is well known in 

vertebrates but little understood in invertebrates and that may have functions other than 

simply acting as an endocrine disrupting AI in freshwater mussels. In contrast to 

hypothesized effects, females did not exhibit a concentration-dependent change in metabolic 

profiles. Rather, both fadrozole concentrations had equal effects on female gill tissue 

metabolites, and often, the higher concentration resulted in a decrease of these metabolites 

relative to the lower concentration, especially when examining amino acids and 

carbohydrates. This could explain the discrepancies seen between treatments in terms of 

conglutinate release, foot protrusion after 8 days, and mantle lure display behavior. Males 

showed declines in amino acids and several lipid metabolites, indicating that the hypothesis 
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of increased gonad maturation, which would normally utilize these precursors, was also 

incorrect. 

 Generally, G6P follows two fates once metabolized from glycogen and maltose, and 

it can enter into the pentose phosphate pathway or into glycolysis, and thus it is an 

intermediate link between these two pathways. Glucose can also be converted to G6P by the 

action of hexokinases (Salway 2004), and G6P is in turn converted to fructose-6-phosphate 

(F6P). The concomitant rise of both G6P and F6P in gill tissue of males and females, along 

with slight decreases in glucose for both sexes, suggests that increased glycogen breakdown 

is occurring in fadrozole-exposed mussels. It seems, therefore, that fadrozole exposure results 

in rapid utilization of carbohydrate reserves in the form of glycogen and glucose. The Asian 

clam Corbicula fluminea also showed a depletion of carbohydrate reserves in larger 

individuals when exposed to cadmium and zinc (Spann et al. 2011). Such utilization of 

resources may be a general response to environmental stress rather than to a toxicant’s 

specific MOA.  

Increases in nucleotide-related metabolites suggest increased nucleotide turnover in 

both sexes, and this occurred primarily in gill tissue of mussels sampled after the first 4 days, 

especially in females. This again indicates a time-dependent acute response that lessens by 

day 12. M. galloprovincialis transplanted to industrially polluted waters were observed to 

have increased levels of the nucleotides adenine, uracil, and thymidine (Fasulo et al. 2012). 

Mussels in the current study did not show any differences in adenine or thymidine, and in the 

50 µg/L treatment, uracil actually decreased on day 12, and 5,6-dihydrouracil decreased on 

day 4 relative to the control (Table C3). However, a large number of guanine- and adenine-
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related nucleotide metabolites increased in both fadrozole treatments relative to the control 

for both sexes. M. galloprovincialis exposed to the organophosphate chlorpyrifos and to 

nickel also revealed increases in guanine and adenine nucleotide metabolites (Oah et al. 

2008). Changes in the nucleotide profile have been associated with peroxisome proliferation 

(Ringeissen et al. 2003). Peroxisomes are small organelles, ubiquitous in eukaryotes, which 

aid in detoxification. This suggests elevated activity of phase I polarization and phase II 

conjugation enzymatic processes, as well as increased antioxidant enzymatic activity. 

Increases in guanine- and adenine-related nucleotides in gill tissue of L. fasciola exposed to 

fadrozole, may be compensatory mechanisms to protect against toxicity and tissue-destroying 

free oxygen radicals created from enzymatic processes. 

Whenever the ATP/ADP: AMP ratio falls, this could indicate the energy of cells is 

compromised (Hardie 2003). Neither ATP nor ADP was detected in mussels in this study. 

However, AMP and 2’AMP both increased in gill tissue of fadrozole-exposed males and 

females relative to the control. This result, along with the concomitant increase in Pi in gill 

tissue of females at both fadrozole concentrations on day 4 and of PPi in gill tissue of males 

at 2 µg/L suggests occurrence of elevated ATP and ADP hydrolysis and possible alterations 

in energy metabolism caused by fadrozole. GMP can be formed from GTP and GDP in 

GTPase enzymatic hydrolytic processes (Scheffzek and Ahmadian 2005), as well as by the 

enzyme guanylate kinase (ATP + GMP ↔ ADP + GDP), which is essential in recycling of 

GMP (Shimono and Sugino 1971). The increased yields of Pi and PPi are similar to expected 

responses to ATP hydrolysis, and the increased levels of GMP indicate elevated GTP 

hydrolysis is occurring as well in fadrozole-exposed mussels. This excess use of energy may 
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be contributing to changes in behaviors such as female lure display and could compromise 

biological processes such as somatic growth or reproduction. 

The enzymes adenylate cyclase and guanylate cyclase convert ATP and GTP to the 

secondary messengers cyclic AMP (cAMP) and cGMP, respectively, along with the 

additional yield of PPi (Salway 2004). Activation of adenylate cyclase occurs when 

heterotrimeric G-proteins interact with transmembrane g-protein coupled receptors (GPCRs) 

that bind catecholamines, other neurotransmitters, or peptides (Penela et al. 2003) and results 

in the formation of cAMP. This allows the activation of the serine-threonine enzyme protein 

kinase A (PKA) by removing a pair of regulatory subunits and freeing a pair of catalytic 

subunits. PKA then phosphorylates a number of other kinases or intracellular enzymes at 

serine or threonine residues (Walsh and Van Patten 1994), and these in turn regulate 

glycogen, sugar, and lipid metabolism, as well as immune processes. Alterations in cAMP 

cell signaling caused by fadrozole exposure may be due to disruptions in neurotransmitter or 

peptide regulation observed in this study by changes in phenylalanine and tryptophan 

derivatives and dipeptides, thus leading to increased glycogen metabolism and shifts in lipid 

profiles. 

Glutamate has long been known to be a major excitatory neurotransmitter in 

vertebrates, and it has also been shown to regulate neuromodulatory actions in mollusks 

(Magazanik et al. 1990; Nesic et al. 1996; Levenson et al. 2000; Karanova and Gakhova 

2007). Excitotoxicity in vertebrates results from increased influx of extracellular calcium into 

cells through glutamate-activated N-methyl-D-aspartate (NMDA) channels, resulting in 

positive feedback of further calcium release from endoplasmic reticulum through the 
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ryanodine receptor, compromise of the mitochondrial membrane, and activation of apoptosis-

inducing caspases (Camacho and Massieu 2006). Elliptio complanata exposed to wastewater 

effluent prior to ozone treatment exhibited signs of excitotoxicity due to perturbations in 

gamma-amino butyric acid (GABA), dopamine, and acetylcholine cycling (Gagné et al. 

2007), as did R. philippinarum (Liu et al. 2011). Increases in glutamate in gill tissue of 

females at 2 µg/L and decreases in glutamine in male gill tissue at 50 µg/L may result in 

elevated risk of excitotoxicity in L. fasciola exposed to fadrozole due to the high innervation 

of gill tissue by dopaminergic and serotonergic neurons (Dietz et al. 1982; Dietz et al. 1985). 

Elevated energy metabolites from ATP and GTP hydrolysis and increased dopamine and 

serotonin precursors and metabolites observed in gill tissues support this hypothesis of 

excessive cellular activity and neural signaling. 

FMN and FAD are principal forms of riboflavin (vitamin B12) and are more soluble 

than the vitamin. They are bound tightly as a cofactor to oxidoreductase enzymes that 

reversibly transfer electrons from one molecule (electron donor) to another (electron 

acceptor). As such, FAD (a quinone) can be reduced to FADH2 (a hydroquinone) by the 

enzyme succinate dehydrogenase as succinate is oxidized to fumarate in the Kreb’s Cycle, 

and FMN can be reduced in a similar manner to FMNH2 (Salway 2004). The primary 

purpose of these reduced forms of riboflavin moieties is to act as transporters of high-energy 

electrons through the oxidative phosphorylation process, with the end result as electrons that 

are donated to oxygen to create water and the release of accompanying protons that utilize 

ATP synthase to create ATP. Incomplete reduction of the quinones results in a semiquinone 

such as FMNH
*
 or FADH

*
, with one free electron. This unstable semiquinone quickly 
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returns to its stable quinone form with the loss of the free electron, often by donating it to 

molecular oxygen (O2) to form a superoxide anion radical (O2
*
) (MacKenzie 2008). Without 

directly measuring oxidative phosphorylation processes, it is difficult to determine 

mechanisms that are occurring in fadrozole-exposed mussels. However, increased ATP and 

GTP hydrolysis and/or increases in AMP and GMP derivatives suggest excessive oxidative 

phosphorylation and possible disruptions in energy-generating pathways such as the Kreb’s 

Cycle. It is entirely plausible that these redox mechanisms may also be generating radical 

species that are harming tissue, thus leading to neuroprotective and immunological 

responses. 

Ornithine is a key component of the urea cycle through its disposal of excess 

nitrogen. In peroxisomes, the enzyme ornithine decarboxylase (ODC) metabolizes ornithine 

to the polyamines putrescine and spermidine, along with generation of 5-MTA as a side 

product (Salway 2004). Increases in ornithine have been seen in marine invertebrates (Otsuka 

et al. 1992) such as the mud crab Scylla serrata (Chiou and Huang 2004), along with 

expression of ODC activity in the nematode Panagrellus redivius (Vonbesser et al. 1995), 

indicating that this metabolic pathway is conserved between vertebrates and invertebrates. 

Ornithine is also a precursor to the amino acid proline. Proline metabolism is known to occur 

in mammals under stressed conditions by induction of p53, nuclear peroxisome proliferator-

activated receptor activation, or AMP-activated protein kinase signaling in the TOR (target 

of rapamycin) pathway (Phang et al. 2010). A number of other signaling pathways are 

activated that regulate cell autophagy, apoptosis, and suspension of the cell cycle during 

proline metabolism as well. Several mollusks and other invertebrates have exhibited TOR 
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signaling (Soulard et al. 2009), p53 regulation (Belyi et al. 2010; Di et al. 2011; Walker et al. 

2011), and PPAR activity (Detera-Wadleigh and Fanning 1994; Hiromori et al. 2009), 

demonstrating the ubiquitous nature of these signaling pathways. Proline oxidase activity has 

also been seen in the American oyster C. virginica (Moyes and Ballantyne 1987). During the 

metabolism of proline, reactive oxygen species are also formed. Changes seen in gill tissue 

metabolites involved in the urea cycle, proline metabolism, and ornithine decarboxylase 

activity indicate metabolic stress occurring in fadrozole-exposed mussels.  

A transcriptomic approach was used to identify neuroendocrine changes in gene 

expression caused by fadrozole-induced reductions of estrogenic activity in female goldfish 

C. auratus (Zhang et al. 2009). Two key changes that were noted, other than the expected 

decline in aromatase activity, were the increases in calcium-binding proteins as well as 

increased expression of ODC. The authors concluded that estradiol may regulate calcium 

binding proteins through membrane receptors coupled to G-proteins and that ODC and 

polyamine metabolic disruptions may adversely affect neuronal cell development, ion 

channels, and calcium-transmitter release. Furthermore, putrescine can be a precursor to the 

inhibitory neurotransmitter GABA (Tillakaratne et al. 1995), and increased ODC activity 

may be an alternative means for E2 to regulate GABA production. As only metabolites were 

measured in the current study, it is difficult to determine how enzymatic processes may have 

been affected by fadrozole. However, while trends in treatment differences were subtle 

within sexes, the significant increase of ornithine in gill tissue of fadrozole-treated females 

and general decrease in 5-MTA in male gill tissue, along with strong differences between 

sexes for each metabolite, suggest a difference in ODC activity between the sexes and a 
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possible link between similar mechanisms that might be occurring in vertebrates and bivalve 

mollusks. 

Carnitine and its derivatives such as acetylcarnitine are critical components in fatty 

acid metabolism through their facilitation of acetyl coA into the mammalian mitochondrial 

matrix during beta oxidation of long fatty acid acyl chains in peroxisomes and in the 

mitochondria (Schulz 1991). Increases in carnitine may be an important indicator of high 

mitochondrial activity in C. virginica (Tikunov et al. 2010). In all marine vertebrates 

examined for fatty-acid binding proteins, there was no evidence of intracellular binding 

proteins or of enzymes involved in mitochondrial import of long-chain fatty acids (Stewart et 

al. 1994), leading the authors to conclude that only extra-mitochondrial beta oxidation was 

occurring in peroxisomes to shorten fatty acid chains to make them more soluble and enable 

mitochondrial import without the need for facilitating proteins. Beta oxidation in the 

peroxisomes is not coupled to ATP synthesis, and high energy electrons are instead 

transferred to O2, which can yield hydrogen peroxide H2O2. Catalase, an enzyme exclusively 

in the peroxisome, can then metabolize H2O2 into water and oxygen (Nelson et al. 2008). 

Inefficient metabolism of H2O2 can also yield the highly toxic hydroxide (OH) radical 

through the Fenton reaction (Fe
2+

 + H2O2 +H
+
 → Fe

3+
 + HO

*
 + H2O) (MacKenzie 2008). 

Formation of reactive oxygen species (ROS) via formation of semiquinones, disruptions in 

the electron transport chain, and other enzymatic processes may also result in the higher 

levels of carnitine and its derivatives seen in gill tissues of fadrozole-exposed males and 

females. These metabolites are considered to be raised under oxidative stress and help in 

antioxidant protection against lipid peroxidation and (ROS) (Gulcin 2006). 
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Inositol and inositol phosphate (IP) are key components of the phosphoinositide (PI) 

signaling pathway. Inositol acts as a structural precursor to several secondary messengers in 

eukaryotic cells such as IPs, PI, and phosphatidylinositol phosphate (PIP) lipids (Salway 

2004). Inositol is synthesized from G6P, and metabolites of the pathway are involved in a 

number of critical cellular processes (Abel et al. 2001; Xia and Yang 2005). PI is a minor 

component of the cytoplasmic cell membrane and is negatively charged due to the phosphate 

group attached to the inositol ring. The ring can be further phosphorylated by a PI kinase 

enzyme at the 3’, 4’, and 5’ hydroxyl groups in a number of different combinations, and 

these phosphorylated PIPs are collectively called PIs. One PI (PIP 4,5-bisphosphate or PIP2) 

is involved in the diacylglyclerol (DAG) and inositol 1,4,5-trisphosphate (IP3) pathway 

which regulates intracellular calcium and activates protein kinase C (PKC) for immune 

response, membrane functions, cell growth, and transcription (Xia and Yang 2005). PIP2 can 

further be phosphorylated to PIP 3,4,5-trisphosphate (PIP3) by the enzyme PI3 kinase, and 

certain proteins such as protein kinase B (AKT) recognize activated PIP3 and bind via 

specialized docking regions called pleckstrin-homology domains (Abel et al. 2001). AKT is 

associated with pathways involving immune response, cell survival, cell proliferation, and 

nervous system regulation. Increases of inositol and inositol phosphate in fadrozole-exposed 

males and females indicate disruptions that might be occurring in these key metabolic 

pathways. These disruptions may result in the changes observed in other metabolites like 

those involved in lipid metabolism, inflammation, antioxidant response, peptide signaling, 

and polyamine and monoamine metabolism.  
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Conclusions 

 Simply by measuring the end-product metabolites in mussels exposed to fadrozole, it 

is difficult to conclude with confidence the cellular mechanisms leading to the metabolic 

responses seen. However, a number of key metabolites were altered in a consistent manner in 

multiple metabolic pathways, usually with greater effects seen in females at fadrozole 

concentrations as low as 2 µg/L, while those in males were mostly observed at the higher 

concentration of 50 µg/L. In nearly all cases, these effects were reduced by day 12, indicating 

a possible time-dependent acute response to fadrozole in both sexes, followed by mediation 

of cellular processes to counter such adverse effects that showed the ability of these mussels 

to recover or acclimate to exposure conditions. 

Female fecundity, as determined by conglutinate release, was reduced by fadrozole at 

50 µg/L, but this was not significant. Glochidia mortality was significantly higher in the 20 

µg/L treatment, while full lure display behavior was significantly lower relative to the 

control. While this disproves that fadrozole acts in a concentration-dependent manner, there 

is some suggestion of reduced reproductive success in females. Males did appear to be 

negatively affected by fadrozole when only behavior was taken into account but did not show 

changes in metabolites thought to be related to gonad maturation. However, both males and 

females displayed metabolic profiles that suggest the animals were under oxidative and 

toxicant-induced stress in general (Villeneuve et al. 2009), possibly through action of an 

acute-phase response (Baumann and Gauldie 1994), rather than specific aromatase inhibiting 

effects of fadrozole. Female C. auratus that were exposed to fadrozole demonstrated changes 

in genes expressed in calcium regulation and ODC activity (Zhang et al. 2009), possibly 
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through changes in E2 affecting G-protein signaling. Mussels in this study showed subtle 

treatment differences in ornithine metabolism but strong sex differences, indicating ODC 

activity may differ in a sex-dependent manner in response to fadrozole. This is the first 

known study that links changes in vertebrate ODC gene expression to changes in ornithine-

related metabolites in freshwater mussels in response to fadrozole.  

A hypothesized sequence of events is as follows (Fig. E1): 1) changes in peptide 

signals caused by fadrozole exposure result in altered G-protein signaling, 2) Gq activates 

phospholipase C (PLC) which cleaves PIP2 into DAG and IP3, 3) DAG activates PKC, which 

further activates kinases in the MAPK pathway involved in immune responses, cell growth 

and survival, and gene expression, 4) IP3 releases calcium from the smooth endoplasmic 

reticulum, and this helps to activate PKC and phospholipase A2 (PLA2) along with affecting 

cAMP signaling, 5) PIP2 is also phosphorylated by PI3 kinase and activates AKT, which 

results in regulation of genes such as BAD and NF-κB involved in cell survival, proliferation, 

and inflammation, 6) PLA2 cleaves essential omega-6 and omega-3 linoleic and linolenic 

fatty acids in to AA and EPA, which are further metabolized to the eicosanoids leukotrienes 

and prostaglandins, 7) eicosanoids and changes in gene expression lead to increased 

peroxisome activity to alleviate ROS generated from inflammation of tissues, PPAR 

activation, and p53 signaling, 8) increase in peroxisome activity leads to increased proline 

metabolism and alters ornithine decarboxylase activity and is associated with increased 

nucleotide turnover, 9) osmolytes in the cytoplasm such as hypotaurine are increased in 

response to oxidative stress and changes in cAMP activity caused by gene expression 

changes, and this disrupts normal osmoregulation, as seen by an increase in branched chain 
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amino acids 10) increased antioxidant and anti-inflammatory responses require energy during 

ATP hydrolysis derived from increased glycogen breakdown and glycolysis and beta 

oxidation of fatty acids to acetyl coA, leading to increased carnitine metabolites and 

cofactors FAD and FMN, 11) beta oxidation in peroxisomes and ATP hydrolysis may 

generate increased ROS, leading to further metabolic stress, as indicated by increases in 

branched chain amino acids, 12) increased ATP and GTP hydrolysis yield higher phosphates 

and pyrophosphates, alter cAMP and cGMP signaling, and lead to increased levels of 

stimulatory neurotransmitters adenosine and guanosine, 13) alterations in cAMP signaling 

disrupt normal sugar and lipid metabolism and neuromodulation, 14) changes in 

neurotransmitter metabolites can be seen in phenylalanine derivatives, polyamines, and C-

glycosyltryptophan, glutamate, and GABA.  

There are a number of cross-talk opportunities between the metabolic pathways 

mentioned above. It is unclear as to the true initiators or messengers of such pathways. 

However, consideration of all these metabolic pathways and metabolites offers a glimpse of 

what might be occurring in fadrozole-exposed mussels and how underlying mechanisms may 

be influencing the more easily observed reproductive, physiological, and behavioral 

endpoints. Further examination of each major pathway is required to determine how putative 

EDCs such as fadrozole might be affecting freshwater mussels, but the results of this study 

are a first step into explaining the detailed cellular mechanisms occurring in these mussels. 
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Table 1. Fold differences (relative to control) of select metabolites differentially expressed in gill tissue of female Lampsilis fasciola exposed to 2µg/L and 50 µg/L fadrozole 

 hydrochloride for 4 and 12 days. Symbols represent up-regulation (+) or down-regulation (-). All metabolites are signficantly different from 0 µg/L (p < 0.05).

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) Day 4 Day 12 Day 4 Day 12

Amino Acid Metabolism

C00188 Glycine, serine and threonine threonine -  1.23

C00025 Glutamate glutamate +  1.30

C05607 Phenylalanine and tryrosine phenyllactate (PLA) +  1.80 -  1.61 -  2.08

C07086 phenylacetate +  2.26

C00166 phenylpyruvate +  2.82

C00082 tyrosine +  2.11

Tryptophan C-glycosyltryptophan +  1.33

C00141 Valine, leucine and isoleucine 3-methyl-2-oxobutyrate +  1.46

C00671 3-methyl-2-oxovalerate +  1.28

C03264 alpha-hydroxyisocaproate -  2.00 -  2.50

C00123 leucine +  1.64

C02712 Cysteine, methionine, SAM, taurine N-acetylmethionine -  1.28

C00077 Urea cycle, arginine, proline ornithine +  1.49

C00315 Polyamine spermidine -  1.54

Peptide

Dipeptide leucylalanine -  3.45 -  3.45

leucylglycine +  4.57

Carbohydrate Metabolism

C00329 Aminosugars glucosamine +  1.88 -  1.75

C01835 Fructose, mannose, galactose, and sucrose maltotriose -  33.33

C00258 Glycolysis, gluconeogenesis, pyruvate glycerate +  1.55

C00668 glucose-6-phosphate (G6P) +  3.04

C00031 glucose -  3.70 -  2.86

C05345 fructose-6-phosphate +  3.55

C00186 lactate -  1.41

C00257 Nucleotide sugars, pentose gluconate +  4.38

C00379 xylitol -  3.33 -  2.38

Energy

C00158 Krebs cycle citrate +  2.39 +  2.09

C00009 Oxidative phosphorylation phosphate +  1.23 +  1.25

2 µg/L 50 µg/L
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Table 1 continued.

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) Day 4 Day 12 Day 4 Day 12

Lipid Metabolism

C01595 Essential fatty acid linoleate (18:2n6) -  1.22

C06428 eicosapentaenoate (EPA; 20:5n3) +  1.43 +  1.51

C01585 Medium chain fatty acid caproate (6:0) -  1.67

C00219 Long chain fatty acid arachidonate (20:4n6) +  1.39

C03045 Fatty acid, monohydroxy 2-hydroxystearate -  1.89

2-hydroxypalmitate -  1.96

C02630 Fatty acid, dicarboxylate 2-hydroxyglutarate -  3.70

C03017 Fatty acid metabolism (BCAA metabolism) propionylcarnitine -  2.94

Carnitine metabolism carnitine +  1.30

3-dehydrocarnitine +  1.56 +  1.54

Inositol metabolism inositol 1-phosphate (I1P) +  1.42 +  1.49

C01089 Ketone bodies 3-hydroxybutyrate (BHBA) -  1.45

Lysolipid 1-stearoylglycerophosphoethanolamine +  1.82

2-arachidonoylglycerophosphoethanolamine +  1.55 +  1.49 +  1.89

1-palmitoylglycerophosphocholine +  2.44

1-stearoylglycerophosphocholine +  1.92

2-arachidonoylglycerophosphocholine* +  1.50 +  1.72 +  1.92 +  1.50

2-arachidonoylglycerophosphoinositol* +  2.47

2-docosapentaenoylglycerophosphoethanolamine +  1.46 +  1.54

2-docosahexaenoylglycerophosphoethanolamine +  1.70 +  1.79

1-palmitoylglycerophosphocholine +  2.33

1-heptadecanoylglycerophosphocholine +  2.18

1-stearoylglycerophosphocholine +  2.12

2-arachidonoylglycerophosphoinositol +  2.17

Nucleotide Metabolism

C00262 Purine metabolism, (hypo)xanthine/inosine hypoxanthine -  1.56

C00212 Purine metabolism, adenine adenosine +  1.25

2'-deoxyadenosine 3'-monophosphate +  1.56

C00946 adenosine 2'-monophosphate (2'-AMP) +  1.56 +  1.56

C00020 adenosine 5'-monophosphate (AMP) +  1.87

C00242 Purine metabolism, guanine guanine -  2.86

C00387 guanosine +  1.23 -  1.49 +  1.18

C00239 Pyrimidine metabolism, cytidine 2'-deoxycytidine 5'-monophosphate +  1.58 -  1.54

C00364 Pyrimidine metabolism, thymine thymidine 5'-monophosphate

C00106 Pyrimidine metabolism, uracil uracil -  1.39

2 µg/L 50 µg/L
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Table 1 continued.

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) Day 4 Day 12 Day 4 Day 12

C00429 5,6-dihydrouracil -  2.70

C00299 uridine +  1.19

Cofactors and Vitamins

C01620 Ascorbate and aldarate metabolism threonate +  1.64

C00016 Riboflavin metabolism flavin adenine dinucleotide (FAD) +  1.26 +  1.27

C00061 flavin mononucleotide (FMN) +  1.53 +  1.83

2 µg/L 50 µg/L
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Table 2. Fold differences (relative to control) of select metabolites differentially expressed in gill tissue of male Lampsilis fasciola exposed to 2µg/L and 50 µg/L fadrozole 

hydrochloride for 4 and 12 days. Symbols represent up-regulation (+) or down-regulation (-). All metabolites are signficantly different from 0 µg/L (p < 0.05).

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) Day 4 Day 12 Day 4 Day 12

Amino Acid Metabolism

C00049 Alanine and aspartate aspartate +  1.61

C00041 alanine -  1.28

C00064 Glutamate glutamine -  2.27

C05607 Phenylalanine & tyrosine phenyllactate (PLA) -  1.75 +  1.89

C00079 phenylalanine +  1.95

C00166 phenylpyruvate +  2.61 +  4.06

C00082 tyrosine -  2.22

C01179 4-hydroxyphenylpyruvate -  2.63

C03264 Valine, leucine and isoleucine alpha-hydroxyisocaproate -  2.00 -  2.08

C00183 valine -  1.22

C00233 4-methyl-2-oxopentanoate -  1.33

C00086 Urea cycle, arginine, proline urea -  1.41

C00148 proline -  1.28

C00431 5-aminovalerate -  1.49

C01157 trans-4-hydroxyproline -  2.13 -  2.17 -  1.64

Peptide

gamma-glutamyl gamma-glutamylleucine -  1.69

Carbohydrate Metabolism

C00329 Aminosugars glucosamine +  1.73

C01074 N-acetylgalactosamine +  1.92

C00140 N-acetylglucosamine +  1.92

C00668 Glycolysis, gluconeogenesis, pyruvate glucose-6-phosphate (G6P) +  2.75 +  3.45

C05345 fructose-6-phosphate +  2.92

C00184 1,3-dihydroxyacetone -  33.33

C00257 Nucleotide sugars, pentose gluconate +  6.88

C00121 ribose -  4.00

C00309 ribulose +  1.61

Energy

C00158 Krebs cycle citrate +  1.74

C00122 fumarate -  1.72

C00227 Oxidative phosphorylation acetylphosphate -  1.25

C00013 pyrophosphate (PPi) +  1.88 +  2.12

2 µg/L 50 µg/L
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Table 2 continued.

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) Day 4 Day 12 Day 4 Day 12

Lipid Metabolism

C06428 Essential fatty acid eicosapentaenoate (EPA; 20:5n3) +  1.53

C06429 docosapentaenoate (n6 DPA; 22:5n6) -  1.64

C01585 Medium chain fatty acid caproate (6:0) -  1.41

C00219 Long chain fatty acid arachidonate (20:4n6) +  1.49

C16525 dihomo-linoleate (20:2n6) -  1.39

C16527 adrenate (22:4n6) -  1.49

Faty acid, monohydroxy 13-HODE + 9-HODE -  1.45

C02630 Fatty acid, dicarboxylate 2-hydroxyglutarate -  2.44

C08262 Fatty acid metabolism isovalerate -  1.43

Carnitine metabolism carnitine +  1.44

Glycerolipid metabolism choline +  1.18

C00137 Inositol metabolism myo-inositol +  1.65 -  1.39

inositol 1-phosphate (I1P) +  1.71

C01089 Ketone bodies 3-hydroxybutyrate (BHBA) -  1.45

Lysolipid 1-heptadecanoylglycerophosphoethanolamine -  4.76

1-oleoylglycerophosphocholine -  1.54

1-eicosadienoylglycerophosphocholine -  1.64

1-linoleoylglycerophosphoethanolamine +  2.17

2-arachidonoylglycerophosphoinositol* +  1.89

2-arachidonoylglycerophosphoethanolamine +  1.57

2-docosahexaenoylglycerophosphoethanolamine +  1.85

2-arachidonoylglycerophosphocholine +  1.90

2-docosahexaenoylglycerophosphocholine +  1.87

Sphingolipid palmitoyl sphingomyelin -  1.35

C00187 Sterol/Steroid cholesterol -  1.28

C05442 stigmasterol -  1.59

C01789 campesterol -  1.37

C15493 brassicasterol -  1.43

Nucleotide

C00262 Purine metabolism, (hypo)xanthine/inosine hypoxanthine +  1.62

C00559 Purine metabolism, adenine 2'-deoxyadenosine -  1.43

2'-deoxyadenosine 3'-monophosphate +  1.79

C00242 Purine metabolism, guanine guanine +  3.89

C02350 Purine metabolism, urate allantoin +  2.17

C00239 Pyrimidine metabolism, cytidine 2'-deoxycytidine 5'-monophosphate +  1.36

2 µg/L 50 µg/L
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Table 2 continued.

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) Day 4 Day 12 Day 4 Day 12

Purine and pyrimidine methylphosphate +  1.70

Cofactors and Vitamins

C01620 Ascorbate and aldarate metabolism threonate +  1.81

C00061 Riboflavin metabolism flavin mononucleotide (FMN) +  1.66

2 µg/L 50 µg/L
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Figure 1. Total number of conglutinates released by female Lampsilis fasciola (inset) and  

releases per aquarium during the first 4 days, last 8 days, and over the duration of 12 days of  

exposure to 0, 2, 20, and 50 µg/L fadrozole hydrochloride. Values represent mean ± SE.  

Different letters represent significant differences between observation periods for individual 

treatments (p < 0.05). n=12 aquaria replicates per treatment for days 1-4 and n=6 aquaria 

replicates for days 5-12. There were two females per aquarium replicate. 
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Figure 2. (a) Percent mortality of glochidia released in conglutinates by female Lampsilis  

fasciola exposed to 0, 2, 20, and 50 µg/L fadrozole hydrochloride for 12 days and total  

number of conglutinate releases per treatment during this period. Values represent mean ±  

SE. Significant differences of fadrozole treatment from the control are shown as * = p < 0.05. 

(b) Normal glochidia (green arrow) and morphologically deformed and shriveled but viable 

glochidia (red arrow) released by a female exposed to 20 µg/L fadrozole hydrochloride after 

5 days (photo taken at 35X). 



 

142 
 

0 2 2 0 5 0

0

2

4

6

8

1 0

F a d r o z o le  T r e a tm e n t  ( g /L )

G
il

l 
w

e
ig

h
t 

(m
g

/ 
g

 m
u

s
s

e
l)

G il l  w e ig h t D a y  4 G ill w e ig h t D a y  1 2

**

0

2 0

4 0

6 0

8 0

1 0 0

P
e

r
c

e
n

t fu
lln

e
s

s
%  F u ll D a y  4 %  F u ll  D a y  1 2

**** **
*

B

A

 

Figure 3. Marsupial gill weight normalized to the wet weight of female Lampsilis fasciola 

(bars) and percent fullness of marsupial gills containing glochidia, eggs, or mixtures relative 

to total number of marsupial gills (lines) in female marsupial gills excised after exposure to 

0, 2, 20, and 50 µg/L fadrozole hydrochloride for 4 days and 8 days (n= 6 replicate aquaria 

sampled on each day with two females per aquarium for a total of 12 females sampled per 

treatment on each day). Both marsupial gill sets were analyzed for each female. Values 

represent mean ± SE. Significant differences between days of sampling are shown as * = p < 

0.05, ** = p < 0.005, and *** = p < 0.0001 for gill weight and percent fullness. Different 

letters represent significant differences in treatments from the control (p < 0.05) for a given 

time period. 
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Figure 4.  Frequencies of foot protrusion observed in male and female Lampsilis fasciola  

exposed to 0, 2, 20, and 50 µg/L fadrozole hydrochloride for the first 4 days (a) (n=24 for  

each sex per treatment) and for the last 8 days (b) (n=12 for each sex per treatment). Values  

represent mean ± SE. Different letters represent significant differences between sexes in a  

given treatment. Significant differences of fadrozole treatment from the control are shown as  

* = p < 0.05. 
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Figure 5. Frequencies of male siphoning behavior during the first 4 days and last 8 days of  

exposure (a) and female mantle lure display stage pooled over both observation periods of  

exposure (b) of Lampsilis fasciola in 0, 2, 20, and 50 µg/L fadrozole hydrochloride (n=24 for  

each sex per treatment during the first 4 days and n=12 for each sex per treatment during the  

last 8 days). Values represent mean ± SE. Significant differences of fadrozole treatment from  

the control are shown as ** = p < 0.005 and *** = p < 0.0001. 
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Figure 6. Differences in metabolites of gill tissue significantly (p < 0.05) up-regulated or 

down-regulated from the control for female Lampsilis fasciola in the 2 µg/L fadrozole 

hydrochloride treatment (left panel) and for male L. fasciola in the 50 µg/L fadrozole 

hydrochloride treatment (right panel) sampled from mussels collected after 4 days of 

exposure. Values represent total number of metabolites per super metabolic pathway that 

exhibited a significant fold change in each sex.    
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Chapter 4. Assessing acute and chronic biochemical, behavioral, and reproductive 

effects of the synthetic estrogen 17α-ethinylestradiol on the Unionid mussel Elliptio 

complanata 

Abstract 

Surface water concentrations of the synthetic estrogen 17α-Ethinylestradiol (EE2) as low as 5 

ng/L have been shown to cause adverse reproductive effects in fish under both acute and 

chronic exposure conditions. Generally, much greater concentrations or prolonged exposure 

periods are required to elicit adverse effects in freshwater mussels, possibly due to 

differences in susceptibility throughout the reproductive cycle. In this study, we examined 

reproductive and biochemical effects of environmentally relevant concentrations (5 ng/l or 50 

ng/l) of EE2 on the Unionid mussel Elliptio complanata under acute and chronic exposure 

conditions and over the span of their reproductive cycle. Adult mussels were collected from 

an EE2-uncontaminated stream (rural, forested watershed) in February 2012 and placed into 

aquaria for 180 days (duration of primary reproductive cycle) for chronic exposures to 0, 5, 

or 50 ng/L EE2. Adult musses were also collected monthly from February through July 2012 

and placed into aquaria for 28 days for sub-chronic exposures to the same concentrations or 

collected monthly and directly injected with solvent-dissolved EE2 (0, 16 pM, or 170 pM) 

and sampled after 4 days for acute exposures. Siphoning behavior was measured daily, and 

any conglutinate releases and larval (glochidia) mortality were recorded. Gonad, hemolymph, 

and gonad fluid samples were taken for biochemical analysis after exposure, and 

vitellogenin-like proteins (VTG) were analyzed in gonad, hemolymph, and gonad fluid  

 



147 

 

samples using the alkaline labile phosphate (ALP) method. Condition of mussels was 

examined using measurements of physiological condition index (CI), shell index (SI), and 

gonadosomatic index (GSI). Gonad fluid was also used to determine sex. Female mussels 

only released eggs and conglutinates during the months of May through June, likely 

indicating sexual maturation and induction of glochidial release during this time. 

Conglutinates released in the 5 ng/L treatment in 28d exposures contained significantly fewer 

glochidia and more eggs, suggesting possible declines in reproductive success. Foot 

protrusion was observed in males at a greater percentage than in females regardless of 

treatment, though male foot protrusion was significantly lower in monthly EE2 exposures 

from February to April in 28d exposures. Male siphoning was also greater than female 

siphoning, and with increasing EE2 concentration this sex difference was reduced when 

males limited siphoning behavior. No treatment or sex effects were seen in any indexes of 

condition in the 180d exposure, and only the July monthly sample exhibited significantly 

lower GSIs in both EE2 treatments relative to the control in the 28d exposures. Biochemical 

parameters in all tissues or fluids were primarily influenced by time, route or period of 

exposure, and sex, rather than EE2. However, ALP concentrations in hemolymph increased 

significantly from April to August in the 5 ng/L treatment during the 180d exposure. Results 

indicate that use of indices of physiological condition and broad macromolecule biomarkers 

to detect endocrine disruption by EE2 are inefficient and that higher resolution analyses such 

as proteomics and metabolomics are likely necessary. 

Keywords: Elliptio complanata, glochidia, tachytictic, protein, lipid, carbohydrate, 

vitellogenin, 17α-ethinylestradiol 
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Introduction 

 Much emphasis in studies involving environmental impacts of contaminants on 

wildlife and human populations is now focused on chemicals that disrupt normal endocrine 

actions (Colborn 1994). These endocrine disrupting chemicals (EDCs) are ubiquitous 

throughout the environment and can alter behavior, neurodevelopmental processes, primary 

and secondary sexual characteristics, and reproductive success of exposed individuals by 

mimicking actions of or antagonizing endogenous steroids or by interfering with the 

metabolism of such steroids and mediating their actions at receptor-related sites (Frye et al. 

2012). Although androgenic properties of individual compounds and mixtures are becoming 

more apparent (Bortone et al. 1989; Bortone and Davis 1994; Parks et al. 2001), most work 

has focused on chemicals that act as oestrogen mimics (McLachlan and Arnold 1996). 

Studies of adverse effects in aquatic vertebrates caused by estrogenic compounds are 

numerous (Purdom et al. 1994; Guillette Jr et al. 1996; Harries et al. 1996; Jobling et al. 

1998; Guillette Jr 2000; Sumpter and Johnson 2008; Lee et al. 2012). Studies have also found 

incidences of endocrine disruption in bivalves caused by individual estrogenic compounds as 

well as urban effluents (Quinn et al. 2004; Cajaraville 2006; Quinn et al. 2006). Most of the 

estrogenic activity of contaminants found in surface waters arises from their incomplete 

degradation in wastewater treatment processes prior to discharge (Desbrow et al. 1998).  

 Compounds found in wastewater discharge include both natural and synthetic 

estrogens such as 17α-estradiol, 17β-estradiol, estrone, nonylphenol, bisphenol A, and 17α-

ethinylestradiol (EE2) (Desbrow et al. 1998; Belfroid et al. 1999; Vethaak et al. 2005; Swart 

et al. 2011), as well as combinations of phthalates, dioxins, and PCBs with estrogenic 
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potential (Sun and Tsai 2009). EE2 is a synthetic contraceptive agent often prescribed at 

doses of 20-50 µg/d. It is believed that ~50% of the dose is excreted in urine and feces as 

active EE2 or as inactive glucuronides or sulfonated conjugates that could become activated 

during waste treatment processes (Johnson and Williams 2004; Hannah et al. 2009). EE2 is a 

lipophilic compound (log Kow = 3.67), and as such, easily diffuses across the lipid bilayer 

membrane of vertebrate cells to activate nuclear estrogen receptors, which in turn activate 

estrogen response elements of hormone-regulated genes. Vertebrate biological responses 

include changes in receptor expression, up-regulation of aromatase (the enzyme that converts 

androgens to estrogens), decreased expression of testis-differentiating genes, and decreased 

expression of genes involved in growth hormone factors (Filby et al. 2007). Induction of the 

hepatic egg-precursor protein vitellogenin (Vtg) is also another reliable indicator of exposure 

to estrogenic compounds like EE2 (Orn et al. 2003). 

 Concentrations of EE2 in surface water are a matter of debate due to the variety of 

methods used for detection and measurement, but values are known to range from below 

detection limit at 0.01 ng/L (Hintemann et al. 2006) to 273 ng/L (Kolpin et al. 2002), 

although caution is suggested in the interpretation of these higher values because of the use 

of a separate pH adjustment step which can release conjugated estrogens and thus 

overestimate the amount available to organisms (Desbrow et al. 1998; Hannah et al. 2009). 

Concentrations as low as 5 ng/L were shown to have devastating effects on wild populations 

of fast-growing species like fathead minnow (Kidd et al. 2007; Palace et al. 2009) related to 

Vtg induction in males, the presence of intersex individuals, and loss of young-of-the-year 

fish caused by reduced reproduction. Effects of estrogenic compounds such as EE2 are less 
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understood in invertebrates, especially mollusks, because of uncertainties in these organisms’ 

endocrine systems. In addition, because of the difficulties in creating a reliable Vtg antibody 

for mollusks, the protein is often analyzed through indirect means by the alkali-labile 

phosphate method (ALP), which releases phosphates from the phospholipoprotein under 

heated alkaline conditions (Blaise et al. 1999), thus reducing the efficiency of the use of its 

induction as a biomarker of estrogen exposure compared to its use in fish studies.  

Estrogen receptors have been sequenced in marine cephalopods (Keay et al. 2006), 

bivalves (Matsumoto et al. 2007), and gastropods (Kajiwara et al. 2006). However, for the 

most part, these receptors do not bind estrogens and are considered to be constitutively 

active. Furthermore, the existence of endogenous vertebrate-like steroids and enzymes 

critical  to steroidogenesis (i.e. side-chain cleavage enzyme, 17β-hydroxysteroid 

dehydrogenase, aromatase) in mollusks has been questioned (Scott 2012), although evidence 

suggests that steroids do in fact occur in mollusks as do enzymes like aromatase (Porte et al. 

2006; Lafont and Mathieu 2007). Recent evidence has also suggested that steroid receptors 

are ancient and widespread throughout the animal kingdom and that these ancient receptors 

have estrogen-binding characteristics that appear to have been lost in molluscan lineages 

(Thornton et al. 2003). All of this evidence, then, points to EE2 likely acting in a non-

traditional manner unlike receptor-mediated mechanisms that occur in vertebrates. Estradiol 

was shown to rapidly affect kinase cascades involved in physiological processes such as 

apoptosis, proliferation, and carbohydrate and lipid metabolism in the Mediterranean mussel 

Mytilus galloprovincialis (Canesi et al. 2004a; Canesi et al. 2004b; Canesi et al. 2007; Canesi 

et al. 2008) as well as calcium-regulated nitric oxide signaling in M. edulis (Stefano et al. 
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2003), possibly by acting at membrane-related receptors that also bind dopamine, 

epinephrine, and norepinephrine and act in a γ- adrenergic manner. These observations agree 

with the hypothesis that EE2 can act through non-genomic means via cell signal transduction 

mechanisms that mediate biological processes other than reproduction alone. 

In a previous study completed in this lab, males and females of the freshwater 

Lampsiline mussel Lampsilis fasciola were exposed to environmentally relevant (5 ng/L) and 

very high concentrations (1,000 ng/L) of EE2 for examination of physiological, behavioral, 

and metabolic endpoints (Chapter 2). A majority of the metabolites affected were involved in 

pathways of protein, lipid, and carbohydrate metabolism, again suggesting possible 

disruptions in secondary signaling processes caused by EE2. Carbohydrate metabolism is 

critical in terms of immediate energy reserves available to these animals, and alterations in 

lipid metabolism can affect cell membrane structure and function (Cullis and De Kruijff 

1979), long-term energy reserves, and immune processes (Harris et al. 2002). Proteins are 

involved in a number of critical processes, such as catalyzing cellular reactions, cell 

communication, transport of cellular and extracellular compounds, catabolism to essential 

amino acids, ligand binding, and tissue structure.  

The current study was designed to examine these important macromolecule classes in 

further detail in a variety of freshwater mussel tissues. Mussel hemolymph is analogous to 

vertebrate plasma and openly circulates in the animal’s body cavity (hemocoel), in which it 

carries wastes, nutrients, gases, and hemocytes (immune cells) (Bogan 2008). Hemolymph 

can be collected non-lethally by means which do little harm to mussels (Gustafson et al. 

2005a). This characteristic makes hemolymph a potentially useful substrate in which to study 
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changes in metabolic components over time and can possibly be utilized for examining 

effects of toxicant exposure in field-collected mussels. Gonad fluid is useful in the sex-

determination of freshwater mussel species that are not sexually dimorphic (Saha and Layzer 

2008), and it may provide a non-lethal means of analysis of reproductive visceral mass tissue 

that would otherwise be unavailable through the extraction of mussel gonad. Gonad is an 

organ that is likely affected by EE2, either by genomic or non-genomic rapid signal 

transduction mechanisms. Gonad tissue was chosen for this study, rather than gill tissue like 

that used in acute L. fasciola exposures (Chapters 2 and 3), in an attempt to examine 

endpoints considered to be more related to EE2 exposure, such as changes in gonad 

characteristics or biochemistry, rather than simply general toxicant stress and acute-phase 

response mechanisms (Baumann and Gauldie 1994).  

The eastern ellipitio, Elliptio complanata (Lightfoot, 1786), is a common freshwater 

mussel of the order Unionoida. The range of E. complanata spans from the St. Lawrence 

River basin in Canada, Lake Superior, and Hudson Bay to the Altamaha River basin in 

Georgia (Johnson 1970). It has been found in a variety of aquatic habitats from shallow 

streams to large rivers, canals, and reservoirs, and its larval glochidia parasitize a variety of 

host fish species such as the American eel, Anguilla rostrata (Bogan 2008). Males release 

sperm into the water column, which is then taken up by females from incurrent siphoning, 

and then eggs are fertilized in suprabranchial chambers and transported to water tubes of 

specialized marsupial gills for development. Females do not display lures to attract a host 

fish and rather release glochidia in a large mucous-like conglutinates (packets of eggs and 

glochidia) after brooding these glochidia in marsupial gills for 1-2 months (they are 
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considered short-term brooders, or tachytictic) (McMahon and Bogan 2001). Glochidia 

generally metamorphose into juveniles after several weeks of encystment, depending on 

temperature, on the host fish gills or fins. Afterwards, they release and fall to the sediment 

where they continue further development into benthic dwelling adults. In North Carolina, this 

species typically undergoes gametogenesis in late winter, followed by fertilization in early 

and late spring and larval release during the summer. Recently, it has also been discovered 

that a second, shorter breeding season during the fall is also possible. This species is not 

sexually dimorphic, so determination of sex is often difficult unless females are actively 

brooding (as seen by full water tubes after slightly opening their valves). Across its range, it 

is classified mostly by stable populations, wide distribution, and local abundance. This 

species was chosen because removal of several individuals from the wild was required for 

this study. This species was believed to be potentially the least impacted among local 

Unionids, and it was also thought to be one of the most relevant due to its abundant nature in 

North Carolina. 

The purpose of the current work was to investigate EE2-induced behavioral changes 

and physiological endpoints in E. complanata that were similar to those examined in L. 

fasciola so that EE2 effects in different freshwater Unionid species might be compared and 

contrasted. In addition, major macromolecules representing total carbohydrates, total protein, 

and total lipid were measured in mussel hemolymph, gonad fluid, and gonad, as was ALP to 

indirectly examine possible induction of Vtg in males or females exposed to EE2. As the 

previous study involving L. fasciola included concentrations that were not environmentally 

relevant and was conducted over 12 days, the current study was designed to investigate the 
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entirety of the reproductive cycle of E. complanata using a long-term exposure as well as a 

series of shorter repeated sub-chronic and acute exposures throughout the same time period. 

It was hypothesized that lipids and carbohydrates would decrease as energy reserves were 

utilized in an attempt to counter oxidative stress and maintain homeostasis and that proteins 

might increase as a result of anabolic incorporation of amino acids into enzymes used to 

alleviate metabolic stresses. An increase in Vtg was also expected in males and in females to 

a lesser extent. 

Materials and Methods  

Collection, handling, and transport of animals 

 Throughout the project period, mussels were collected monthly from Mill Creek, a 

small tributary of the Haw River near Mebane, NC (N 36.16125 by W 078.12265). 

Collections began on February 2, 2012 and ended on July 13, 2012 (Fig. D1). During each 

collection, ambient water quality was monitored for temperature, salinity, conductivity, 

dissolved oxygen and oxygen saturation, and pH with a handheld  multi-probe (YSI Model 

556 MPS, Yellow Springs Instruments, Yellow Springs, OH, USA) (Table D1). Mussels of 

similar size (Table D1) were taken from the substrate each month, placed into mesh dive 

bags, and consolidated into an insulated cooler between stream water-saturated towels to 

maintain moisture and temperature. During summer months, an additional ice pack was 

placed on top of the towels for indirect contact with mussels in order to maintain 

temperatures near those of the stream water at the time of collection. Mussels were 

transported to North Carolina State University’s Aquatic Toxicology Laboratory (~1 h travel 

time) and immediately rinsed with flowing tap water and scrubbed to remove mud and debris 
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before being placed into 19 cm high by 81 cm diameter holding tanks containing 64L of 

aerated synthetic reconstituted hard water (ASTM 2006). While in holding tanks mussels 

were fed a diluted mixture (150 ml containing 1 ml Instant Algae® shellfish diet and 0.5 ml 

Nannochloropsis concentrate, Reed Mariculture, Campbell, California, USA in 500 ml 

deionized water) every 48 h. Eighty mussels were collected in February, and ~30 mussels 

were collected every month thereafter.  

Mussel toxicity testing 

 Working solutions of EE2 (Sigma-Aldrich, St. Louis, MO, USA) were made by 

dissolution in 100% methanol followed by dilution in deionized (DI) water. Dissolution in 

methanol was necessary because of the low solubility of EE2 in water (4.8 to 11.3 mg/L at 

27°C) (Lai et al. 2002). Vehicle concentration of methanol was 0.003%, which was 17X less 

than the concentration recommended for acute studies and 3X less than the concentration 

recommended for longer-term studies of freshwater mussels (ASTM 2006). Test aquaria 

were pre-conditioned with the appropriate concentration of EE2 at least 48 h prior to the 

experiment to saturate possible binding sites of the compound to glass. Working solutions 

were added to 2 L ASTM hard water in aquaria to achieve nominal concentrations. EE2 

effects were assessed at two environmentally relevant concentrations of 5 ng/L and 50 ng/L, 

along with a control treatment of 0.003% methanol. In order to verify concentrations, 1L of 

stock solution was sampled on day 0 as was 1L of aquarium water from a non-animal 

aquarium for both the 5 ng/L and 50 ng/L treatments. These same non-animal aquaria were 

sampled 24 h later to determine loss of compound. EE2 was analyzed after concentration 

using Solid-phase extraction with a C18 Empore disk, followed by derivitization using N,O-
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Bis(trimethylsilyl)trifluoroacetamide (BSTFA) + 1% Trimethychlorosilane (TMCS) and gas 

chromatograph/mass spectrometry (GC-MS) analysis. Two characteristic ions of EE2 were 

monitored (EIC425 and EIC440). Experimental procedures followed the guidelines for 

conducting toxicity tests with early life stages of freshwater mussels (ASTM 2006), with 

modifications for testing adult mussels, such as number of replicates and duration of 

exposure.  

Experimental design and set-up 

 Mussels were weighed (± 0.1 g) using a bench-top balance and measured (± 0.1 mm) 

using an electronic digital caliper prior to being placed into aquaria for exposures. 

Throughout the project duration, mussel weights ranged from 24.2 g to 119.7 g, with an 

average of 57.4 g. Lengths ranged from 59.5 mm to 92.49 mm, with an average of 74.8 mm. 

Mussel sizes decreased slightly after the first two months of collection (Table D1). Mussels 

were allowed to feed 24 h before being placed into aquaria for the start of the test. They were 

then acclimated with no food and no EE2 for 24 h in water that was similar to ambient 

temperature in 3.75 L aquaria with aerated ASTM hard water (ASTM 2006) provided by a 

central aeration unit (Sweet Water Air Pump SL24 Aquatic Eco-Systems, Inc., Apopka, 

Florida, USA). Chronic (180d) and sub-chronic (28d) exposures were set up in a similar 

manner, with only the number of replicates differing. For each treatment in the chronic 

exposure, there were 10 separate replicates containing one mussel randomly selected from 

holding tanks. For each treatment in the sub-chronic exposure, there were 6 separate 

replicates each containing one mussel of unknown sex that was randomly selected. For all 

exposures, water renewals (100%) and fresh EE2 additions were conducted every 48 h. 
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Acute experiments involved exposure via injection. In healthy human women of 

childbearing age, EE2 doses are usually from 20 to 50 µg to inhibit ovulation (Spona et al. 

1986). Assuming an average weight of 120 lb (54.4 kg) per individual female, this would 

amount to 6.43 X 10
-4 

mg/kg to 9.19 X 10
-4 

mg/kg. An equivalent therapeutic dose in a 

mussel that is on average 57 g (6-7 g tissue wet weight) would be ~0.092 mg/kg. Because of 

this, therapeutic injection doses were instead replaced with doses that contained nominal 

concentrations of EE2 taken from working solutions. This amounted to a 16 pM dose for the 

low EE2 concentration (4.17 X 10
-11

 mg/kg; 2.77 pM/kg) and 170 pM for the high EE2 

concentration (4.17 X 10
-10

 mg/kg; 28.3 pM/kg). For each treatment in acute exposures, there 

were 3 separate replicates containing one mussel randomly selected from holding tanks. 

Mussel posterior adductor muscles were injected with 50 µl of the appropriate EE2 working 

solution or 50 µl 0.003% methanol for the control. Mussels were only injected once and then 

monitored for 4 d before sampling. 

In all aquaria, water quality conditions (salinity, temperature, conductivity, and 

dissolved oxygen) were measured on a weekly basis at first, using a calibrated YSI 

multiprobe, and once conditions were determined to be stable, measurements were taken 

once every two weeks thereafter. In addition, each new batch of ASTM water that was made 

for aquaria was measured for pH, hardness, and alkalinity during the first three weeks and 

then at least once weekly thereafter once it was determined that these parameters remained 

relatively constant. Alkalinity was determined by titration with 0.02 N H2SO4 to pH 4.5, and 

hardness was determined by titration with 0.01 ethylenediaminetetraacetic acid (APHA 

1998). Mussels in aquaria were fed twice weekly in order to maintain nutritional status while 
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reducing aquarium fouling. These feeding times were early morning Wednesday and late 

afternoon Saturday to allow for a consistent 4 d separation between feedings. All mussels 

were allowed to feed vigorously for 1-2 h on a diluted mixture (1 ml containing 1 ml Instant 

Algae® shellfish diet and 0.5 ml Nannochloropsis concentrate, Reed Mariculture, Campbell, 

California, USA in 500 ml deionized water). There were a total of 5 monthly 4d exposures 

and 6 monthly 28d exposures conducted between February and August. Mussels in the 

chronic exposure were held during the entire 180 d before terminal biochemical sampling. 

Reproductive and behavioral endpoints 

 All mussels were examined daily for siphoning behavior and foot extension and were 

given a binary designation of whether the activity was occurring or not. Observations were 

conducted by one trained independent evaluator, and every attempt was made to monitor 

mussels during the same time period each day. This was sometimes difficult for the longer-

duration exposures. However, a morning period of 10:00 to 11:00 AM and an afternoon 

period of 2:00 to 3:00 PM were the most consistent. Mussels were monitored until their 

behavior could be determined, and monitoring was performed at a slight distance from 

aquaria so as to not modify behavior. Mussels were also monitored for mortality, gaping, or 

any other signs of stress daily, as well as for released conglutinates. Mortality was noted in 

only one aquarium (from the 50 ng/L treatment in the chronic exposure) throughout the entire 

180 d study duration.  

Before conglutinates began to be released and during the release period, some aquaria 

were observed to have very small transparent ball-like masses, which under further 

investigation were determined to be blastula stage embryos. As this was a reproductive 
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endpoint that potentially was affected by EE2, aquaria were also examined daily for these 

masses. Prior to daily water changes and chemical renewals, released conglutinates were 

collected from each aquarium and examined under an Olympus Binocular Stereo Microscope 

(20X-40X) for condition, as determined by the presence of eggs only, a mixture of eggs and 

glochidia, or glochidia only. In cases where glochidia were seen in conglutinates, three 

replicates were taken of 50 glochidia each (when possible) and placed into individual wells 

of a BD Falcon™ 24-microwell plate. Viability of glochidia was assessed by noting the 

number of closed valves prior to, and the number of open valves after, the addition of 3 drops 

of a saturated sodium chloride (35‰) solution. 

Biochemical analyses and physiological endpoints 

 Upon each sampling day for the different exposure periods (4 d for acute, 28 d for 

sub-chronic, and 180 d for chronic) mussels were weighed and measured. After gently prying 

mussel valves open, 1 ml (when possible) of hemolymph was taken from the posterior 

adductor muscle using a 1 cc BD™ insulin syringe with detachable 25G needle, placed into a 

1.5 ml micro-centrifuge tube, and immediately placed into dry ice. Hemolymph was also 

taken bi-monthly (April, June, and August) from mussels in the chronic exposure to 

determine changes in biochemical parameters over their reproductive period. The posterior 

wall of the visceral mass was punctured using a 1 cc BD™ insulin syringe with detachable 

18G needle, and gonad fluid (800 µl when possible) was gently suctioned and split into two 

aliquots. One 200 µl aliquot was fixed in a 1.5 ml microfuge tube containing 20 µl 10% 

phosphate-buffered formalin for sex determination. The remaining amount was placed into a 

1.5 ml micro-centrifuge tube and immediately placed into dry ice. Adductor muscles were 
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severed, and a ~750 mg piece of gonad tissue was excised, placed into a pre-weighed 1.5 ml 

micro-centrifuge tube, reweighed, and placed immediately into dry ice. The remaining wet 

mass of mussel tissue was separated from the shell, and shell and wet mussel tissue mass 

were blotted dry, weighed, and placed into a 60°C oven for determination of final dry weight. 

From the dry ice, all tissues were placed into a -80°C ultra-cold freezer for storage until 

further analyses. Four to five mussels were also randomly taken from holding tanks after 

monthly collections and before exposures and processed in a similar manner for baseline 

parameter estimates. 

      Sex of each exposed mussel was determined by examining preserved gonad fluid 

under an inverted phase-contrast microscope (20X-40X) using a bright-line hemacytometer. 

Males were identified by the presence of spermatozoa and spermatocytes, and females were 

identified by the presence of developing oocytes or mature ova. Condition index (CI) of 

mussels from sub-chronic and chronic exposures was calculated as dry weight of mussel 

tissue mass (corrected for the amount of tissue sampled for biochemical analysis) divided by 

the difference of wet weight of the mussel and dry weight of the shell (g). Essentially, this 

was the ratio of mussel tissue to shell cavity volume and calculated according to Baker and 

Hornbach (2001). Shell index (SI) was calculated as the dry weight of shell divided by length 

of the mussel. Gonadosomatic index (GSI) was calculated as the combined weight of 

sampled gonad tissue and remaining gonad tissue divided by mussel wet tissue mass. All 

index values were multiplied by 100% after calculations. 

 Hemolymph was thawed and centrifuged at 10,000g for 60 seconds to pellet 

hemocytes, and supernatant was split into three aliquots for total carbohydrate analysis 



161 

 

(DuBois et al. 1956), total protein analysis (Smith et al. 1985), and determination of Vtg 

indirectly through alkali-labile phosphate (ALP) analysis (Blaise et al. 1999; Hallgren et al. 

2009). Gonad fluid was centrifuged for 10 minutes at 10,000g, and supernatant was also split 

into three aliquots for the same analyses. Gonad tissue was divided and ~30-40 mg each was 

placed into two separate 1.5 ml micro-centrifuge tubes, with one aliquot used for protein and 

Vtg analyses and the second aliquot used for lipid analysis following extraction with 

modifications (Folch et al. 1957) and using the sulphophosphovanillin colorimetric method 

of determination (Barnes and Blackstock 1973).  

Gonad tissue was homogenized using a handheld battery-powered micro-

homogenizer with plastic tip in 250 µl chloroform and 250 µl methanol, vortexed, and placed 

into a -20°C freezer for 30 minutes. Tubes were then removed and centrifuged at 10,000g for 

7 minutes, and 40 µl supernatant was placed into a well of a Greiner Bio-One 96-well 

polyethylene microplate. The resultant pellet was kept for carbohydrate analysis. A standard 

curve of cholesterol was also added to the plate along with blanks of 1:1 

chloroform/methanol. Plates were placed into a 90°C oven for ~5 minutes to evaporate 

samples, and 100 µl concentrated sulfuric acid (H2SO4) was added to wells after they were 

allowed to cool. Plates were placed back into the oven for 20 minutes, removed and allowed 

to cool, and then 50 µl phospho-vanillin reagent (100 mg vanillin + 415 ml DI + 85 ml 

phosphoric acid) was added for color development. Plates were incubated at 37°C after 

briefly vortexing, and absorbance was determined on a FLUOstar Omega microplate 

platform at 540 nm.  
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For carbohydrate analysis, 100 µl hemolymph supernatant was added to a 1.5 ml 

micro-centrifuge tube, followed by immediate addition of 5 µl 90% phenol and direct 

addition of 500 µl concentrated H2SO4 onto the mixture. Gonad fluid (70-80 µl) supernatant 

was added to 1.5 ml micro-centrifuge tubes, and volume was brought to 100 µl with DI 

before addition of 5 µl 90% phenol and 500 µl concentrated H2SO4. Pellets from gonad lipid 

extraction were further extracted with 500 µl de-proteinizing solution (5 g trichloroacetic 

acid (TCA) + 100 mg silver sulfate (AgSO4) + 100 ml DI) and briefly vortexed. Caps of 

tubes were then punctured to vent, and tubes were heated in a dry heater block (100°C) for 30 

minutes. Tubes were then centrifuged at 10,000g for 5 minutes, and 10 µl was added to a 

new 1.5 ml micro-centrifuge tube, followed by 90 µl DI to bring volume to 100 µl before 5 

µl 90% phenol and 500 µl concentrated H2SO4 addition as above. Tubes containing all tissue 

types with phenol and H2SO4 were briefly vortexed, and color was allowed to develop for 20 

minutes before the solution was transferred to wells of a clear Greiner Bio-One 96-well 

polystyrene microplate. Samples were then analyzed on a FLUOstar Omega microplate 

platform at 490 nm. Absorbance values were compared against a standard curve made of α-

D-glucose and against a blank of DI water.  

For protein analysis, 9 µl of each hemolymph supernatant sample was added to a well 

of a 96-well polystyrene microplate, followed by 260 µl of working solution containing a 

mixture of reagent A (sodium bicarbonate, sodium carbonate, bicinchoninic acid, and sodium 

tartrate in 0.1 M sodium hydroxide) and reagent B (4% cupric sulfate) (Pierce BCA protein 

assay compatible with reducing agent #23252, Thermo Fisher Scientific, Rockford, IL, 

USA). Gonad fluid supernatant was diluted by 50% (4.5 µl gonad fluid sample and 4.5 µl DI) 
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before addition of 260 µl working BCA reagent. Gonad tissue was homogenized in 500 µl of 

a reducing-agent mixture (25 mM HEPES, 125 mM sodium chloride, 1 µM dithiothreitol, 

and 1 mM EDTA; pH 7.4 with 1 M sodium hydroxide) using a handheld battery-powered 

micro-homogenizer with plastic tip, placed in a -20°C freezer for 15 minutes, vortexed 

briefly and centrifuged at 10,000g for 10 minutes. A 4.5 µl aliquot of the supernatant was 

taken (and the rest saved for Vtg analysis), diluted with 4.5 µl DI (for 9 µl total), and then 4 

µl compatibility solution (for reducing agents) was added to wells. Plates were vortexed for 1 

minute, and solutions were allowed to mix for 15 minutes while being incubated at 37°C. 

BCA working solution (260 µl) was then added to plates. Plates containing all tissue samples 

and BCA working solution were vortexed for 1 minute and incubated at 37°C for 30 minutes 

before being analyzed on a FLUOstar Omega microplate platform at 562 nm. Absorbance 

values were compared against a standard curve of bovine serum albumin (BSA) and against a 

blank of DI water. 

For ALP analysis, 300 µl hemolymph supernatant was added to a 1.5 ml micro-

centrifuge tube, followed by 160 µl acetone to achieve a concentration of 35% acetone, and 

200 µl gonad fluid supernatant or gonad extract supernatant was added to a 1.5 ml micro-

centrifuge tube, followed by 107 µl acetone. Tubes were vortexed and allowed to sit 

overnight in a -20°C freezer. The following day, tubes were centrifuged 5 minutes at 

10,000g. The supernatant was discarded, and 300 µl cold 0.5 M Tris-HCl and 160 µl ice cold 

acetone were added to the pellet. Tubes were vortexed and again centrifuged at 10,000g for 5 

minutes. The supernatant was discarded, and 300 µl ice cold ethanol and 160 µl ice cold 

acetone were added to tubes. Tubes were vortexed and centrifuged at 10,000g for 5 minutes, 
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the supernatant was discarded, and the pellet was tapped dry. One molar sodium hydroxide 

(100 µl) was added to the pellet, and tubes were heated for 90 minutes at 70°C in a dry heater 

block. Tubes were vortexed every 30 minutes during this period. Tubes were cooled, and 40 

µl 100% TCA was added. The tubes were briefly vortexed and centrifuged at 10,000g for 10 

minutes, and 100 µl supernatant was added to new 1.5 ml micro-centrifuge tubes. 

Supernatant was diluted with 300 µl DI to a total volume of 400 µl, and 400 µl 1-butanol was 

added. Tubes were briefly vortexed and centrifuged 10 minutes at 10,000g, and 145 µl of the 

aqueous bottom layer was added to wells of a 96-well polystyrene microplate. Fifty µl 1% 

acid molybdate solution (0.25 g ammonium molybdate + 2.778 ml H2SO4 + DI to volume of 

25 ml) and 50 µl 5% ascorbic acid (1.25 g ascorbic acid + 25 ml DI) were added to wells 

immediately followed by vortexing of plates for 1 minute. Color was allowed to develop in 

plates for 1 h at 37°C, and absorbance was determined on a FLUOstar Omega microplate 

platform at 630 nm. Absorbance was measured against a standard curve of potassium 

phosphate and a blank of DI water. ALP was normalized to total protein concentrations of 

each tissue or fluid type and expressed as µg ALP per mg protein. 

For quality control and quality assurance purposes, tissue samples with unknown 

biochemical values were replicated at a rate of ~30% for each day’s run (usually every 3-4 

samples for biological duplicates). In addition, because of the use of freeze dried gonad tissue 

which could vary in values of biochemical measurement because of homogenization 

difficulties, technical duplicates were also run for this tissue. For future work involving soft 

tissues such as gonads, it is recommended that fresh tissue be homogenized in the appropriate 

extraction solvent to isolate the biochemical of interest or that frozen tissue be allowed to 
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slightly thaw before homogenization. Freeze drying removes the liquid substrate of gonad 

tissue, which results in compression of the tissue against mortar or pestle and causes 

incomplete homogenization. Lab internal standard samples were created by pooling 

hemolymph, gonad fluid, and freeze-dried gonad tissue of several individuals from holding 

tanks. These standards were run in duplicate to triplicate each day to determine procedural or 

instrumental variation between daily runs. For gonad fluid and hemolymph, a recovery and 

fluid matrix interference test was conducted for carbohydrate and protein analyses. Percent 

recovery of hemolymph carbohydrates and protein was 148.8% and 90.7%, respectively. 

Percent recovery of gonad fluid carbohydrates and protein was 117.4% and 98.2%, 

respectively. Because of the complex nature of extraction and purification steps for ALP 

analysis, matrix interference and recovery was not determined, and only duplicate or 

triplicate comparisons were examined for quality control. Blanks were also run each day in 

duplicate or triplicate to account for background absorbance or procedural contamination. 

Standard curves were run in duplicate for the first several analyses, and after it was 

determined with confidence that replicates were similar to each other on a consistent basis, 

curves were run with single values at each concentration level of the curve. Quality control 

values for each compound are given in Table D2.  

Statistical analysis 

 Because of the small sample sizes involved with conglutinate release analysis, a non-

parametric Kruskal-Wallis test was used to determine treatment effects on glochidia viability, 

and Mann-Whitney u-tests were used to compare each treatment to the control under the 

assumption of samples having a t-distribution. Kruskal-Wallis tests were also used to 
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examine treatment effects on conglutinate condition as well as releases per aquarium. Mixed 

models were used to analyze effects of sex, treatment, and time on male and female 

siphoning and foot display behavior, with a random variable of observation number of each 

daily observation of behavioral activity and a subject variable of replicate aquarium. 

Afterwards each variable of significance was examined in further detail using an unpaired t-

test (sex), Tukey’s HSD post-hoc comparison (month), or Dunnett’s comparison against the 

control (treatment). Most physiological indexes from monthly exposures were unable to be 

normalized regardless of transformation, so non-parametric Mann-Whitney u-tests were used 

to examine differences between sexes, and non-parametric Kruskal-Wallis tests were used to 

examine effects of treatment or month. All indexes from chronic exposures displayed normal 

distribution and homogenous variances (Levene’s Test), so unpaired t-tests were used to 

examine sex differences and a one-way ANOVA was used to determine treatment or time 

effects, followed by Tukey’s HSD or Dunnett’s post-hoc tests. All biochemistry values for 

each compound of interest were log-transformed to achieve normality and homoscedasticity. 

This was followed with use of linear models to examine main effects of exposure route or 

period, treatment, sex, tissue, and time along with any interactions. If interactions were not 

detected, only main effects were examined by one-way ANOVA in order to increase 

available degrees of freedom. However, the main effects of sex and treatment were identified 

within each month, tissue, or exposure period to detect possible trends caused by EE2. All 

main effects were further examined using Tukey’s HSD or Dunnett’s post-hoc comparisons. 

Unless indicated otherwise, data presented here are mean ± standard error. 
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Results 

Reproduction 

 Only the control and 5 ng/L treatment released conglutinates in 4d exposures, and all 

conglutinates contained glochidia. One release occurred at 5 ng/L in each of the three 

releasing months (April, May, and June), and 2 releases occurred in the control in May (data 

not shown). There were no differences between the three months of conglutinate releases in 

28d exposures for mortality (p = 0.6711) and condition of conglutinates (p = 0.0930, p = 

0.7566, and p = 0.0969 for glochidia, mix, and eggs, respectively), and so treatments were 

pooled over time for these reproductive endpoints. After pooling months, there was no effect 

of treatment on glochidia mortality (p = 0.2016) (Fig. 1a). There was a significant effect of 

time on releases per aquaria containing females (p = 0.0434), with more releases per 

aquarium in April compared to June, especially in the two EE2 treatments (Fig. 1b). There 

were no significant effects of treatment in April (p = 0.1143), in May (p = 0.5553), or in June 

(p = 0.0594) on releases per aquarium. After pooling for months, the 5 ng/L treatment had 

significantly lower conglutinates that contained glochidia (p = 0.0106), with no difference of 

the 50 ng/L treatment relative to the control (p = 0.1794). Neither EE2 treatment resulted in 

significantly different conglutinates containing mixtures (p = 0.2298 for 5 ng/L and p = 

0.9069 for 50 ng/L). Conglutinates containing eggs were also significantly affected by the 5 

ng/L treatment (p = 0.0014) but not the 50 ng/L treatment (p = 0.1210). The 5 ng/L treatment 

resulted in conglutinates that contained almost equal numbers of glochidia, eggs, and 

mixtures, whereas the 50 ng/L treatment had similar numbers of egg-containing conglutinates 

but fewer mixtures than the 5 ng/L treatment (Fig. 1c). 
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 Time had a highly significant effect of number of aquaria with mussels that released 

blastula stage embryos and eggs in the 180d exposure (p = 0.0002), with more releases in 

both April and May than in June and decreasing releases over time regardless of treatment 

(Fig. 2). Accounting for all aquaria containing females, 100% of control replicates released in 

April, 60% released in May, and 0% released in June. For the 5 ng/L treatment, 67% released 

in April, 83% released in May, and 33% released in June. For the 50 ng/L treatment, 83% 

released in April and May, while only 17% released in June. There was no effect of treatment 

for releases per aquarium in April (p = 0.6482), in May (p = 0.4721), or in June (p = 0.5735) 

(Fig. 2).   

Behavior 

 Foot movement of mussels in 4d exposures was minimal for each month (data not 

shown), so this endpoint was not further examined. Siphoning of mussels in 4d exposures 

was not different between sexes (p = 0.8554), and sexes were pooled to examine treatment 

effects each month. Although there was no significant effect of EE2 treatment (p = 0.2047), 

siphoning during 4d exposures was significantly (p < 0.0001) affected by month, and there 

was a significant time and treatment interaction (p = 0.0237). Generally, mussels in control 

aquaria exhibited similar amounts or a higher percentage of siphoning than mussels from the 

two EE2 treatments, especially in April, May, and June (Fig. 3).  

Foot movement of mussels in 180d exposures was relatively low overall, with only 7-

8 mussels in aquaria in each treatment displaying foot at least once but with the average 

number of times of foot display over the entire 180 day observation period being only 4.75 in 

the control, 4.71 in the 5 ng/L treatment, and 2.88 in the 50 ng/L treatment. Despite these low 
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amounts of foot movement and no effects of treatment (p = 0.2559), there was a highly 

significant difference between sexes (p < 0.0001), as well as a significant sex and treatment 

interaction (p = 0.0187). Females displayed foot less than males in the control, and this sex 

difference was less pronounced in the two EE2 treatments, in which males decreased foot 

display to similar percentages as females. Foot protrusion in the 5 ng/L treatment was also 

observed to be significantly lower than the control for males (Fig. 4a). Siphoning in 180d 

exposures was not different between males and females (p = 0.7921), with both sexes 

siphoning ~65% of the time. However, there was a highly significant effect of treatment (p < 

0.0001) as well as a significant sex and treatment interaction (p = 0.0128). While female 

siphoning was not affected by treatment, male siphoning was significantly lower in the 50 

ng/L treatment compared to the control (Fig. 4b).  

Foot display of mussels in 28d exposures was minimal during the last three months, 

and these months were not investigated further. For the first three months, males displayed 

foot to a greater degree than females (p = 0.0010), and month of exposure had a highly 

significant effect on foot display (p < 0.0001), with display decreasing from February to 

April. In addition, treatment also had a highly significant effect on foot display for the first 

three months (p < 0.0001), especially for males in February. In February, control males 

displayed foot more often than females in all treatments and more often than males in the 5 

ng/L and 50 ng/L treatments (Fig. 5a). Control males in March also displayed foot a higher 

percent of the time than control females. Siphoning of mussels in 28d exposures was highly 

significantly affected by sex, month of exposure, and treatment (p < 0.0001 for all effects). 

Both sexes displayed more siphoning in February, March, and July and least siphoning in 
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May and June. Control mussels siphoned 76.3 ± 2.16% percent of the time, while mussels in 

the 5 ng/L and 50 ng/L treatments exhibited siphoning 64.9 ± 2.16% and 66.1 ± 2.16% of the 

time, respectively. Female siphoning was significantly lower in the 5 ng/L treatment in May 

and in both EE2 treatments in July (Fig. 5b). Male siphoning was significantly lower in the 5 

ng/L treatment in February and April and lower in the 50 ng/L treatment in July (Fig. 5c). 

Condition  

 In 28d exposures, there were no significant differences between sexes in any months 

(data not shown) for shell index of mussels, so data from both sexes were pooled for each 

month to examine treatment effects. For condition index, both month and sex showed 

significant differences (p < 0.0001 and p = 0.0162, respectively), with males exhibiting 

higher CIs (4.27 ± 0.09) than females (3.82 ± 0.02) regardless of treatment (data not shown). 

February CI was highest of all months, followed by April and March, while May, June, and 

July displayed the lowest CI (Fig. 6a). Only February exhibited significant effects of EE2 on 

CI (p = 0.0262), with a lower CI in the 50 ng/L treatment compared to the control (Fig. 6a). 

Treatment did not have a significant effect on SI of pooled data from each sex examined (p = 

0.8981 for females and p = 0.5963 for males). However, there was a highly significant effect 

of time (p < 0.0001), with both February and March having a higher SI than the other 4 

months (Fig. 6b). Only the month of June resulted in significantly different GSIs between 

sexes (p = 0.0087), with males having a higher GSI than females, and treatments were 

examined individually for each sex in June. Sexes were pooled for the remaining months. 

There were no significant treatment effects within the two sexes in June (p = 0.9350 for 

females and p = 0.0681 for males), and only July resulted in a significantly lower GSI in the 
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5 ng/L and 50 ng/L treatments than in the control (Fig. 6c). Time had a highly significant 

effect on GSI (p < 0.0001), with low values in the late winter and early spring, followed by 

elevated values in late spring and early summer before declining again in July (Fig. 6c).  

There were no significant differences between sexes (p = 0.7535) or between 

treatments (p = 0.4504) for CI of mussels in 180d exposures (Table 1). There were also no 

differences between sexes (p = 0.6997) or between treatments (p = 0.8649) for SI or 

differences between sexes (p = 0.1356) or treatments (p = 0.7294) for GSI of mussels in 

180d exposures. CI of the 180 day exposure was not significantly different when compared 

to CI of the 28d exposure regardless of sex (Fig. 7a). Mussels in control aquaria in the 180d 

exposure fed normally and did not appear to display signs of stress from prolonged holding. 

Analysis of weight change for mussels in the 180d exposure revealed a loss of 0.660 ± 0.182 

g (-0.870 ± 0.214 percent growth) in controls, a loss of 0.555 ± 0.315 g (-0.722 ± 0.399 

percent growth) in the 5 ng/L treatment, and a loss of 1.01 ± 0.268 g (-1.28 ± 0.285 percent 

growth) in the 50 ng/L treatment. With the understanding that weight of mussels can vary 

due to water content in their hemocoel, these small changes observed indicate mussel weights 

changed little after 180 days of holding and suggest that condition was not adversely 

affected. Only females from the control treatment exhibited a significantly higher SI index in 

180d in the exposure compared to the 28d exposure (Fig. 7b). There were no differences 

between 28d and 180d exposures for GSI in either sex (Fig. 7c). 

Biochemistry and sex determination 

 Analysis of gonad fluid proved to be an excellent means of non-lethal sex 

determination in mussels. Other than February, when mussels were in immature gonad 
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development stages, analysis of gonad fluid enabled sex to be determined with ~98% 

accuracy. February sampling was somewhat difficult because of low volumes of gonad fluid 

present in mussels at the time. There was also some difficulty in determining the sex of 

mussels in chronic exposures which had been collected in February, although by their time of 

sampling in August, gonads had matured to a greater degree. Mussels collected over time 

from late spring to early summer tended to have thicker and more deeply colored (whitish to 

yellowish) gonad fluid components versus the dilute liquid-like consistency of fluid collected 

in late winter and early spring , likely due to increasing gonad maturation.  

 ALP was the only biochemical endpoint able to be examined for tissue differences 

because it was measured as µg ALP/mg protein for all tissues analyzed, whereas other 

components in gonad were normalized to mass, and those in the two fluids were normalized 

to volume. The type of tissue sampled had a highly significant effect on ALP (p < 0.0001), 

with hemolymph containing the greatest values (59.8 ± 1.54 µg ALP/mg protein), followed 

by gonad (13.9 ± 0.67 µg ALP/mg protein) and gonad fluid (11.0 ± 0.51 µg ALP/mg 

protein). Exposure period had a highly significant effect on carbohydrates regardless of tissue 

(p > 0.0001) and on proteins (p < 0.0001) in gonad fluid and hemolymph. Carbohydrates 

were consistently lowest in mussels from 180d exposures (Fig. 8 a,b,c) and were the only 

macromolecules that were different between exposures in gonad (Fig. 8a). Gonad fluid also 

showed lowest protein concentrations in mussels from the 180d exposure (Fig. 8c) as did 

hemolymph, although the latter also exhibited the highest protein concentrations in mussels 

from 4d exposures as well as higher ALP in mussels from 180d exposures (Fig. 8b). 
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 No sex differences were seen in any macromolecule baseline measurements, 

regardless of tissue, indicating sex differences in the three exposure routes would be due to 

laboratory conditions. In gonad, females showed consistently higher concentrations of 

protein than males in 4d exposures (p = 0.0015), 28d exposures (p < 0.0001), and 180d 

exposures (p = 0.0030) (Table 2). Average protein for females across all exposures was 22.3 

± 0.740 µg/mg wet weight and for males was 15.4 ± 0.481 µg/mg wet weight. Gonad lipid 

concentrations were also higher in females than in males for 4d exposures (p = 0.0138) and 

28d exposures (p = 0.0063) but not for 180d exposures (p = 0.6927). Average lipid for the 

two significant exposure periods for females was 14.8 ± 0.568 µg/mg wet weight and for 

males was 11.8 ± 0.601 µg/mg wet weight (Table 2). Gonad carbohydrates were higher in 

males than females in 28d exposures to 5 ng/L EE2 (Table 2). In hemolymph, sex differences 

were seen in carbohydrates in 4d exposures and 180d exposures to 50 ng/L EE2 (p = 0.0215) 

and in 28d exposures to 5 ng/L (p = 0.0355), with males having higher carbohydrate 

concentrations than females (Table 3). In gonad fluid, 4d exposures and 28d exposures to 5 

ng/L resulted in higher concentrations of protein in females than in males (p = 0.0063 and p 

= 0.0011, respectively; Table 4). Gonad fluid ALP was higher in males than in females from 

28d exposures in the 5 ng/L treatment (p = 0.0269). 

 Gonad carbohydrate did not differ between treatments, regardless of exposure period 

or route (Fig. 9a). Carbohydrate concentrations in gonads of mussels exposed to 5 ng/L EE2 

were significantly higher than the control in June of the 4d exposures, when the control 

dropped significantly from values observed in other months (Fig. 9b). Gonad protein was not 

significantly different between treatments for any exposure duration or route (Fig. 10a) or 
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between treatments within sampling months of 4d exposures (Fig. 10b) or 28d exposures 

(Fig. 10c). Gonad lipid was not significantly different between treatments for any exposure 

duration or route (Fig. 11a). In 4d exposures, mussels in the controls exhibited significantly 

higher concentrations of lipids than mussels in either EE2 treatment in March and May (Fig. 

11b). In the 28d exposures mussels in the control showed significantly higher lipid 

concentrations than mussels in either EE2 treatment for February (Fig. 11c). Gonad ALP was 

not significantly different between treatments for any exposure duration or route (Fig. 12a). 

Gonad ALP in mussels from 4d exposures was significantly higher in the control than in the 

50 ng/L treatment in March (Fig. 12b). Gonad ALP was significantly higher in the 50 ng/L in 

May and in both EE2 treatments in June, relative to the control, in 28d exposures (Fig. 12c).  

 Hemolymph carbohydrate did not significantly differ between treatments for any 

exposure period (Fig. 13a). No significantly differences between treatments could be seen in 

hemolymph carbohydrates in 4d exposures (Fig. 13b). In 28d exposures, nearly constant 

levels of carbohydrates were observed in the 5 ng/L treatment, while control concentrations 

in early spring were significantly lower than the two EE2 treatments (Fig. 13c). A rise of 

carbohydrates in the control in April resulted in significantly higher concentrations than the 

50 ng/L treatment. No significant differences could be seen between treatments in 180d 

exposures, but the 5 ng/L and 50 ng/L treatments showed significantly higher carbohydrate 

concentrations in April than in June (p < 0.0001 and p = 0.0176 for the 5 and 50 ng/L 

treatments, respectively) or August (p = 0.0003 and p = 0.0008 for the 5 and 50 ng/L 

treatments, respectively) (Fig. 13d). Hemolymph proteins were not significantly different 

between treatments in any exposure period (Fig. 14a). No treatment differences could be 
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detected for hemolymph proteins within months during 4d exposures (Fig. 14b) or 28d 

exposures (Fig. 14c). There were also no significant treatment differences in 180d exposures, 

but the 5 ng/L treatment showed higher protein concentration in April than in June (p = 

0.0264), and the 50 ng/L treatment showed higher protein concentrations in April than in 

August (p = 0.0466) (Fig. 14d). Hemolymph ALP was significantly higher in 180d exposures 

at 5 ng/L compared to the control (p = 0.0295) (Fig. 15a). There were no treatment 

differences within months for 4d exposures in hemolymph ALP (Fig. 15b). In 28d exposures, 

the control resulted in higher ALP than the 5 ng/L treatment in March (Fig. 15c). In 180d 

exposures, mussels in the 5 ng/L treatment exhibited significantly higher ALP concentrations 

in August than in April, and control mussels showed significantly lower ALP concentrations 

than mussels in the 5 ng/L treatment in June and August (Fig. 15d). 

 Gonad fluid carbohydrates were significantly lower in the 50 ng/L treatment than the 

control in 180d exposures (Fig. 16a). Mussels in 4d exposures showed significantly higher 

carbohydrate concentrations in the control than in the two EE2 treatments in April (Fig. 16b). 

Mussels in all treatments in 28d exposures showed an increase from February to April, 

followed by relatively constant or declining concentrations to July, with no significant 

treatment differences (Fig. 16c). There were no significant differences between treatments 

regardless of exposure for gonad fluid proteins (Fig. 17a). There were also no significant 

differences between months in 4d exposures (Fig. 17b) or in 28d exposures (Fig. 17c). There 

were no differences between treatments for gonad fluid ALP during any exposure period 

(Fig. 18a). Neither 4d exposures (Fig. 18b) nor 28d exposures (Fig. 18c) resulted in 

significant differences between treatments in any month  
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Discussion 

 The release of conglutinates and loose masses of unfertilized eggs and blastula stage 

embryos in all exposure aquaria during the months of April to June suggest this is the peak 

period of brooding in E. complanata in the mussels’ source stream in the Piedmont region of 

North Carolina. This is in agreement with Price and Eads (2011), who showed that from late 

March to late June at least two brooding periods are possible that can be as short at 25 days. 

Conglutinates were released only in aquaria from mussels that were collected on a monthly 

basis, so spawning likely occurred between February, when mussels for 180d exposures were 

originally collected, and March, which was the last month in which no releases were 

recorded. The first notice of the small transparent blastula stage embryos and unfertilized 

eggs in chronic aquaria was by luck, as daily observations were being conducted for 

spermatozoa release by males at the time. There is the possibility that such masses had been 

released prior to this first observation as their transparent and gossamer-like nature created 

difficulties in detection. However, rigorous observations were conducted in an attempt to 

detect spermatozoa release, so these masses would likely have been discovered sooner, if 

present. In addition, as the incidences of conglutinate releases declined from April to June, 

especially in EE2 treatments, so did the release of these egg masses, indicating that brood 

releases were indeed primarily occurring during only this three month period rather than 

prior to April. 

 The presence of not only unfertilized and immature eggs but also of some blastula-

stage embryos in aquaria from 180d exposures suggests that at least some fertilization may 

have occurred prior to collection and exposure. Every attempt was made to collect mussels 
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before or during gametogenesis, but temperature, available energy reserves, and other 

environmental factors affect the gametogenic period (Mann 1979), thus making it difficult to 

predict its occurrence on an annual basis. Alternatively, mussels may have undergone self-

fertilization, as the incidence of hermaphroditism in E. complanata has been shown to 

increase with increasing size of individuals above 50 mm (Downing et al. 1989), though this 

is unlikely. Analysis of gonad fluid did not reveal any incidence of intersex. The presence of 

both female and male gonad tissue in individual mussels cannot be ruled out, however, 

because direct histological examination was unable to be conducted in the current study. 

Body size can also contribute to reproductive success, as egg production and retention 

probability reached 90% in individual E. complanata ~76 mm in length and maximum ova 

production in females ~80 mm (Downing et al. 1993). Mean length at sexual maturation for 

E. arca was 69.9 mm (Haag and Leann Staton 2003), and female mussels in 28d exposures 

from the current study averaged 73.5 mm and in 180d exposures averaged 81.1 mm, 

indicating all were at or near reproductive maturation. Body size of mussels in the current 

study was not correlated to glochidia mortality (p = 0.4620), but size was strongly correlated 

with number of conglutinate releases in 180d and 28d exposures (Spearman r = 0.3846; p = 

0.0041), indicating that larger individuals did release more egg masses. An increase in 

fecundity was also noted with increasing size in a variety of six other species of North 

American freshwater mussels (Haag and Leann Staton 2003). However, an ANOVA 

comparison in sizes of females from the three exposures revealed no differences (p = 

0.9208), suggesting that individuals were of a similar size in all treatments and that this was 

not contributing to the discrepancy of number of releases between treatments. 
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 L. siliquoidea exposed to 5 ng/L EE2 in large mesocosm ponds showed increased 

releases of conglutinates and egg masses (Chris Barnhart, personal communication). 

Induction of spawning behavior has also been seen in freshwater mussels exposed to the 

selective serotonin reuptake inhibitor (SSRI) fluoxetine (Fong 1998; Fong et al. 2003; 

Bringolf et al. 2010; Hazelton et al. 2013), as well as municipal effluent containing estrogens 

and exhibiting serotonergic properties (Gagne et al. 2004; Gagné et al. 2011), suggesting that 

EE2 may be affecting signaling pathways involved in neuromodulation. The 

phosphatidylinositol signaling pathway is known to regulate serotonin-induced maturation of 

oocytes (Wang and Zhang 2011), and estrogenic compounds can mediate this calcium-

dependent pathway (Canesi et al. 2004a). Previous work with L. fasciola in this lab revealed 

significant increases in catecholamine and indoleamine neurotransmitter precursors such as 

C-glycosyltryptophan and phenylalanine, as well as amino acid transmitters such as glutamic 

acid and decreases in gamma-amino butyric acid (GABA) when exposed to EE2 (Chapter 2). 

These monoamines play important roles in gamete maturation and spawning (Osada et al. 

1987; Pani and Croll 2000) and may be mediating conglutinate releases in exposed mussels. 

 The observed low incidences of glochidia mortality in EE2 treatments is in agreement 

with the inability of others in this lab to previously determine an LC50 with concentrations up 

to 500 µg/L (Cope 2011). Glochidia exposure was at most 2-3 h if releases occurred during 

the day and 8-12 h if releases occurred overnight. Glochidia viability is known to be a 

sensitive toxicological endpoint for compounds like ammonia and metals in acute toxicity 

tests using freshwater mussels (Weinstein 2001; Wang et al. 2007). Previous exposures of L. 

siliquoidea glochidia to a variety of contaminants including EE2, fluoxetine, and 4-
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nonylphenol revealed that EE2 was the least lethal (Cope 2011). Differences in species’ 

susceptibility may also be influencing mortality. However, preliminary experiments 

conducted in this lab using naïve conglutinates (released from females not included in the 

chemical exposure and held in separate storage tanks) did not reveal significant differences in 

viability with EE2 treatment over 48 h (data not shown). Therefore, it can be assumed that 

EE2 at environmentally relevant concentrations poses little risk to glochidia of E. 

complanata and that any mortality observed is likely due to maternal stress prior to 

conglutinate release.  

 Eggs and mixtures of eggs and glochidia were released in both EE2 treatments in  

28d exposures, while only mixtures were observed in the control treatment, suggesting that 

EE2 may delay egg maturation and embryo development, although the mechanisms behind 

this require further investigation. The significantly higher incidences of eggs and lower 

incidences of glochidia in conglutinates released in the 5 ng/L treatment indicates that 

reproduction may be adversely affected in wild populations of E. complanata exposed to 

environmentally relevant concentrations of EE2, as fewer offspring may be available to 

infect a host fish.  

 Observations of higher incidences of foot display in males relative to females in all 

treatments suggest that this behavior may be occurring under natural conditions. In addition, 

the reduced effect of EE2 on female foot display relative to male foot display indicates that 

male physiology may be more sensitive to the contaminant. Foot protrusion has been noted in 

freshwater mussels exposed to 29.3 µg/L and 309,000 µg/L fluoxetine (Cunha and Machado 

2001; Hazelton et al. 2013), possibly resulting from disruptions of a serotonergic pathway. 
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Serotonin-induced contraction and relaxation of water canals (ostia) in freshwater mussel 

gills can control the influx of water (Gardiner et al. 1991). Fluoxetine specifically targets 

components of serotonergic signaling, so it is reasonable to conclude that the drug affects 

water intake and leads to foot protrusion and swelling. In contrast, EE2 may affect 

serotonergic and dopaminergic systems in an indirect manner such as secondary signaling 

pathways in freshwater mussels (Chapter 2). 

As foot display and protrusion decreased rather than increased, it might be assumed 

that EE2 is controlling neural processes of the pedal ganglia mediating musculature 

movement. Weight of mussels increased with increasing EE2 concentration (data not shown), 

but use of this endpoint with such a long-lived and slow-growing animal is prone to error. 

Nevertheless, there is a possibility that excess water intake is occurring as osmoregulatory 

processes are disrupted, although a greater degree of foot protrusion would be expected than 

what was observed. L. fasciola exposed to EE2 for 4-12 days exhibited few changes in foot 

protrusion however (Chapter 2), as did E. complanata in 4d exposures in this study, 

suggesting that any effects of EE2 on foot display require a prolonged exposure. The 

decrease of foot protrusion over time for the first three months in 28d exposures may be due 

to activity under natural conditions throughout these mussels’ reproductive period. 

Significantly more Unio tumidus individuals were found on the sediment surface than were 

burrowed during their reproductive period in early summer compared to late summer 

(Schwalb and Pusch 2007), suggesting reproductive activity may influence burrowing and, 

hence, foot movement.  
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There was a general trend of shell closure response in several marine mollusks such 

as Mytilus edulis, Crassostrea gigas, and Anadara senilis exposed to toxic pollutants like 

copper (Manley and Davenport 1979). Mollusks exposed to low concentrations gradually 

closed their shell valves, possibly in a mechanism of toxicant avoidance. This was followed 

by periodic gaping as individuals “tested” their surroundings for tolerable water conditions 

and to alleviate metabolic stress from lack of gas exchange. The freshwater mussel L. 

siliquoidea also remained closed during the first 24 h of exposure to 5 µg/L cadmium but 

then opened valves as the need for respiration was greater than that of toxicant avoidance 

(Cope et al. 2008). Siphoning of male L. fasciola was examined with exposure to EE2 

previously, and little effect on siphoning was seen for the first four days, but EE2-induced 

incidences of shell closure increased during the last 8 days of exposure (Chapter 2).  

 Males and females in the current study showed reduced siphoning in 4d EE2 

exposures only during April, May, and June. As these were also the months of primary brood 

releases, this suggests that metabolic processes may have been reduced due to reduced gas 

exchange and that remaining metabolic activity was mostly devoted to reproductive potential 

of individuals. No such clear trend could be seen in males or females from 28d exposures, 

although females did display significantly reduced siphoning in the 5 ng/L treatment in May, 

and males did so in April. The lack of male replicates in May and June in the control and 50 

ng/L treatments also makes it difficult to determine if reduced siphoning is primarily 

occurring only during the months of highest reproductive activity. Significantly reduced male 

siphoning also occurred in February in the 5 ng/L treatment and in July in the 50 ng/L 

treatment, demonstrating that EE2-induced effects were also present in months other than 
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those of heavy reproductive activity. In addition, significant reduction of female siphoning in 

July in both EE2 treatments may be due to higher susceptibility if females are undergoing 

gametogenesis in preparation for a second spawning season in the fall, although it is unclear 

why males did not exhibit a similar trend. M. edulis was shown to be more sensitive to a 

variety of estrogens including EE2 during gametogenesis than during other times of the year 

(Ciocan et al. 2010). Males may be undergoing gametogenesis asynchronously at a later time 

compared to females, but this hypothesis requires further investigation. Prolonged exposure 

to EE2 did not appear to affect females, while males displayed significantly reduced 

siphoning only at 50 ng/L, suggesting effects seen during 4d and 28d exposures are 

compensated for over time in an attempt to maintain homeostasis. Alternatively, the higher 

number of observations overall in chronic exposures raises the statistical probability of 

observing a mussel with its valves in the relaxed open and gaping state. In future studies, 

increased frequencies of monitoring or use of a video recorder can determine these closed 

and gaping episodes with greater confidence.     

 The GSI is widely used in the analysis of gonad maturation and development of 

bivalve mollusks (Wolff 1988). An increase in this value is thought to indicate the beginning 

of sexual maturation in mussels, and of vitellogenesis in females, specifically. In contrast, a 

decline in this value is thought to indicate a spawning event as gonad contents are released 

(Çek and Şereflişan 2006). The CI is often used to analyze the nutrient status and nutrient 

reserves in marine bivalves (Baker and Hornbach 2001), and declines may indicate a 

depletion in reserves due to stress, reproduction, or other metabolic needs. The SI, being a 

ratio of shell weight to length, calculates the growth of shell. Few effects were detected in 
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28d or 180d exposures for SI, indicating that EE2 does not affect shell growth, at least at 

shorter exposure periods. The higher SIs seen in February and March relative to the rest of 

the months may simply represent the larger sizes of mussels collected during these first two 

months (Table D1). Higher SIs in 180d exposures compared to SIs in 28d exposures for both 

males and females are likely due to the delayed period to final measurement in 180d 

exposures, allowing mussels to grow for a longer period. 

Higher CIs in the late winter and early spring months were likely due to a decline in 

nutrient reserves from increased metabolic activity with increasing temperature in early 

summer as well as a depletion of reserves for reproductive purposes. The CI of the tachytictic 

species Amblema plicata was higher in May than in July or September of 1995 (Baker and 

Hornbach 2001). In the current study, CI in May and July were equal, and no measurements 

were taken after July. The differences in monthly CIs between studies are not surprising, 

however, as temperature can affect a variety of physiological and metabolic processes such 

as spawning and brood release (Hastie and Young 2003; Galbraith and Vaughn 2009). While 

July temperatures were similar between 2012 and 1995 (27.3°C and ~28°C, respectively), 

May temperatures were much higher in 2012 (20.34°C and ~10°C). The CI of E. complanata 

placed downstream of a primary-treated effluent plume for one year increased (Gagné et al. 

2004), but the authors also noted that effluent can release higher nutrient-containing 

compounds. In contrast, the CI of E. complanata immersed for 2 weeks downstream of a 

municipal effluent outfall decreased (Farcy et al. 2011). The high baseline CI in February 

may have allowed the distinction between the control and 50 ng/L EE2 treatment. That is, 

once spawning began later in the spring nutrient reserves could have been utilized for 
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reproductive purposes, and this decline may have reduced effects seen between the control 

and EE2 treatments.  

The assumption of greater reproductive activity occurring in late spring and early 

summer is supported by the observed increase in GSI from February to June in 28d 

exposures, indicating that spawning was occurring in these mussels as early as April. This 

also corresponds to the beginning of conglutinate releases seen in exposure aquaria. These 

results agree with those seen in the Turkish freshwater mussel Unio terminalis. Peak GSI was 

observed immediately before spawning, followed by decreased GSI as spawning 

commenced, with the lowest GSI during or immediately before gametogenesis (Çek and 

Şereflişan 2006). This increase in GSI can be interpreted as the beginning of gonad 

maturation, while the decline represents spawning episodes. Only July exhibited significantly 

lower GSI with EE2 treatment. Estrogenic compounds can be more potent at different stages 

of gametogenesis in mussels (Ciocan et al. 2010). The month of July likely represents a 

period of post-spawning and glochidia release and charging of gametes for a second fall 

spawning period. Histological analysis of gonad tissue during late summer in conjunction 

with GSI measurements could enforce this hypothesis. The general lack of differences 

between 28d and 180d exposures for all indexes, especially CI, suggests that long-term 

holding of mussels in aquaria is not significantly reducing their physiological condition. 

 Several statistically significant trends were observed in E. complanata gonad tissue, 

hemolymph, and gonad fluid: i) hemolymph contained the greatest concentration of ALP in 

all tissues or fluids that were analyzed, ii) carbohydrates were always lowest in chronic 

exposures regardless of tissue, iii) proteins in gonad were always highest in females 
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regardless of exposure route or period, while lipids in gonad were highest in females in 4d 

and 28d exposures, iv) ALP in hemolymph increased over time in the 5 ng/L EE2 treatment 

in the 180d exposure. The reduction in carbohydrates in the 180d exposure across tissues 

likely is due to depletion for utilization of immediate energy (as glucose and glycogen) for 

normal metabolic processes. Because lipids were below detection limit in hemolymph and 

gonad fluid, it is difficult to determine if chronic exposure resulted in depletion of long-term 

energy stores. However, the lack of exposure effect for gonadal lipids in addition to the lack 

of time effect for CI suggest that stored nutrient reserves are in abundant supply. The 

significantly lower protein in gonad fluid after the180d exposure could indicate a metabolic 

shift away from carbohydrate metabolism as glycogen is depleted (Gustafson et al. 2005b).  

 Glycogen and lipid concentrations were seen to be inversely related throughout the 

gametogenic cycle of the clam Ruditapes decussatus over 15 months (Ojea et al. 2004), and 

the increase in lipids and decline in carbohydrates was attributed to a shift from early 

gametogenesis to sexual maturation. Gonadal lipids in the current study were significantly 

higher during the late spring in 28d exposures and early winter in 4d exposures when the end 

of gametogenesis would be expected to be occurring, in preparation for spawning of E. 

complanata. It may also be the case that gonadal lipid was simply higher in mussels during 

the winter as cooler temperatures reduced metabolic activity. Exposures after 4 days are more 

likely than 28d exposures to represent natural concentrations of gonadal lipid in mussels 

because of levels measured shortly after collection. April was the only month in early spring 

that showed decreased gonadal lipid in the control treatment, and both March and May 

exhibited significantly higher levels than either EE2 treatment, indicating April values may 
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have been anomalous. Lower levels of lipids were seen in the clam Mya arenaria at a 

contaminated site compared to a reference site in the Saguenay Fjord (Gagné et al. 2002), 

and several essential, medium-chain, and long-chain fatty acid lipid metabolites were 

observed to decrease in L. fasciola gill tissue in response to 5 ng/L and 1,000 ng/L EE2 

exposure (Chapter 2). Lower levels of gonadal lipid seen in the current study in late winter 

and early spring could be due to mobilization of membrane phospholipids for immune 

responses or for high-energy substrates used to power cellular anti-toxicant enzymatic 

activities during gametogenesis. Alternatively, EE2 may be causing a delay in gonadal 

maturation. Despite either possibility, the hypothesis that EE2 lowers lipids in mussel tissue 

is supported, but the hypothesis that EE2 also lowers carbohydrates in tissue can be rejected. 

The significantly higher concentrations of carbohydrates in mussel gonads from the 5 

ng/L treatment compared to the control in June of the 4d exposures is unclear, but this was 

the only month such a difference was observed. Mussels in both treatments did not display 

foot or release conglutinates to degrees that would explain such a difference during this time. 

However, mussels in the 5 ng/L treatment were observed to spend a significantly less amount 

of time siphoning, and reduced activity along with increased resting was seen in this EE2 

treatment, which may have resulted in less carbohydrate utilization for energy expenditure 

compared to the more active control mussels.    

Gonad Vtg, as determined by ALP, was induced to a higher degree in male E. 

complanata living downstream of a municipal effluent outfall (Gagné et al. 2011) and caged 

for 60 days in aeration lagoons of a wastewater treatment plant (Gagné et al. 2007) than in 

females. In contrast, female E. complanata living downstream from a separate municipal 
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effluent plume in the St. Lawrence River exhibited higher Vtg than males (Gagne et al. 

2001). Vtg induction was observed in the gonads of male Aulacomya ater mussels injected 

with 0.5 and µM estradiol once and allowed to incubate 4 days, suggesting the involvement 

of  time-dependent effects (Saavedra et al. 2012). High levels of ALP in gonads of control 

mussels in 4d and 28d exposures during late winter and early spring support data that show 

high concentrations of gonadal lipid during this time as well, reinforcing the assumption that 

animals were sampled close to the end of peak gametogenesis. Control concentrations in 28d 

exposures appear to be driven by the natural reproductive cycle of E. complanata, showing 

declining ALP as spawning and glochidia release occurred, followed by a rise in ALP in 

preparation for a second shorter fall spawning season. The significantly higher concentrations 

of ALP in the 50 ng/L treatment in May and in both EE2 treatments in June relative to the 

control suggest that Vtg production is induced in E. complanata at an earlier period or at an 

accelerated rate as gonads are charging. This supports the second hypothesis of EE2-related 

increases in Vtg, but sex differences were not observed for gonad ALP. 

Because of the inability to normalize carbohydrates and proteins on a per weight 

basis, as well as low lipid levels in gonad fluid, it was difficult to determine gonad fluid 

utility in non-lethal sampling of gonad status. ALP was the only biochemical parameter able 

to be compared between gonad tissue and gonad fluid, and no significant differences in 

concentrations were observed between these two substrates for any exposure period, 

indicating that gonad fluid may be used to determine gonad ALP levels in a nonlethal 

manner. The lack of treatment differences in gonad fluid carbohydrate 28d exposures 

suggests that EE2 had little effect during this exposure time. This is further supported by the 
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observation of significantly lower levels of gonad fluid carbohydrates in the chronic 50 ng/L 

treatment compared to the control, showing that treatment effects are present after prolonged 

exposure, at least in higher EE2 concentrations. Significantly higher control concentrations in 

April of 4d exposures could indicate stress-related carbohydrate depletion during spawning 

and prior to conglutinate release(De Wit et al. 2010; Chapter 2).   

Lack of treatment differences as well as few differences between sexes for gonad 

fluid protein in any exposure periods suggests that this biochemical parameter is of little use 

in examining estrogen-induced effects. A decrease in protein as well as in carbohydrate 

concentrations after 180 days compared to 4d and 28d exposures may suggest that prolonged 

capture and exposure conditions may result in depletion of energy reserves as glycogen and 

glucose are depleted after a time. However, because lipid was not able to be detected in 

gonad fluid, this cannot be verified. In addition, lack of this protein decline in gonads and 

hemolymph following 180d exposure, as well as a lack of decline in CI after 180 days, 

indicates other causes, though these remain unclear. Inconsistencies between significant 

treatment effects in acute exposures make it difficult to determine how EE2 might be 

affecting ALP in gonad fluid, and it can likely be concluded that this effect is minimal if at 

all present. 

Hemolymph glucose is a measure of carbohydrate energy that is released from tissue 

breakdown and is circulating in the blood. Reference ranges of E. complanata glucose are 

known to be less than 2 mg/dl to ~5 mg/dl (Gustafson et al. 2005b), which fall within the 

median to lower range of glucose levels seen in mussels in this study (~5 mg/dl to 10 mg/dl, 

with a maximum of ~15 mg/dl). Chemistries are likely to change due to season, water quality 
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type, or habitat (Holopainen 1987), so higher concentrations of hemolymph glucose might be 

expected in 2012, which was a relatively warmer year. Significantly higher concentrations of 

hemolymph carbohydrates in 28d exposures in the 5 ng/L treatment in February and in both 

treatments in March suggest that mussels may be increasing circulating levels required for 

immediate energy needs as compensation for EE2-induced metabolic stress and oxidative 

damage. Carbohydrate degradation was observed in gills of L. fasciola exposed to 5 ng/L 

EE2 (Chapter 2) and in digestive glands of M. galloprovincialis caged in an industrial area 

(Fasulo et al. 2012). Excessive tissue breakdown and metabolic stress could also quickly 

deplete levels of circulating carbohydrate, possibly leading to the significantly lower 

concentrations of hemolymph carbohydrates in the 50 ng/L treatment in April of 28d 

exposures. Lack of treatment effects in chronic exposures again suggest that condition and 

nutrient reserves were unaffected by prolonged exposure to EE2, although it is interesting 

that control concentrations remained relatively constant. In contrast, significant declines 

observed in the 5 ng/L and 50 ng/L treatments suggest that EE2 may affect these energy 

reserves over a wider expanse of time. 

The primary proteins found in hemolymph are respiratory pigments used to transport 

and store oxygen (McMahon and Bogan 2001). Hemolymph is also used to carry hemocytes, 

the primary immune defense mechanism in mussels containing proteins such as lysozomal 

enzymes for phagocytosis (Cajaraville and Pal 1995). Hemolymph proteins in the 180d 

exposure followed closely with data exhibited by carbohydrates after 180 days. Because 

proteins are generally mobilized after both lipids and carbohydrates, this further supports the 

assumption that prolonged holding in EE2 could be reducing short-term and long-term 
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energy reserves as they are transported to tissues or organs in response to toxicant-related 

stress. Vtg was one of the main plasma metabolites affected by EE2 in rainbow trout 

(Samuelsson et al. 2006). Vtg levels in the hemolymph of Mya arenaria clams were 

significantly induced after injection with estradiol, nonylphenol, and pentachlorophenol 

(Blaise et al. 1999). In this study, ALP levels in the hemolymph of both males and females 

from the 180d exposure increased, especially in the 5 ng/L EE2 treatment. As with gonad 

tissue ALP, there were no sex differences. However, the gradual increase in both sexes from 

April to August suggests that EE2-induced effects require prolonged exposure in order to be 

observed, further supporting the hypothesis of Vtg increases due to EE2 exposure.  

Conclusions 

 EE2 at 5 ng/L or 50 ng/L did not significantly affect glochidia mortality. However, 

there were more releases of eggs and conglutinates overall in 28d and 180d exposures during 

the likely spawning period of May through June. Host specificity of glochidia is primarily 

due to innate immune function of host fish and amphibians, and only a few dozen or less 

glochidia out of thousands released ultimately parasitize a host during an infection episode 

(Barnhart et al. 2008). In addition, once a fish is infected, its immune response often reacts 

by recognizing and combatting future infection events (Rogers and Dimock 2003). Lower 

numbers of glochidia and higher numbers of eggs in conglutinates observed in the 5 ng/L 

treatment or loose egg masses observed in both treatments could lead to reproductive 

declines in wild populations of freshwater mussels that display low success rates of infection 

in general.  
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 Reduced frequency foot protrusion displayed in males exposed to EE2 may be due to 

increased siphoning relative to females, and therefore potential for exposure to higher levels 

of the contaminant. Increased physiological susceptibility of males in general may also be 

due to lower endogenous circulating estrogens compared to females. Estrogen may not differ 

between sexes of mussels collected from relatively pristine sites (Peck et al. 2007) such as 

the site used to collect E. complanata for this study, so assays of steroid levels in E. 

complanata should be conducted in the future. Changes in foot protrusion can potentially 

inhibit mussels in burrowing, avoiding predators, and locomotion. Reduced siphoning could 

lead to metabolic stress as resting periods of valve closure increase in mechanisms of 

toxicant avoidance.  

 Shell index was related more with period of exposure, while condition index was 

related to time of sampling and available nutrient reserves throughout the gametogenic and 

spawning periods. Gonadosomatic index was also highly time-dependent and showed an 

increase as gonads charged with gametes. Significant treatment effects were only seen as 

lower GSIs in mussels from both EE2 treatments in July of 28d exposures, possibly as these 

mussels are preparing for fall gametogenesis, though this requires histological verification.  

 Biochemical parameters in all tissues were primarily affected by sex, time, and 

exposure period or route rather than by EE2. However, significant effects of EE2 could be 

seen in treatments after 180 days as ALP increased over time in the hemolymph of males and 

females. Lack of treatment effects in macromolecule classes used in this study suggest that 

higher resolution of precursors and metabolites are needed. Metabolomics and proteomics 

analysis of rainbow trout, fathead minnows, zebrafish, and L. fasciola revealed significant 
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alteration in protein expression or metabolic profiles after exposure to environmentally 

relevant concentrations of EE2 (Samuelsson et al. 2006; De Wit et al. 2010; Martyniuk et al. 

2010; Chapter 2). The exact role of steroids in bivalve mollusks is unclear, although growing 

evidence suggests their importance in reproduction and sex determination (Croll and Wang 

2007). Recently, endogenous estrogens and xenestrogens have been observed to affect 

immune functions in bivalve mollusks (Canesi et al. 2004a; Canesi et al. 2008; Bouchard et 

al. 2009), secondary signaling pathways involved in critical biological processes (Canesi et 

al. 2004b), and monoamine and neurotransmitter signaling (Osada and Nomura 1989; Gagné 

and Blaise 2003; Gagné et al. 2004; Gagné et al. 2007; Cubero-Leon et al. 2010; Gagné et al. 

2011). Such observations indicate the complexities and connections of bivalve mollusk 

physiology and provide an impetus to investigate EE2-induced effects not only isolated to 

reproduction. 
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Table 1. Physiological indexes of condition for male and female Elliptio complanata exposed to 17α-ethinylestradiol 

 for 180 days. Values are mean ± SE.

EE2 Treatment Sex n

0 ng/L Female 3.54 ± 0.78 52.74 ± 2.42 16.02 ± 0.89 5

Male 3.99 ± 0.48 52.12 ± 4.08 15.12 ± 0.99 5

5 ng/L Female 3.45 ± 0.18 52.58 ± 1.74 14.15 ± 0.46 6

Male 3.74 ± 0.53 53.68 ± 3.32 15.85 ± 1.48 4

50 ng/L Female 3.26 ± 0.23 50.15 ± 3.05 14.01 ± 0.66 6

Male 3.29 ± 0.29 52.86 ± 6.81 16.61 ± 1.17 4

Condition Index Shell Index Gonad Index
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Table 2. Baseline biochemical concentrations of male and female Elliptio complanata gonad tissue and concentrations in mussels exposed to 

17α-ethinylestradiol for 4 days, 28 days, and 180 days. Values are mean ± SE. Different letters represent signficant differences between sexes

 within each treatment.

Period EE2 Treatment Sex n

Baseline Female 78.38 ± 14.82 19.00 ± 2.31 18.15 ± 2.84 13.17 ± 2.25 12

Male 105.73 ± 21.09 14.93 ± 1.19 13.37 ± 1.33 18.60 ± 3.55 9

4d 0 ng/L Female 90.18 ± 14.47 21.30 ± 2.40
A

15.06 ± 1.64 15.40 ± 2.64 9

Male 115.86 ± 27.05 14.48 ± 1.51
B

10.48 ± 1.42 18.87 ± 5.02 6

5 ng/L Female 143.36 ± 22.71 24.83 ± 2.83 12.55 ± 2.03 11.13 ± 2.61 5

Male 129.08 ± 11.20 19.49 ± 2.97 10.85 ± 1.39 14.78 ± 3.98 8

50 ng/L Female 94.91 ± 9.93 27.63 ± 5.13
A

11.37 ± 0.61 13.56 ± 3.65 6

Male 91.57 ± 14.87 17.42 ± 1.04
B

9.45 ± 0.89 9.65 ± 1.79 9

28d 0 ng/L Female 98.74 ± 10.62 24.60 ± 2.20
A

16.05 ± 1.45 9.18 ± 1.32 19

Male 76.97 ± 8.43 14.29 ± 0.52
B

15.18 ± 1.63 14.49 ± 2.03 16

5 ng/L Female 84.86 ± 7.20
A

21.87 ± 1.26
A

15.35 ± 1.16
A

13.31 ± 1.66 21

Male 137.50 ± 16.89
B

14.60 ± 0.68
B

10.91 ± 0.97
B

20.02 ± 4.25 15

50 ng/L Female 105.60 ± 9.31 20.73 ± 1.19
A

14.27 ± 0.96 14.94 ± 1.88 22

Male 96.55 ± 7.73 15.93 ± 1.59
B

11.46 ± 1.30 13.01 ± 1.95 13

180d 0 ng/L Female 14.61 ± 6.81 19.17 ± 3.59 15.10 ± 1.96 11.48 ± 1.99 5

Male 5.62 ± 1.77 14.93 ± 1.07 13.48 ± 0.86 14.45 ± 3.57 5

5 ng/L Female 8.14 ± 2.37 19.66 ± 2.36
A

13.77 ± 1.21 12.16 ± 3.57 6

Male 6.93 ± 3.63 11.55 ± 1.93
B

13.40 ± 3.08 19.25 ± 10.32 4

50 ng/L Female 13.79 ± 4.21 21.34 ± 1.73
A

12.30 ± 1.18 9.95 ± 3.30 6

Male 13.95 ± 7.01 15.04 ± 0.56
B

13.46 ± 3.47 10.58 ± 3.87 3

ALP

(µg/mg protein)

Carbohydrates 

(µg/mg WW)

Protein

(µg/mg WW)

Lipid

(µg/mg WW)
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Table 3. Baseline biochemical concentrations of male and female Elliptio complanata hemolymph and concentrations in 

mussels exposed to 17α-ethinylestradiol for 4 days, 28 days, and 180 days. Values are mean ± SE. Different letters represent 

signficant differences between sexes within each treatment.

Period EE2 Treatment Sex n

Baseline Female 8.15 ± 0.72 600.93 ± 58.46 67.84 ± 4.99 15

Male 8.04 ± 0.62 569.04 ± 22.65 55.44 ± 4.26 11

4d 0 ng/L Female 8.05 ± 1.02 638.28 ± 58.43 65.89 ± 10.71 9

Male 9.23 ± 0.72 685.93 ± 27.17 50.82 ± 6.71 6

5 ng/L Female 8.33 ± 0.79 714.46 ± 52.15 47.55 ± 7.56 6

Male 8.62 ± 0.92 649.37 ± 34.89 55.45 ± 5.22 9

50 ng/L Female 7.54 ± 0.63
A

720.33 ± 61.89 46.61 ± 5.90 6

Male 11.94 ± 1.33
B

822.40 ± 63.57 54.31 ± 6.40 9

28d 0 ng/L Female 9.20 ± 0.76
A

661.24 ± 40.87 53.28 ± 4.95 20

Male 7.17 ± 0.50
B

577.45 ± 27.87 47.71 ± 3.12 16

5 ng/L Female 8.34 ± 0.45
A

644.81 ± 34.90 49.56 ± 4.31 21

Male 10.02 ± 0.69
B

641.61 ± 36.83 59.41 ± 7.44 15

50 ng/L Female 8.04 ± 0.59 625.52 ± 33.73 56.35 ± 5.51 22

Male 7.61 ± 0.36 622.60 ± 47.62 52.62 ± 5.60 14

180d 0 ng/L Female 6.12 ± 0.52 549.12 ± 30.85 55.12 ± 3.06 15

Male 6.06 ± 0.53 512.53 ± 30.39 62.00 ± 3.32 15

5 ng/L Female 5.84 ± 0.60 474.01 ± 46.10 82.61 ± 8.42 18

Male 5.90 ± 0.70 488.29 ± 39.26 72.86 ± 6.87 12

50 ng/L Female 5.57 ± 0.50
A

515.20 ± 35.74 70.97 ± 8.71 17

Male 7.90 ± 0.89
B

577.33 ± 69.36 76.19 ± 9.51 11

Carbohydrates Protein ALP

(mg/dl) (µg/ml) (µg/mg protein)
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Table 4. Baseline biochemical concentrations of male and female Elliptio complanata gonad fluid and concentrations in 

mussels exposed to 17α-ethinylestradiol for 4 days, 28 days, and 180 days. Values are mean ± SE. Different letters represent

signficant differences between sexes within each treatment.

Period EE2 Treatment Sex n

Baseline Female 108.44 ± 30.24 1895.91 ± 410.34 10.11 ± 1.41 11

Male 78.77 ± 13.88 1191.77 ± 151.41 15.53 ± 2.09 9

4d 0 ng/L Female 74.93 ± 21.07 1114.19 ± 185.34 7.01 ± 1.15 8

Male 100.44 ± 25.76 1233.04 ± 208.34 14.61 ± 3.66 6

5 ng/L Female 96.09 ± 20.02 1445.76 ± 167.24
A

9.67 ± 0.84 6

Male 62.39 ± 20.64 868.64 ± 104.87
B

9.12 ± 1.73 9

50 ng/L Female 71.74 ± 29.66 1520.91 ± 401.11 8.23 ± 2.87 6

Male 109.31 ± 24.46 1103.77 ± 119.01 13.00 ± 2.43 9

28d 0 ng/L Female 83.58 ± 16.30 1211.61 ± 132.89 11.11 ± 2.18 20

Male 77.72 ± 16.88 1001.74 ± 106.61 17.65 ± 2.85 15

5 ng/L Female 99.85 ± 17.27 1604.06 ± 224.72
A

8.91 ± 1.06
A

20

Male 69.36 ± 17.08 870.64 ± 79.26
B

14.09 ± 1.99
B

15

50 ng/L Female 81.18 ± 14.46 1395.11 ± 216.38 8.94 ± 0.97 22

Male 89.57 ± 21.52 1100.47 ± 153.83 13.79 ± 2.21 14

180d 0 ng/L Female 38.38 ± 6.89 490.05 ± 85.35 8.00 ± 1.14 5

Male 31.51 ± 0.55 430.41 ± 109.87 7.82 ± 2.29 4

5 ng/L Female 31.88 ± 0.84 340.49 ± 55.09 5.85 ± 1.21 6

Male 28.50 ± 2.91 429.84 ± 48.20 7.04 ± 2.16 4

50 ng/L Female 24.09 ± 1.18 413.96 ± 50.20 6.76 ± 0.54 6

Male 26.47 ± 3.88 430.38 ± 81.08 9.11 ± 1.17 3

Carbohydrates Protein ALP

(mg/dl) (µg/ml) (µg/mg protein)
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Figure 1. Elliptio complanata glochidia percent mortality (a), releases per aquarium (b), and  

conglutinate condition (c) in 28d exposure treatments of 0, 5, and 50 ng/L  

17α-ethinylestradiol during the three primary months of conglutinate releases. Values  

represent mean ± SE. Different letters represent significant differences between months for  

treatments that are overlaid by a line. Significant differences of treatments from the control  

are shown as * = p < 0.05 and ** = p < 0.005. 
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Figure 2. Egg and blastula stage embryo releases per aquarium (bars) and total releases per 

treatment (lines) of Elliptio complanata females exposed 180d to 0, 5, and 50  

ng/L 17α-ethinylestradiol. Values represent mean ± SE for releases per aquarium and a    

single sum of releases per treatment. 
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Figure 3. Percent siphoning of male and female Elliptio complanata exposed acutely (4 d) 

after injection with 0, 2.7, and 28.3 pM/g mussel tissue 17α-ethinylestradiol. Values 

represent mean ± SE. Different letters represent significant differences between months for 

treatments that are overlaid by a line. Significant differences of treatments from the control in 

a given month are shown as * = p < 0.05. 
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Figure 4. Percentage of observations with noticeable foot display (a) and siphoning behavior 

(b) in female and male Elliptio complanata exposed 180d to 0, 5, and 50 ng/L  

17α-ethinylestradiol. Values represent mean ± SE. The same letters of different case  

represent significant differences between sexes in a given treatment. Significant differences  

of treatments from the control in a given treatment are shown as * = p < 0.05 and ** = p < 

0.005. 
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Figure 5. (a) Percentage of observations with noticeable foot display in female and male  

Elliptio complanata exposed 28d to 0, 5, and 50 ng/L 17α-ethinylestradiol for the three 

primary months of foot protrusion. Percentage of observations with noticeable siphoning 

behavior in females (b) and males (c) exposed 28d to 0, 5, and 50 ng/L 17α-ethinylestradiol. 

Values represent mean ± SE. The same letters of different case represent significant 

differences between sexes in a given treatment for a given month. Significant differences of 

treatments from the control in a given month are shown as * = p < 0.05 and *** = p < 

0.0001. There were no males in May control replicates or June 50 ng/L replicates. 
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Fig. 6. Physiological indexes of nutritional condition status (a), shell growth (b), and  

gonadosomatic condition (c) in female and male Elliptio complanata exposed 28d to 0, 5, 

and 50 ng/L 17α-ethinylestradiol. Values represent mean ± SE. Different letters represent 

significant differences between months for treatments that are overlaid by a line. Significant 

differences of treatments from the control in a given month are shown as * = p < 0.05.  
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Figure 7. Physiological indexes of nutritional condition status (a), shell growth (b), and  

gonadosomatic condition (c) in female and male Elliptio complanata exposed 28d and 180d 

to 0, 5, and 50 ng/L 17α-ethinylestradiol. Values represent mean ± SE. Significant 

differences between exposure periods for a given sex in a given treatment are shown as * = p 

< 0.05. 
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Figure 8. Biochemical concentrations of carbohydrates, proteins, lipids, and alkali-labile  

phosphate (ALP) in gonad tissue (a), hemolymph (b), and gonad fluid (c) of female and male  

Elliptio complanata on day 0, exposed 4d after injection with 0, 2.7, and 28.3 pM/g mussel, 

and exposed 28d and 180d to 0, 5, and 50 ng/L 17α-ethinylestradiol. Values represent mean 

± SE. Different letters represent significant differences between exposure periods or routes 

for a given biochemical component in each tissue or fluid. In gonad tissue, all biochemical 

concentrations but ALP are given as µg biochemical per mg tissue wet weight. In 

hemolymph and gonad fluid, carbohydrate concentrations are given as mg/dl, and protein 

concentrations are given as µg/ml. In all biological samples ALP is given as µg ALP/mg 

protein.  
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Figure 9. Carbohydrate concentrations in gonad tissue of female and male Elliptio 

complanata on day 0, exposed 4d after injection with 0, 2.7, and 28.3 pM/g mussel, and 

exposed 28d and 180d to 0, 5, and 50 ng/L 17α-ethinylestradiol (a). Monthly concentrations 

of gonad tissue carbohydrates in mussels after 4d (b) and 28d (c) exposure conditions. 

Values represent mean ± SE. Significant differences of treatments from the control in a given 

month are shown as * = p < 0.05.  
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Figure 10. Protein concentrations in gonad tissue of female and male Elliptio complanata on 

day 0, exposed 4d after injection with 0, 2.7, and 28.3 pM/g mussel, and exposed 28d and 

180d to 0, 5, and 50 ng/L 17α-ethinylestradiol (a). Monthly concentrations of gonad tissue 

proteins in mussels after 4d (b) and 28d (c) exposure conditions. Values represent mean ± 

SE.  
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Figure 11. Lipid concentrations in gonad tissue of female and male Elliptio complanata on 

day 0, exposed 4d after injection with 0, 2.7, and 28.3 pM/g mussel, and exposed 28d and 

180d to 0, 5, and 50 ng/L 17α-ethinylestradiol (a). Monthly concentrations of gonad tissue 

lipid in mussels after 4d (b) and 28d (c) exposure conditions. Values represent mean ± SE. 

Significant differences of treatments from the control in a given month are shown as * = p < 

0.05 and ** = p < 0.005. 
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Figure 12. ALP concentrations in gonad tissue of female and male Elliptio complanata on 

day 0, exposed 4d after injection with 0, 2.7, and 28.3 pM/g mussel, and exposed 28d and 

180d to 0, 5, and 50 ng/L 17α-ethinylestradiol (a). Monthly concentrations of gonad tissue 

ALP in mussels after 4d (b) and 28d (c) exposure conditions. Values represent mean ± SE. 

Significant differences of treatments from the control in a given month are shown as * = p < 

0.05 and ** = p < 0.005. 
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Figure 13. Carbohydrate concentrations in hemolymph of female and male Elliptio  

complanata on day 0, exposed 4d after injection with 0, 2.7, and 28.3 pM/g mussel, and 

exposed 28d and 180d to 0, 5, and 50 ng/L 17α-ethinylestradiol (a). Monthly concentrations 

of hemolymph carbohydrates in mussels under 4d (b) and 28d (c) exposure conditions. Bi-

monthly concentrations of hemolymph carbohydrates in mussels after 180d exposure (d). 

Values represent mean ± SE. Significant differences of treatments from the control in a given 

month are shown as * = p < 0.05 and ** = p < 0.005. Different letters represent significant 

differences between bi-monthly sampling dates for each treatment.  
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Figure 14. Protein concentrations in hemolymph of female and male Elliptio  

complanata on day 0, exposed 4d after injection with 0, 2.7, and 28.3 pM/g mussel, and 

exposed 28d and 180d to 0, 5, and 50 ng/L 17α-ethinylestradiol (a). Monthly concentrations 

of hemolymph proteins in mussels under 4d (b) and 28d (c) exposure conditions. Bi-monthly 

concentrations of hemolymph proteins in mussels after 180d exposure (d). Values represent 

mean ± SE. Different letters represent significant differences between bi-monthly sampling 

dates for each treatment.  
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Figure 15. ALP concentrations in hemolymph of female and male Elliptio complanata on 

day 0, exposed 4d after injection with 0, 2.7, and 28.3 pM/g mussel, and exposed 28d and 

180d to 0, 5, and 50 ng/L 17α-ethinylestradiol (a). Monthly concentrations of hemolymph 

ALP in mussels under 4d (b) and 28d (c) exposure conditions. Bi-monthly concentrations of 

hemolymph ALP in mussels after 180d exposure (d). Values represent mean ± SE. 

Significant differences of treatments from the control in a given month are shown as * = p < 

0.05. Different letters represent significant differences between bi-monthly sampling dates 

for each treatment.  
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Figure 16. Carbohydrate concentrations in gonad fluid of female and male Elliptio  

complanata on day 0, exposed 4d after injection with 0, 2.7, and 28.3 pM/g mussel, and 

exposed 28d and 180d to 0, 5, and 50 ng/L 17α-ethinylestradiol (a). Monthly concentrations 

of gonad fluid carbohydrates in mussels under 4d (b) and 28d (c) exposure conditions. 

Values represent mean ± SE. Significant differences of treatments from the control in a given 

month are shown as * = p < 0.05 and ** = p < 0.005. 
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Figure 17. Protein concentrations in gonad fluid of female and male Elliptio  

complanata on day 0, exposed 4d after injection with 0, 2.7, and 28.3 pM/g mussel, and 

exposed 28d and 180d to 0, 5, and 50 ng/L 17α-ethinylestradiol (a). Monthly concentrations 

of gonad fluid proteins in mussels under 4d (b) and 28d (c) exposure conditions. Values 

represent mean ± SE.  
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Figure 18. ALP concentrations in gonad fluid of female and male Elliptio  

complanata on day 0, exposed 4d after injection with 0, 2.7, and 28.3 pM/g mussel, and 

exposed 28d and 180d to 0, 5, and 50 ng/L 17α-ethinylestradiol (a). Monthly concentrations 

of gonad fluid ALP in mussels under 4d (b) and 28d (c) exposure conditions. Values 

represent mean ± SE. Significant differences of treatments from the control in a given month 

are shown as * = p < 0.05. 
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Chapter 5. Conclusions and recommendations  

Glochidia survival was not significantly affected by 17α-ethinylestradiol (EE2) for 

Lampsilis fasciola except at the very high concentration of 1,000 ng/L, and survival of 

Elliptio complanata glochidia was not affected by EE2 at any concentration. The 20 µg/L 

fadrozole hydrochloride treatment resulted in significantly higher glochidia mortality relative 

to the control. Glochidia mortality is more likely a result of indirect maternal stress than 

direct toxicant effects because glochidia were removed as soon as possible from exposure 

aquaria. Lack of treatment effects in the two EE2 studies compared to the fadrozole study 

suggests that EE2 did not induce as much physiological or metabolic stress as fadrozole in 

releasing females. In order to test this hypothesis further, the two toxicants should be used 

concurrently rather than being used about a month apart, especially because the extra time 

spent in holding tanks may have reduced female condition for the fadrozole experiment. In 

addition, toxicant concentrations similar to those used in the body of the preceding chapters 

should be used in glochidia mortality studies (24 to 48 hours) to validate the assumption that 

mortality is caused indirectly.  

No adverse effects were observed in conglutinate condition in either acute fadrozole 

or EE2 studies. However, under EE2 exposure for 28 days, fewer glochidia and more eggs 

were released by female E. complanata in the 5 ng/L treatment. Fadrozole is not considered 

ecologically relevant and likely poses little threat to natural populations of freshwater 

mussels in terms of reproduction. EE2 appears to have the potential to influence infection 

success by its reduction of viable glochidia compared to non-viable eggs at environmentally 

relevant concentrations, but prolonged exposure to the toxicant is necessary. Unionids tend to 
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live in flowing streams, and flow conditions will likely fluctuate enough so that 

concentrations of EE2 are not allowed to remain constant except for low-flow or drought-like 

conditions, at which point low dissolved oxygen or emersion is more likely to be of more 

concern than elevated EE2 concentrations. Low-flow conditions downstream of a constant 

source of exposure such as a waste water treatment plant may also adversely affect 

conglutinate condition or result in deformed glochidia. In the 20 µg/L fadrozole treatment 

after only 5 days, some releases also included viable but deformed glochidia, which could 

reduce infection success. Future studies should focus on comparisons of conglutinate 

condition when exposed to a variety of EDC contaminants and for several different species to 

determine with confidence that reproductive processes or lure display behavior will not be 

adversely affected.  

Full lure display of L. fasciola females was significantly affected by EE2 and 

fadrozole, usually seen by a decrease relative to the control. Female lure display in 

Lampsilines such as L. fasciola is a critical adaption that allows these Unionids to attract host 

fish for glochidial infection. Any alterations in this behavior, such as decreased full display 

or increased incidences of partial display, can reduce infection success. Female E. 

complanata siphoning was not affected by EE2 under chronic exposure, but both 5 ng/L and 

50 ng/L resulted in reduced siphoning in two months (May and July) under 28d exposure. 

The discrepancies between monthly results make interpretation difficult, but it seems that 

EE2 was causing toxicant avoidance in females, though not nearly to the extent it did in 

males. 
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Male siphoning only was used as an endpoint in acute EE2 and fadrozole studies, 

whereas both male and female siphoning were examined in chronic EE2 exposure. Therefore, 

only male responses could be compared between species, and EE2 exposure resulted in 

similar behaviors in male L. fasciola and E. complanata. While no treatment effects were 

seen after 4 days of exposure to EE2, both concentrations resulted in significantly reduced 

siphoning for L. fasciola males for the last 8 days of observations. E. complananta males 

reduced siphoning in the 5 ng/L and 50 ng/L EE2 treatments under chronic and 28d exposure 

conditions. In contrast, male L. fasciola showed no treatment effects in fadrozole. It can be 

concluded that males of both species are more sensitive to EE2 at environmentally relevant 

concentrations than to fadrozole, under the assumption that reduced siphoning is a means of 

toxicant avoidance (Manley and Davenport 1979; Cope et al. 2008). Because males and 

females of both species were affected at environmentally relevant concentrations of EE2, it is 

not unreasonable to predict such changes in behavior under natural conditions. 

Foot protrusion between sexes displayed a similar trend in both acute fadrozole and 

EE2 exposures for L. fasciola, with significantly more foot protrusion in females than in 

males during the first 4 days of observations followed by a reduction in sex-specific effects 

during the last 8 days as females began to close their shell valves more often. Foot protrusion 

for L. fasciola, then, appeared to be influenced more by time and sex than by treatment, 

although the 50 µg/L fadrozole treatment did result in significant differences from the 

control, possibly due to disruptions in osmoregulatory processes. In contrast, male E. 

complananta exhibited significantly higher frequencies of foot display than females under 

both 180d and 28d monthly conditions. These observations in the control as well suggest the 
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existence of species’ differences in foot protrusion between sexes, possibly because of the 

display behavior of L. fasciola requiring shell valves to remain open. For each species, 

differences between sex responses became less pronounced with increasing treatment 

concentrations of each toxicant. This was because the dominant sex exhibiting more foot 

protrusion in the control gradually reduced this behavior and began valve closure as 

concentrations of EE2 or fadrozole increased. Foot protrusion appeared to be affected mainly 

by high exposure (50 µg/L fadrozole) or prolonged exposure (5 ng/L EE2 for 180 days and 

5ng/L and 50 ng/L EE2 for 28 days in males). Alterations in foot behavior could inhibit 

locomotion, burrowing, and avoidance of predators or protection against emersion. However, 

treatment conditions that resulted in significant foot behavioral responses in this work are 

rarely likely to occur in the environment, suggesting that foot protrusion will not be 

adversely affected in the wild.    

Behavioral observations for these studies were conducted by one single investigator 

for the most part (except for 4-5 days during chronic exposures), so endpoint designations of 

each behavioral stage are highly consistent. However, there was some difficulty in 

conducting observations during the same time period each day, especially during chronic 

exposures, due to variation in water changes and other logistics beyond the investigator’s 

control. To determine behaviors with confidence, a more reliable system should be set up in 

the future. This could include multiple observations within a shorter time period (i.e. for 

higher resolution) using different investigators per time period who have been trained 

synchronously to designate behavioral stages in a similar manner. Alternatively, a video 
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camera could be set up that could record aquaria at set intervals to monitor behavior 

continuously.  

Both EE2 and fadrozole can be compared at the metabolic level regarding effects on 

L. fasciola, whereas only data for broad macromolecule classes are available for examination 

in E. complanata exposed to environmentally relevant concentrations of EE2. However, a 

few key comparisons can be made between chronic and acute EE2 exposures and possibly 

similar metabolic responses after fadrozole exposure. For example, carbohydrates in all E. 

complananta tissues and fluids decreased after 180 days relative to 4 or 28 days of exposure, 

likely due to depletion of immediate energy reserves required for biological processes. In 

acute EE2 and fadrozole studies, this response can be further broken down to see that these 

depletions were due to declines in glycogen intermediates such as maltose and maltotriose, as 

well as lowered glucose. Increases seen in female E. complanata protein and lipid gonad 

tissue could be due to presence of vitellogenin-like (Vtg) proteins, which is supported by the 

increased ALP seen in hemolymph of both males and females. A decrease seen in lipids, 

especially in female gonad tissue, of E. complanata could reflect the reductions seen in fatty 

acids of female L. fasciola gill tissue. The most promising potential biomarker observed in 

the chronic EE2 exposure was hemolymph ALP induction because of its ease in collection 

with relatively little harm inflicted on sampled mussels. However, ALP is simply an indirect 

determinant of Vtg levels so may not reveal true treatment effects. Rather, it is suggested that 

an attempt be made to develop a specific Vtg antibody that can be used in combination with 

histological analysis of gonad tissue to determine if changes in gonad components and GSI 

are due to changes in Vtg or similar proteins. 



232 
 

Comparison of metabolites detected in fadrozole and EE2 studies reveal several 

similarities as well as differences (Fig. E2). EE2 exposure resulted in detection of 207 

metabolites, ~45% of which were lipids, 26% amino acids, and 11% and 10% carbohydrates 

and nucleotides, respectively. Fadrozole exposure resulted in detection of 240 metabolites, 

and despite the larger amount, percentages were very similar to those of EE2; 46% were 

lipids, 23% were amino acids, 10% were nucleotides, and 8% were carbohydrates. Both 

toxicants resulted in a majority of effects in gill tissue metabolites sampled after 4 days of 

exposure, suggesting changes in metabolic profiles observed during this period and the last 8 

days are contributing to biological process that aid in restoration of homeostasis. Glycogen 

and glycolytic intermediates were depleted initially after exposure to both toxicants, 

indicating that immediate energy reserves were being utilized to account for these acute 

effects, possibly to restore energy after detoxification and reduction-oxidation (redox) 

reactions or in preparation for such reactions. Both toxicants elicited changes in glutamate 

and glutamine, metabolites involved in neural excitotoxicity and other cellular processes such 

as wound repair. In addition, both toxicants resulted in up-regulation of several adenine and 

guanine purine nucleotide and nucleoside derivatives, which could lead to changes in 

immune response and inflammation as well as neurotransmitter and cAMP/cGMP cycling. 

The increase in nucleotide turnover seen after exposure to both toxicants also suggests 

increased peroxisomal activity, which is supported by the observed increase in carnitine and 

its derivatives after EE2 and fadrozole exposure. Both toxicants resulted in increased 

lysolipid metabolites, suggesting elevated PLA2 activity and cleavage of membrane lipids, as 

well as shifts in inositol metabolites that could affect calcium regulation. Finally, exposure to 
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both toxicants resulted in up-regulation of several metabolites involved in tyrosine, 

phenylalanine, and tryptophan metabolism, all of which are precursors to critical 

catecholamine and indolamine neurotransmitters. Sex differences in L. fasciola gill tissue 

metabolites could be detected after EE2 and fadrozole exposures. For EE2, a majority of 

these differences was seen in lipid metabolism, in which female gill tissue lipid metabolites 

generally decreased while lipid metabolites in male gill tissue increased. The number of 

metabolites significantly affected by EE2 overall in female gill tissue was surprisingly much 

higher than metabolites affected in male gill tissue, but this may also have been due to 

increased valve closures of males which could lead to lower exposure. In contrast, after 

fadrozole exposure several differences between sexes could be seen in metabolites involved 

in amino acid, carbohydrate, and lipid metabolism.  

When trying to establish biomarkers of exposure, a key requirement is differences in 

physiological responses to toxicants of interest, especially when trying to distinguish between 

responses to general stress and to compounds with a specific mode of action. Although 

cofactors such as FMN and FAD and the phosphate moieties Pi and Pii were up-regulated 

after fadrozole exposure but not after EE2 exposure (Fig. E2) in both sexes, this may simply 

indicate excess mitochondrial activity due to general metabolic stress. Such activity is also 

likely occurring with EE2 exposure, as indicated by increases in carnitine, adenine, and 

guanine used to fight oxidative stress and free oxygen radicals. Three main metabolic 

pathways are suggested for further investigation into biomarker development. Fadrozole 

exposure resulted in significant sex differences in ornithine metabolism, with ornithine being 

up-regulated in females and proline and the ornithine derivative 5-aminovalerate being 
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down-regulated in males. In contrast, EE2 exposure resulted in no changes in ornithine or its 

metabolite derivatives in either sex. Given that ornithine decarboxylase was one of the 

primary genes differentially expressed in goldfish after fadrozole exposure (Zhang et al. 

2009) and that ornithine was detected but not significantly changed in whole soft tissue of the 

Asian clam Corbicula fluminia after cadmium and zinc exposure (Spann et al. 2011), 

examination of changes in ornithine-related metabolites may indicate exposure to fadrozole 

or similar aromatase inhibitors in Unionids. Proline was significantly up-regulated in gill 

tissues of females after EE2 exposure, whereas it was significantly down-regulated after 

fadrozole exposure in male gill tissue. Aminosugars such as glucosamine were down-

regulated after EE2 exposure in female gill tissue and up-regulated after fadrozole exposure 

in gill tissues of both sexes. These differences in extracellular matrix metabolites could be 

used to possibly distinguish between exposure to a synthetic estrogen or to an aromatase 

inhibitor. At the very least, further studies could utilize changes in these metabolites to 

investigate exposure to EDC contaminants, as this does not seem to be a response related to 

general metabolic stress. Finally, inositol-related metabolites were up-regulated after 

fadrozole exposure in both male and female gill tissue but down-regulated after EE2 

exposure. These changes could also be used to determine differences in responses between 

the toxicants with different modes of action, but inositol signaling that controls calcium 

regulation may be affected by changes in estrogen in general (Canesi et al. 2004).  

Finally, neither EE2 nor fadrozole appear to be acutely detrimental to L. fasciola or E. 

complananta at concentrations that would be expected in the natural environment. However, 

behaviors such as siphoning, foot protrusion, and lure display can be affected at even 
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environmentally relevant concentrations. Given that these are important aspects of mussel 

feeding, movement, and reproduction which are also easily categorized and observable 

endpoints, it is suggested that they be used in further studies examining effects of EDCs or 

other emergent toxicants on Unionids, especially once a standardized and consistent 

observation protocol or system is established. Hemolymph ALP appears to be the only 

sensitive biochemical endpoint that detects EDC exposure in an easily interpretable manner, 

but caution needs to be taken with the understanding that it only represents indirect 

measurement of Vtg. It would be interesting and highly applicable to use hemolymph as a 

tissue/fluid of interest in sampled mussels after toxicant exposure for use in metabolomics 

studies. As a pilot, two pooled hemolymph samples for males and two pooled samples for 

females were each taken after 4 days and 12 days from L. fasciola exposed to 1,000 ng/L 

EE2 for metabolomics using the same analytical procedures and platforms as those used for 

gill tissue, and values ranged from 10% to 1300% of metabolite concentrations seen in gill 

tissue for the 207 metabolites that were detected. Many of these were up-regulated 

metabolites involved in neurological processes, such as glutamine and tryptophan (data not 

shown). This suggests that hemolymph is a potential substrate that can be used in 

metabolomics work with Unionids, especially because of the low limits of detection 

achievable with emerging technology, and because it can be sampled multiple times over 

exposure duration to examine changes in metabolic profile over time.  

Results of this overall work suggest that metabolomics, when accompanied with 

reliable behavior observations, can reveal adverse effects of putative EDCs that traditional 

fecundity endpoints used in vertebrate reproduction studies cannot. This work is of particular 
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importance in the determination of possible declines of natural populations of Unionids, for 

which multiple causes are suggested. It appears that compounds known to act as EDCs in 

vertebrates can rapidly disrupt critical biological processes such as immune response, 

secondary signaling, lipid metabolism, neurological processes, and energy use as well as 

reproduction in freshwater mussels. These effects, along with added metabolic stress and 

creation of reactive oxygen species, possibly are a result of the putative EDCs themselves or 

peptide metabolites mediated by these compounds acting at membrane-related receptors (Fig. 

E1). Now that individual metabolites have been identified, their metabolic pathways and 

associated genes should be investigated in further detail. Chapters throughout the body of this 

work address a critical need to examine a large range of metabolic responses to possible 

EDCs and other emerging contaminants in order to understand their mechanisms of action 

and to provide valuable knowledge regarding Unionid neuroendocrine physiology. 
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Appendix A. Experimental set-up and observational endpoints of interest for acute 12 day 

studies examining the effects of 17α-ethinylestradiol or fadrozole hydrochloride on Lampsilis 

fasciola males and females as discussed in chapters 2 and 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1. Experimental set-up and sampling scheme used in acute 12 day exposures of 

Lampsilis fasciola males and females to 0, 5, and 1,000 ng/L 17α-ethinylestradiol or 0, 2, 20, 

and 50 µg/L fadrozole hydrochloride. Set-up was as follows: 24 females and 24 males per 

treatment with 2 males and 2 females given a unique mark and placed into one aquarium 

replicate. There were 12 replicates were treatment. Behavior and glochidia mortality was 

monitored daily before 100% water changes and toxicant renewal. After 4 days, half the 

replicates from each treatment were taken for terminal sampling of mussel gill tissue. Gill 

tissue of 4 individuals of each sex were pooled for n=3 tissue samples per treatment per sex. 

The remaining mussels were monitored until day 12, at which time these were sampled 

terminally in a similar manner.  

  

Twice daily observations 

N= 24 each sex; 48 total 

8 observations per mussel 
4 days 

8 days 
Twice daily observations 

N= 12 each sex; 24 total 

15 observations per mussel 

Sampled 
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Figure A2. (a) Superconglutinates that have been released by Lampsilis fasciola females 

(10X magnification) and glochidia tightly packed into superconglutinate by mucous wall 

(45X magnification). (b) Foot display behavior of L. fasciola males and females under 12 

day acute exposures to 17α-ethinylestradiol or fadrozole hydrochloride that have been 

categorized from full shell closure to full foot extension and swelling (stages 1-5). (c) Mantle 

lure display behavior of L. fasciola females under 12 day acute exposures to 17α-

ethinylestradiol or fadrozole hydrochloride that have been categorized from no display (shell 

closed or only siphoning), partial display, or full display (extension of marsupial gills and 

undulating lure). 

A 

B 

C 

1 2 3 4 5 

Partial Display Full Display No Display 



Appendix B. Supplemental data for chapter 2 exposures of Lampsilis fasciola to 0, 5, and 1,000 ng/L 17α-ethinylestradiol.

This information includes aquaria water quality, ASTM water measurements and metabolomics results.

Table B1. Measurements of parameters of ASTM hard water added to acute 12 day 17α-ethinylestradiol exposure aquaria.

Date Temperature (°C)
A

pH
A Alkalinity (mg/L as CaCO3)

B
Hardness (mg/L as CaCO3)

C

24-May 20.7 8.29 108 160

25-May 20.9 8.38 76 108

26-May 20.9 8.34 74 112

27-May 20.9 8.33 80 118

28-May 21.0 8.35 74 110

30-May 21.0 8.30 76 112

1-Jun 21.0 8.34 66 106

3-Jun 21.3 8.31 76 114

A 
Determined through use of Cole Palmer pH meter.

B
 Determined by titration with 0.02 N H2SO4 to pH 4.5 (APHA 1998).

C
 Determined by titration with 0.01 ethylenediaminetetraacetic acid (EDTA) (APHA 1998).
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Table B2. Water quality parameters of aquaria used in exposures of Lampsilis fasciola to 17α-ethinylestradiol in acute 12 day studies.

Date Treatment (ng/L) Replicate Temp (°C) Conductivity (µS) Salinity (‰) Oxygen Saturation (%) DO (mg/L) pH

25-May 0 3 20.42 596 0.29 96.7 8.70 7.99

25-May 0 5 20.34 595 0.29 97.0 8.74 7.99

25-May 5 3 20.28 592 0.29 94.7 8.55 8.00

25-May 5 5 20.19 594 0.29 87.6 7.92 7.97

25-May 5 7 20.10 593 0.29 84.3 7.64 7.94

25-May 1,000 3 20.42 595 0.29 92.4 8.31 7.94

25-May 1,000 5 20.37 596 0.29 90.6 8.17 7.91

25-May 1,000 7 20.32 593 0.29 93.4 8.42 7.91

26-May 0 1 21.32 498 0.24 90.6 8.02 8.08

26-May 0 3 20.88 494 0.24 94.8 8.46 8.01

26-May 0 5 20.72 494 0.24 87.0 7.79 7.98

26-May 0 9 20.75 494 0.24 87.3 7.81 7.95

26-May 0 11 20.81 493 0.24 88.9 7.95 7.94

26-May 5 1 20.70 494 0.24 86.3 7.73 7.93

26-May 5 3 20.56 493 0.24 82.4 7.40 7.91

26-May 5 5 20.43 493 0.24 87.6 7.89 7.90

26-May 5 7 20.41 493 0.24 91.5 8.24 7.90

26-May 5 9 20.39 493 0.24 90.4 8.15 7.89

26-May 5 11 20.42 493 0.24 92.7 8.35 7.90

26-May 1,000 1 20.86 494 0.24 91.9 8.20 7.90

26-May 1,000 3 20.79 494 0.24 92.3 8.26 7.87

26-May 1,000 5 20.75 493 0.24 90.9 8.13 7.89

26-May 1,000 7 20.68 493 0.24 90.8 8.14 7.88

26-May 1,000 9 20.65 494 0.24 92.8 8.32 7.86

26-May 1,000 11 20.65 494 0.24 93.9 8.42 7.85

27-May 0 2 20.47 473 0.23 92.1 8.29 8.01

27-May 0 4 20.26 471 0.23 92.8 8.39 7.97

27-May 0 6 20.16 470 0.23 85.8 7.77 7.98

27-May 0 8 20.13 470 0.23 96.9 8.78 7.97

27-May 0 10 20.17 470 0.23 94.4 8.54 7.98

27-May 0 12 20.18 471 0.23 94.2 8.52 7.93

27-May 5 2 20.23 470 0.23 92.4 8.35 8.00

27-May 5 4 20.10 470 0.23 94.0 8.52 7.94

27-May 5 6 20.02 470 0.23 93.6 8.49 7.99

27-May 5 8 19.93 470 0.23 95.7 8.71 7.98

27-May 5 10 19.93 470 0.23 96.6 8.79 7.97

27-May 5 12 19.99 471 0.23 98.0 8.90 8.01

27-May 1,000 2 20.75 475 0.23 96.5 8.63 8.01
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Table B2 continued.

Date Treatment (ng/L) Replicate Temp (°C) Conductivity (µS) Salinity (‰) Oxygen Saturation (%) DO (mg/L) pH

27-May 1,000 4 20.49 470 0.23 96.9 8.71 8.02

27-May 1,000 6 20.28 472 0.23 96.6 8.72 7.99

27-May 1,000 8 20.20 470 0.23 96.7 8.75 8.01

27-May 1,000 10 20.21 470 0.23 91.8 8.30 8.00

27-May 1,000 12 20.16 470 0.23 92.3 8.36 7.99

28-May 0 1 20.74 463 0.22 103.7 9.28 8.06

28-May 0 3 20.46 461 0.22 104.0 9.36 8.02

28-May 0 5 20.33 461 0.22 105.9 9.56 8.02

28-May 0 9 20.28 459 0.22 108.9 9.84 8.02

28-May 0 11 20.32 461 0.22 109.4 9.87 8.03

28-May 5 1 20.28 461 0.22 107.8 9.73 8.01

28-May 5 3 20.21 459 0.22 107.4 9.72 7.96

28-May 5 5 20.11 460 0.22 106.3 9.64 7.99

28-May 5 7 20.04 461 0.22 107.6 9.76 7.97

28-May 5 9 20.06 460 0.22 107.5 9.75 7.98

28-May 5 11 20.06 460 0.22 108.5 9.85 7.97

28-May 1,000 1 20.40 462 0.22 109.0 9.82 7.98

28-May 1,000 3 20.40 462 0.22 109.0 9.82 7.98

28-May 1,000 5 20.31 461 0.22 110.1 9.94 7.94

28-May 1,000 7 20.20 460 0.22 107.3 9.71 7.96

28-May 1,000 9 20.18 461 0.22 105.4 9.54 7.95

28-May 1,000 11 20.21 461 0.22 107.0 9.67 7.92

29-May 0 8 20.49 451 0.22 146.9 13.21 8.03

29-May 0 9 20.49 453 0.22 144.0 12.96 8.02

29-May 0 10 20.47 453 0.22 146.2 13.16 8.00

29-May 0 11 20.44 453 0.22 143.2 12.89 8.02

29-May 0 12 20.46 453 0.22 147.4 13.26 8.01

29-May 5 7 20.29 454 0.22 140.0 12.64 8.01

29-May 5 8 20.19 455 0.22 145.6 13.18 7.96

29-May 5 9 20.19 453 0.22 138.3 12.51 7.93

29-May 5 10 20.19 453 0.22 138.3 12.51 7.98

29-May 5 11 20.14 453 0.22 141.7 12.84 7.97

29-May 5 12 20.19 453 0.22 141.6 12.81 7.97

29-May 1,000 7 20.48 454 0.22 145.0 13.05 7.97

29-May 1,000 8 20.76 452 0.22 143.8 12.87 7.95

29-May 1,000 10 20.47 453 0.22 145.6 13.10 7.96

29-May 1,000 11 20.37 453 0.22 145.5 13.12 7.95

29-May 1,000 12 20.39 454 0.22 146.5 13.20 7.94
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Table B2 continued.

Date Treatment (ng/L) Replicate Temp (°C) Conductivity (µS) Salinity (‰) Oxygen Saturation (%) DO (mg/L) pH

30-May 0 7 20.61 456 0.22 103.5 9.29 8.08

30-May 0 8 20.52 454 0.22 104.2 9.36 8.02

30-May 0 9 20.44 455 0.22 103.3 9.30 8.04

30-May 0 10 20.45 455 0.22 104.7 9.43 8.00

30-May 0 11 20.40 455 0.22 101.5 9.15 8.04

30-May 0 12 20.44 453 0.22 106.2 9.56 8.00

30-May 5 7 20.37 456 0.22 101.4 9.14 8.00

30-May 5 8 20.28 456 0.22 102.6 9.26 7.97

30-May 5 9 20.32 454 0.22 100.5 9.07 7.97

30-May 5 10 20.22 455 0.22 103.7 9.37 7.89

30-May 5 11 20.20 454 0.22 101.3 9.16 7.97

30-May 5 12 20.23 455 0.22 103.4 9.35 7.94

30-May 1,000 7 20.61 455 0.22 100.7 9.03 7.96

30-May 1,000 8 20.72 456 0.22 102.1 9.15 7.95

30-May 1,000 9 20.49 455 0.22 96.8 8.71 7.94

30-May 1,000 10 20.58 455 0.22 102.4 9.20 7.92

30-May 1,000 11 20.40 454 0.22 103.0 9.28 7.94

30-May 1,000 12 20.46 454 0.22 103.2 9.28 7.92

31-May 0 7 20.12 462 0.22 123.1 11.15 8.06

31-May 0 8 20.09 460 0.22 124.4 11.28 8.00

31-May 0 9 19.97 460 0.22 122.8 11.16 8.03

31-May 0 10 19.97 459 0.22 126.2 11.47 7.99

31-May 0 11 20.01 459 0.22 121.7 11.05 8.02

31-May 0 12 20.02 460 0.22 128.4 11.65 7.98

31-May 5 7 19.97 461 0.22 124.8 11.34 7.98

31-May 5 8 19.90 461 0.22 120.2 10.94 7.94

31-May 5 9 19.84 459 0.22 127.0 11.57 7.97

31-May 5 10 19.84 459 0.22 124.2 11.32 7.94

31-May 5 11 19.72 460 0.22 127.8 11.67 7.95

31-May 5 12 19.76 460 0.22 124.6 11.37 7.91

31-May 1,000 7 20.11 461 0.22 121.1 10.98 7.93

31-May 1,000 8 20.24 462 0.22 124.4 11.24 7.89

31-May 1,000 9 19.99 460 0.22 117.5 10.67 7.91

31-May 1,000 10 20.00 461 0.22 119.2 10.82 7.90

31-May 1,000 11 19.95 460 0.22 127.0 11.55 7.92

31-May 1,000 12 20.01 460 0.22 128.4 11.65 7.90

1-Jun 0 7 20.26 463 0.22 134.2 12.12 8.02

1-Jun 0 8 20.10 461 0.22 136.4 12.36 7.98
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Table B2 continued.

Date Treatment (ng/L) Replicate Temp (°C) Conductivity (µS) Salinity (‰) Oxygen Saturation (%) DO (mg/L) pH

1-Jun 5 9 19.84 461 0.22 136.3 12.42 7.94

1-Jun 5 10 19.80 460 0.22 132.9 12.12 7.92

1-Jun 5 11 19.73 460 0.22 138.1 12.60 7.94

1-Jun 5 12 19.76 461 0.22 135.4 12.35 7.90

1-Jun 1,000 7 20.01 461 0.22 134.3 12.20 7.91

1-Jun 1,000 7 20.05 461 0.22 133.7 12.13 7.91

1-Jun 1,000 8 20.19 462 0.22 138.5 12.53 7.91

1-Jun 1,000 9 19.92 460 0.22 136.5 12.41 7.90

1-Jun 1,000 10 19.99 461 0.22 139.2 12.65 7.91

1-Jun 1,000 11 19.89 461 0.22 138.2 12.58 7.89

1-Jun 1,000 12 19.95 460 0.22 136.1 12.37 7.92

2-Jun 0 7 20.22 457 0.22 120.7 10.91 8.04

2-Jun 0 8 20.18 454 0.22 122.4 11.07 8.00

2-Jun 0 9 20.07 454 0.22 120.6 10.93 8.00

2-Jun 0 10 20.01 453 0.22 124.1 11.27 7.97

2-Jun 0 11 19.97 453 0.22 120.5 10.95 7.99

2-Jun 0 12 19.99 454 0.22 127.4 11.58 7.98

2-Jun 5 7 19.92 454 0.22 122.8 11.17 7.97

2-Jun 5 8 20.01 455 0.22 109.1 9.91 7.90

2-Jun 5 9 19.87 453 0.22 122.7 11.17 7.93

2-Jun 5 10 19.84 452 0.22 123.5 11.25 7.88

2-Jun 5 11 19.78 452 0.22 125.9 11.49 7.95

2-Jun 5 12 19.79 453 0.22 121.0 11.04 7.87

2-Jun 1,000 7 20.15 454 0.22 119.7 10.84 7.86

2-Jun 1,000 8 20.33 454 0.22 122.9 11.09 7.89

2-Jun 1,000 9 20.12 454 0.22 120.9 10.95 7.90

2-Jun 1,000 10 20.10 454 0.22 123.9 11.23 7.90

2-Jun 1,000 11 20.04 454 0.22 124.7 11.32 7.92

2-Jun 1,000 12 20.07 453 0.22 124.6 11.30 7.90

3-Jun 0 7 20.48 458 0.22 88.2 7.93 8.00

3-Jun 0 8 20.30 455 0.22 92.6 8.36 7.97

3-Jun 0 9 20.31 455 0.22 90.6 8.18 7.99

3-Jun 0 10 20.24 455 0.22 93.7 8.46 7.93

3-Jun 0 11 20.33 454 0.22 90.4 8.16 7.98

3-Jun 0 12 20.24 455 0.22 94.5 8.54 7.92

3-Jun 5 7 20.08 455 0.22 94.2 8.54 7.95

3-Jun 5 8 20.01 456 0.22 89.6 8.14 7.93

3-Jun 5 9 20.01 454 0.22 94.1 8.54 7.91
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Table B2 continued.

Date Treatment (ng/L) Replicate Temp (°C) Conductivity (µS) Salinity (‰) Oxygen Saturation (%) DO (mg/L) pH

3-Jun 0 10 20.24 455 0.22 93.7 8.46 7.93

3-Jun 0 11 20.33 454 0.22 90.4 8.16 7.98

3-Jun 0 12 20.24 455 0.22 94.5 8.54 7.92

3-Jun 5 7 20.08 455 0.22 94.2 8.54 7.95

3-Jun 5 8 20.01 456 0.22 89.6 8.14 7.93

3-Jun 5 9 20.01 454 0.22 94.1 8.54 7.91

3-Jun 5 10 19.98 454 0.22 92.2 8.37 7.90

3-Jun 5 11 19.93 454 0.22 94.3 8.58 7.90

3-Jun 5 12 19.94 455 0.22 92.9 8.45 7.88

3-Jun 1,000 7 20.41 455 0.22 92.1 8.30 7.94

3-Jun 1,000 8 20.57 456 0.22 93.8 8.43 7.98

3-Jun 1,000 9 20.34 456 0.22 92.9 8.38 7.90

3-Jun 1,000 10 20.38 455 0.22 94.3 8.50 7.95

3-Jun 1,000 11 20.22 455 0.22 93.9 8.49 7.92

3-Jun 1,000 12 20.32 454 0.22 94.9 8.56 7.96

4-Jun 0 7 19.74 456 0.22 104.1 9.51 7.99

4-Jun 0 8 19.75 452 0.22 106.1 9.68 7.97

4-Jun 0 9 19.53 451 0.22 104.7 9.60 7.97

4-Jun 0 10 19.50 452 0.22 107.0 9.81 7.94

4-Jun 0 11 19.38 451 0.22 108.2 9.95 7.98

4-Jun 0 12 19.38 452 0.22 108.6 9.98 7.95

4-Jun 5 7 19.54 452 0.22 106.2 9.73 7.94

4-Jun 5 8 19.50 453 0.22 102.4 9.39 7.92

4-Jun 5 9 19.39 452 0.22 106.1 9.76 7.92

4-Jun 5 10 19.27 452 0.22 106.6 9.82 7.92

4-Jun 5 11 19.22 452 0.22 107.3 9.90 7.91

4-Jun 5 12 19.25 452 0.22 107.8 9.94 7.91

4-Jun 1,000 7 19.67 453 0.22 107.6 9.84 7.91

4-Jun 1,000 8 19.76 453 0.22 106.9 9.76 7.93

4-Jun 1,000 9 19.51 452 0.22 108.1 9.91 7.90

4-Jun 1,000 10 19.52 452 0.22 107.7 9.88 7.92

4-Jun 1,000 11 19.35 452 0.22 109.1 10.04 7.89

4-Jun 1,000 12 19.46 452 0.22 108.4 9.95 7.93

5-Jun 0 7 20.27 454 0.22 98.5 8.90 7.95

5-Jun 0 8 20.00 452 0.22 102.5 9.31 7.93

5-Jun 0 9 19.90 451 0.22 101.3 9.22 7.95

5-Jun 0 10 19.85 452 0.22 103.0 9.38 7.90

5-Jun 0 11 19.71 452 0.22 104.1 9.51 7.94
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Table B2 continued.

Date Treatment (ng/L) Replicate Temp (°C) Conductivity (µS) Salinity (‰) Oxygen Saturation (%) DO (mg/L) pH

5-Jun 0 12 19.76 451 0.22 103.7 9.47 7.90

5-Jun 5 7 19.81 452 0.22 103.9 9.47 7.92

5-Jun 5 8 19.89 451 0.22 98.7 8.98 7.91

5-Jun 5 9 19.73 451 0.22 103.5 9.45 7.91

5-Jun 5 10 19.65 451 0.22 102.1 9.33 7.91

5-Jun 5 11 19.59 451 0.22 104.1 9.53 7.92

5-Jun 5 12 19.58 452 0.22 103.0 9.43 7.90

5-Jun 1,000 7 20.03 453 0.22 102.5 9.30 7.90

5-Jun 1,000 8 20.12 453 0.22 103.3 9.35 7.91

5-Jun 1,000 9 19.91 452 0.22 103.0 9.37 7.89

5-Jun 1,000 10 19.87 451 0.22 103.6 9.43 7.91

5-Jun 1,000 11 19.74 453 0.22 103.9 9.48 7.89

5-Jun 1,000 12 19.81 451 0.22 103.8 9.46 7.91
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Table B3. Fold differences of all detected metabolites expressed in gill tissue of female and male Lampsilis fasciola exposed to 5ng/L and 1,000 ng/L 17α-ethinylestradiol relative to the control on days 4 and 12. 

Symbols represent up-regulation (+) or down-regulation (-). Metabolites signficantly different from 0 µg/L (p < 0.05) are in bold-faced type.

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) F d4 F d12 M d4 M d12 F d4 F d12 M d4 M d12

Amino Acids

C00037 Glycine, serine, glycine + 1.17 + 1.11 + 1.00 - 1.18 + 1.09 + 1.01 + 1.09 - 1.06

C00168 and threonine metabolism beta-hydroxypyruvate + 1.37 - 1.75 + 1.02 - 2.22 - 1.18 - 1.75 + 1.35 - 1.89

C00065 serine + 1.07 + 1.05 + 1.14 - 1.33 + 1.03 + 1.04 + 1.09 - 1.22

C00188 threonine + 1.15 - 1.06 + 1.07 - 1.06 + 1.17 - 1.01 + 1.08 + 1.01

C00041 Alanine and aspartate alanine + 1.15 - 1.01 + 1.08 - 1.11 + 1.15 + 1.00 + 1.12 + 1.02

C00099 metabolism beta-alanine + 1.01 - 1.92 + 1.40 + 1.24 + 1.31 - 1.41 + 1.06 - 1.19

C00049 aspartate + 1.02 - 1.04 - 1.08 - 1.11 + 1.05 - 1.12 - 1.01 - 1.27

C00152 asparagine + 1.08 + 1.19 - 1.02 - 1.23 + 1.21 + 1.13 + 1.08 + 1.06

C00025 Glutamate metabolism glutamate + 1.06 + 1.00 - 1.01 - 1.10 + 1.18 - 1.04 + 1.03 + 1.00

C06234 4-methylglutamate + 1.19 - 1.01 - 1.09 + 1.21 - 1.16 - 1.05 + 1.01 + 1.12

C00064 glutamine + 1.07 + 1.24 - 1.12 - 1.52 + 1.10 + 1.45 + 1.11 + 1.06

C00334 gamma-aminobutyrate (GABA) - 1.14 - 1.64 + 1.21 + 1.18 - 1.01 - 1.35 + 1.10 - 1.01

C00135 Histidine metabolism histidine + 1.24 + 1.95 + 1.80 - 2.13 + 1.00 + 1.2 - 1.08 + 1.01

C00785 trans-urocanate + 1.55 + 1.02 + 1.13 - 1.27 + 1.16 + 1.29 - 1.11 - 1.14

C01152 1-methylhistidine - 1.06 - 1.39 - 1.12 - 1.18 - 1.52 + 1.31 - 1.23 - 1.61

C01672 Lysine metabolism cadaverine - 1.05 - 1.96 - 1.16 + 1.14 + 1.17 - 1.61 + 1.02 - 1.47

C00489 glutarate (pentanedioate) + 1.35 - 1.09 + 1.06 - 1.22 + 1.63 - 1.02 + 1.21 + 1.05

C00047 lysine - 1.25 - 1.37 + 1.15 - 1.67 + 1.11 + 1.13 + 1.56 + 1.22

C00956 2-aminoadipate + 1.18 + 1.36 + 1.01 - 1.37 + 1.05 - 1.05 + 1.22 + 1.14

C00322 2-oxoadipate - 1.10 + 1.00 - 1.03 - 1.02 + 1.05 + 1.04 + 1.03 - 1.08

C00408 pipecolate + 1.00 + 1.65 + 1.17 - 1.11 + 1.02 + 1.34 - 1.05 + 1.27

C00079 Phenylalanine & tyrosine phenylalanine + 1.75 - 1.09 + 1.21 - 1.20 + 1.38 + 1.08 + 1.05 + 1.07

C07086 metabolism phenylacetate - 1.35 + 1.16 + 1.10 + 1.75 - 1.35 + 1.00 - 1.72 + 1.32

C00166 phenylpyruvate - 1.96 + 1.21 + 1.33 + 1.95 - 2.08 + 1.00 - 1.30 + 1.00

C00082 tyrosine + 1.24 - 1.03 + 2.19 - 2.70 + 1.19 + 1.28 + 1.40 - 2.04

C01717 Tryptophan metabolism kynurenate + 1.37 - 1.30 + 1.03 + 1.20 + 1.64 - 1.41 + 1.18 - 1.59
C00328 kynurenine + 1.09 - 1.56 - 1.11 - 1.45 + 1.53 - 1.12 + 1.49 - 1.19

C00078 tryptophan - 1.33 - 2.13 - 1.72 + 1.07 + 1.13 - 1.10 - 1.25 - 1.49

C-glycosyltryptophan + 1.00 + 1.24 - 1.08 - 1.12 + 1.20 + 1.10 + 1.02 - 1.12

C00141 Valine, leucine and 3-methyl-2-oxobutyrate + 1.20 - 1.56 - 1.03 + 1.16 + 1.29 - 1.23 - 1.33 + 1.05

C00671  isoleucine metabolism 3-methyl-2-oxovalerate + 1.21 - 1.10 + 1.00 + 1.11 + 1.17 - 1.08 - 1.03 - 1.08

C00407 isoleucine + 1.06 - 1.12 + 1.02 - 1.23 + 1.19 + 1.08 + 1.17 - 1.05

C00123 leucine + 1.04 - 1.22 + 1.12 - 1.05 + 1.17 - 1.06 + 1.11 + 1.12

C00183 valine + 1.12 - 1.06 + 1.05 - 1.09 + 1.16 + 1.03 + 1.12 - 1.03

C00233 4-methyl-2-oxopentanoate + 1.08 - 1.03 + 1.03 + 1.02 + 1.27 + 1.01 + 1.03 - 1.12

2-methylbutyroylcarnitine + 1.05 + 1.36 - 1.02 - 1.19 + 1.14 + 1.32 + 1.16 + 1.27

C00519 Cysteine, methionine, SAM, hypotaurine - 1.12 - 1.09 + 1.31 + 1.55 + 1.18 + 1.39 + 1.08 + 1.03

C00021 and taurine metabolism S-adenosylhomocysteine (SAH) - 1.12 - 1.18 + 1.03 - 1.10 + 1.05 - 1.01 - 1.01 + 1.38

C00073 methionine + 1.29 + 1.11 + 1.04 - 1.18 + 1.17 + 1.05 + 1.16 - 1.08

C02712 N-acetylmethionine + 1.02 + 1.14 + 1.05 - 1.08 + 1.00 + 1.45 + 1.00 + 1.13

C00062 Urea cycle; arginine and arginine + 1.21 + 1.4 - 1.89 - 2.27 - 1.61 - 2.08 - 1.09 + 1.07

C00077 proline metabolism ornithine - 1.30 - 1.49 - 1.12 + 1.00 + 1.03 - 1.28 + 1.17 - 1.08

C00086 urea + 1.27 + 1.08 - 1.11 + 1.00 + 1.16 - 1.11 - 1.11 + 1.10

C00148 proline + 1.36 + 1.04 + 1.09 - 1.15 + 1.30 + 1.25 + 1.05 + 1.20

5 ng/L 1,000 ng/L
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C00431 5-aminovalerate + 1.14 - 1.05 + 1.10 + 1.02 - 1.04 - 1.10 + 1.02 - 1.16

C01157 trans-4-hydroxyproline + 1.58 + 1.00 + 1.10 + 1.02 + 1.27 + 1.07 - 1.01 + 1.07

C02261 Butanoate metabolism 2-aminobutyrate + 1.34 + 1.16 - 1.35 - 1.23 + 1.25 + 1.25 - 1.23 + 1.19

C00170 Polyamine metabolism 5-methylthioadenosine (MTA) + 1.20 + 1.42 + 1.08 + 1.2 + 1.38 + 1.37 - 1.11 + 1.53

C00134 putrescine - 1.20 - 1.43 + 1.02 + 1.13 + 1.06 + 1.01 + 1.05 - 1.15

C00179 agmatine + 1.34 + 2.13 - 1.75 - 1.96 - 1.67 - 1.30 - 1.15 + 1.03

C00315 spermidine - 1.02 - 1.16 + 1.12 + 1.02 - 1.12 - 1.10 - 1.09 - 1.01

C01035 Guanidino and acetamido metabolism 4-guanidinobutanoate + 1.19 + 1.01 + 1.19 - 1.03 + 1.04 + 1.09 + 1.13 - 1.01

C01879 Glutathione metabolism 5-oxoproline + 1.30 + 1.21 + 1.43 - 1.06 + 1.21 + 1.05 + 1.11 - 1.04

Peptides

gamma-glutamyl gamma-glutamylleucine + 1.19 - 1.16 + 1.15 + 1.12 + 1.33 - 1.11 + 1.19 + 1.01

Carbohydrates

C00329 Aminosugars metabolism glucosamine + 1.00 - 1.69 - 1.04 + 1.81 + 1.08 - 2.13 + 1.00 + 1.38

C00140 N-acetylglucosamine - 1.28 - 1.27 - 1.09 + 1.20 - 1.16 - 1.39 - 1.18 + 1.02

C00357 N-acetylglucosamine 6-phosphate - 1.06 - 1.15 - 1.18 + 1.05 - 1.01 - 1.25 - 1.08 + 1.1

erythronate - 1.35 - 1.01 + 1.23 - 1.28 + 1.36 - 1.33 + 1.26 - 1.75
C00382 fucose + 1.12 + 1.26 + 1.20 - 1.47 - 1.04 + 1.30 + 1.04 - 1.28

C00095 Fructose, mannose, galactose, fructose - 1.02 - 1.43 + 1.11 + 1.36 + 1.19 - 1.49 + 1.05 + 1.21

C01582 starch, and sucrose metabolism galactose - 1.18 + 1.01 - 1.01 - 1.04 - 1.08 + 1.13 + 1.11 - 1.01

C00208 maltose - 2.22 - 9.09 - 16.67 - 14.29 - 20.00 - 2.78 - 2.94 - 4.17

C00159 mannose + 1.09 - 1.37 + 1.21 - 1.05 + 1.12 - 1.41 + 1.10 - 1.06

C00275 mannose-6-phosphate - 1.04 + 1.12 + 1.37 - 1.47 + 1.20 + 1.24 + 1.90 - 1.85
C01835 maltotriose - 7.14 - 33.33 - 33.33 - 9.09 - 100.00 - 9.09 - 4.35 - 4.17

C02052 maltotetraose - 10.00 - 11.11 - 25.00 - 2.04 - 100.00 - 11.11 - 7.69 - 2.04

C06218 maltopentaose - 3.33 + 1.00 - 1.82 + 1.00 - 4.76 + 1.00 - 1.82 + 1.00

C00258 Glycolysis, gluconeogenesis, and glycerate + 1.04 - 1.23 + 1.14 - 1.05 + 1.02 - 1.67 + 1.20 + 1.31

C00668 pyruvate metabolism glucose-6-phosphate (G6P) - 1.10 + 1.35 - 1.22 - 1.18 + 1.18 + 1.36 + 1.62 - 1.45

C00293 glucose + 1.18 - 1.75 - 1.41 - 2.08 - 1.22 - 1.12 - 1.19 - 1.39

C05345 fructose-6-phosphate + 1.03 + 1.43 - 1.02 + 1.04 + 1.32 + 1.52 + 1.34 - 1.18

C00257 Nucleotide sugars and gluconate + 1.11 + 1.12 + 1.19 - 1.23 + 1.09 - 1.39 + 1.29 - 1.67

C00121 pentose metabolism ribose + 1.15 - 1.39 + 1.04 - 1.28 + 1.15 - 1.32 - 1.10 - 1.20

C00309 ribulose - 1.12 - 1.41 + 1.13 + 1.38 - 1.03 - 1.25 - 1.06 - 1.11

C00379 xylitol - 1.03 - 1.33 - 1.82 + 1.87 - 1.15 - 1.09 - 1.10 + 1.16

C00181 xylose - 1.11 - 1.23 + 1.48 - 1.08 + 1.21 - 1.06 + 1.34 - 1.32

C00310 xylulose + 1.14 - 1.35 + 1.05 + 1.30 + 1.28 - 1.11 - 1.02 + 1.28

Energy

C00158 Krebs cycle citrate + 1.35 + 1.29 + 1.37 + 1.22 + 1.26 + 1.17 - 1.11 - 1.06

C00490 itaconate (methylenesuccinate) - 1.33 + 1.00 + 1.46 + 1.06 - 1.52 + 1.00 + 1.00 + 1.31

C00026 alpha-ketoglutarate + 1.23 + 1.30 - 1.41 - 1.32 - 1.18 + 1.50 - 1.06 - 1.06

C00122 fumarate + 1.30 + 1.29 - 1.02 - 1.22 + 1.33 + 1.19 - 1.06 + 1.06

C00149 malate + 1.12 + 1.25 - 1.19 - 1.25 + 1.52 + 1.12 + 1.06 + 1.27

5 ng/L 1,000 ng/L
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Lipids

C01595 Essential fatty acid linoleate (18:2n6) - 1.01 - 1.08 + 1.02 + 1.02 - 1.28 - 1.11 - 1.08 + 1.11

C06427 linolenate [alpha or gamma; (18:3n3 or 6)] - 1.06 - 1.14 - 1.05 + 1.21 - 1.25 - 1.11 - 1.06 + 1.21

C03242 dihomo-linolenate (20:3n3 or n6) - 1.20 - 1.02 - 1.01 - 1.06 - 1.27 - 1.08 + 1.03 + 1.04

C06428 eicosapentaenoate (EPA; 20:5n3) - 1.20 - 1.59 - 1.05 + 1.50 - 1.28 - 1.56 - 1.10 + 1.08

C16513 docosapentaenoate (n3 DPA; 22:5n3) - 1.56 - 1.75 + 1.08 + 1.22 - 1.59 - 1.82 - 1.28 + 1.19

C06429 docosapentaenoate (n6 DPA; 22:5n6) - 1.49 - 1.79 + 1.08 + 1.28 - 1.75 - 1.89 - 1.28 + 1.07

C06429 docosahexaenoate (DHA; 22:6n3) - 1.43 - 1.69 + 1.12 + 1.41 - 1.54 - 1.72 - 1.25 + 1.17

C01585 Medium chain fatty acid caproate (6:0) - 1.12 - 1.06 - 1.05 + 1.06 - 1.33 + 1.46 - 1.27 + 1.29

C17714 heptanoate (7:0) + 1.00 + 1.00 + 1.00 + 1.00 + 1.00 + 1.00 + 1.00 + 1.00

C06423 caprylate (8:0) - 1.49 - 1.04 + 1.03 - 1.28 - 1.03 + 1.03 - 1.14 - 1.18

C01601 pelargonate (9:0) + 1.01 - 1.11 + 1.15 + 1.15 - 1.05 - 1.04 + 1.05 + 1.12

C01571 caprate (10:0) - 1.06 + 1.01 + 1.07 - 1.02 - 1.16 + 1.00 + 1.00 - 1.02

C02679 laurate (12:0) - 1.11 - 1.04 + 1.18 + 1.08 - 1.15 - 1.11 + 1.09 + 1.01

C06424 Long chain fatty acid myristate (14:0) + 1.02 - 1.05 - 1.01 + 1.06 - 1.12 - 1.05 - 1.14 + 1.20
C16537 pentadecanoate (15:0) + 1.03 + 1.09 + 1.06 + 1.00 - 1.27 + 1.09 - 1.10 + 1.22

C00249 palmitate (16:0) + 1.04 + 1.01 + 1.02 + 1.02 - 1.25 + 1.06 - 1.12 + 1.17

C08362 palmitoleate (16:1n7) - 1.12 - 1.01 + 1.00 + 1.15 - 1.54 - 1.04 - 1.03 + 1.32

margarate (17:0) + 1.08 + 1.04 + 1.02 + 1.08 - 1.15 + 1.21 - 1.03 + 1.26

10-heptadecenoate (17:1n7) - 1.23 - 1.16 + 1.00 + 1.09 - 1.28 - 1.19 - 1.09 + 1.21

C01530 stearate (18:0) + 1.07 + 1.01 + 1.04 + 1.09 - 1.20 + 1.11 - 1.09 + 1.24

C00712 oleate (18:1n9) - 1.09 - 1.20 + 1.11 + 1.07 - 1.16 - 1.09 + 1.10 - 1.11

C08367 cis-vaccenate (18:1n7) + 1.08 - 1.10 + 1.10 + 1.01 - 1.11 + 1.08 + 1.05 + 1.01

C16300 stearidonate (18:4n3) - 1.56 - 1.67 - 1.19 + 1.92 - 1.49 - 2.00 + 1.00 + 1.15

C16535 nonadecanoate (19:0) + 1.02 + 1.08 + 1.10 + 1.10 - 1.28 + 1.33 - 1.04 + 1.26

10-nonadecenoate (19:1n9) - 1.05 - 1.28 - 1.06 - 1.01 - 1.04 - 1.23 - 1.08 - 1.05

eicosenoate (20:1n9 or 11) + 1.07 - 1.03 - 1.04 + 1.08 - 1.15 + 1.07 + 1.03 + 1.16

C16525 dihomo-linoleate (20:2n6) - 1.16 - 1.14 - 1.22 + 1.01 - 1.32 - 1.23 - 1.19 + 1.13

mead acid (20:3n9) - 1.32 - 1.20 + 1.06 + 1.13 - 1.54 - 1.32 + 1.02 - 1.04

C00219 arachidonate (20:4n6) - 1.16 - 1.35 + 1.03 + 1.24 - 1.32 - 1.32 - 1.20 + 1.13

C16533 docosadienoate (22:2n6) - 1.18 - 1.47 + 1.01 + 1.07 - 1.20 - 1.41 - 1.11 + 1.09

C16534 docosatrienoate (22:3n3) - 1.32 - 1.54 - 1.18 - 1.03 - 1.28 - 1.35 - 1.39 + 1.15

C16527 adrenate (22:4n6) - 1.32 - 1.47 - 1.08 + 1.09 - 1.49 - 1.47 - 1.18 + 1.07

Fatty acid, monohydroxy 2-hydroxypalmitate + 1.02 - 1.43 - 1.06 + 1.03 - 1.05 - 1.16 - 1.11 - 1.02

13-HODE + 9-HODE + 1.02 + 1.05 - 1.05 - 1.16 - 1.08 - 1.01 - 1.20 - 1.09

C06104 Fatty acid, dicarboxylate adipate - 1.11 - 1.23 - 1.02 - 1.35 - 1.28 - 1.64 - 1.43 - 1.12

4-octenedioate + 1.13 - 1.02 + 1.03 + 1.18 - 1.14 + 1.16 - 1.09 + 1.13

C02678 dodecanedioate + 1.15 - 1.41 + 1.14 + 1.13 + 1.19 - 1.41 + 1.07 - 1.09

undecanedioate + 1.00 + 1.00 + 1.00 + 1.00 + 1.00 + 1.00 + 1.00 + 1.00

Fatty acid, branched 13-methylmyristic acid - 1.08 + 1.09 + 1.01 + 1.03 - 1.12 - 1.05 + 1.01 + 1.27

methyl palmitate (15 or 2) + 1.01 - 1.04 - 1.02 - 1.04 - 1.32 + 1.16 - 1.19 + 1.06

17-methylstearate + 1.16 - 1.02 + 1.05 + 1.08 - 1.11 + 1.18 - 1.06 + 1.21

C00584 Eicosanoid prostaglandin E2 + 1.84 + 1.90 + 1.36 - 1.04 - 1.01 + 1.57 + 1.3 - 1.61

5-HETE - 1.04 - 1.15 + 1.02 + 1.31 - 1.19 - 1.22 + 1.01 + 1.20

C04742 15-HETE + 1.99 - 2.63 + 1.77 + 1.84 - 1.10 - 3.57 + 1.22 + 1.12

C14732 5-oxoETE - 1.39 + 1.00 - 1.10 + 1.11 - 1.25 - 1.08 + 1.05 + 1.09

5 ng/L 1,000 ng/L
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C03017 Fatty acid and BCAA metabolism propionylcarnitine + 1.71 + 1.21 - 1.37 + 1.96 + 3.38 + 1.59 - 1.52 + 3.07
Carnitine metabolism carnitine + 1.07 + 1.05 - 1.01 - 1.10 - 1.06 + 1.08 + 1.10 - 1.22

C02636 3-dehydrocarnitine - 1.05 - 1.14 - 1.12 + 1.77 - 1.27 - 1.14 - 1.22 + 1.00

C02571 acetylcarnitine + 1.07 + 1.00 + 1.10 + 1.21 - 1.32 - 1.10 + 1.09 - 1.22

C00189 Glycerolipid metabolism ethanolamine + 1.15 + 1.21 - 1.30 - 1.33 - 1.27 - 1.20 + 1.01 - 1.09

C00346 phosphoethanolamine + 1.08 + 1.53 - 1.19 + 1.02 - 1.30 + 1.07 + 1.08 + 1.06

C00116 glycerol - 1.06 - 1.18 - 1.01 + 1.01 - 1.14 - 1.09 + 1.01 + 1.01

choline + 1.02 - 1.22 + 1.05 + 1.01 - 1.06 - 1.12 + 1.07 - 1.05

C00093 glycerol 3-phosphate (G3P) + 1.13 - 1.01 - 1.09 - 1.14 + 1.06 + 1.25 + 1.12 - 1.03

C00670 glycerophosphorylcholine (GPC) + 1.08 - 1.05 - 1.03 + 1.12 + 1.08 + 1.21 + 1.04 + 1.08

C00137 Inositol metabolism myo-inositol + 1.14 - 1.43 + 1.05 + 1.07 + 1.11 - 1.47 + 1.04 + 1.04

Lysolipid 1-stearoylglycerophosphoethanolamine - 1.06 + 1.17 - 1.10 - 1.03 + 1.02 - 1.75 - 1.37 + 1.11

1-oleoylglycerophosphoethanolamine + 1.06 - 1.30 - 1.06 + 1.03 + 1.36 - 1.12 + 1.03 - 1.01

2-arachidonoylglycerophosphoethanolamine - 1.05 - 1.05 - 1.05 + 1.03 + 1.33 + 1.12 - 1.01 - 1.02

2-docosapentaenoylglycerophosphoethanolamine + 1.01 + 1.08 - 1.02 - 1.14 + 1.36 + 1.28 + 1.03 + 1.02

2-docosahexaenoylglycerophosphoethanolamine + 1.02 + 1.25 + 1.07 + 1.01 + 1.52 + 1.48 - 1.08 + 1.16

1-pentadecanoylglycerophosphocholine - 1.28 - 2.04 - 1.14 - 1.05 - 1.72 - 1.89 - 1.20 + 1.22

1-palmitoylglycerophosphocholine - 1.14 - 1.59 + 1.05 - 1.14 - 1.04 - 2.94 - 1.09 - 1.18

2-palmitoylglycerophosphocholine - 1.16 - 1.20 + 1.04 - 1.27 + 1.37 + 1.68 + 1.04 - 1.05

1-palmitoleoylglycerophosphocholine + 1.83 - 1.03 + 1.07 + 1.05 + 1.52 + 1.78 + 1.25 + 1.45

2-palmitoleoylglycerophosphocholine + 1.25 + 1.29 + 1.08 - 1.09 + 1.48 + 2.50 + 1.30 + 1.15

1-heptadecanoylglycerophosphocholine - 1.12 - 1.27 + 1.09 - 1.08 - 1.09 - 3.33 - 1.08 - 1.12

1-stearoylglycerophosphocholine - 1.18 - 1.08 + 1.03 + 1.05 + 1.08 - 2.33 - 1.14 + 1.01

2-stearoylglycerophosphocholine + 1.01 - 1.19 - 1.01 - 1.02 + 1.19 - 2.17 - 1.05 - 1.09

1-oleoylglycerophosphocholine + 1.41 - 1.01 + 1.00 + 1.07 + 1.36 + 1.26 + 1.06 + 1.24

2-oleoylglycerophosphocholine + 1.33 + 1.19 - 1.04 + 1.04 + 1.36 + 1.80 + 1.15 + 1.12

C04100 1-linoleoylglycerophosphocholine + 1.56 + 1.12 - 1.03 + 1.15 + 1.64 + 1.82 + 1.13 + 1.35

2-linoleoylglycerophosphocholine + 1.35 + 1.16 - 1.08 - 1.03 + 1.55 + 2.06 + 1.19 + 1.07

1-eicosatrienoylglycerophosphocholine + 1.40 - 1.15 + 1.08 + 1.17 + 1.53 + 1.22 + 1.19 + 1.21

C05208 1-arachidonoylglycerophosphocholine + 1.49 + 1.09 + 1.08 + 1.42 + 1.70 - 1.12 - 1.52 + 1.14

2-arachidonoylglycerophosphocholine + 1.09 + 1.25 - 1.04 + 1.15 + 1.74 + 1.82 - 1.15 - 1.05

1-docosapentaenoylglycerophosphocholine + 1.20 + 1.39 + 1.04 + 1.05 + 1.74 + 2.16 + 1.11 + 1.25

2-docosapentaenoylglycerophosphocholine + 1.32 + 1.13 - 1.09 - 1.14 + 1.77 + 2.01 + 1.06 + 1.18

1-docosahexaenoylglycerophosphocholine + 1.09 + 1.06 + 1.03 + 1.15 + 1.21 + 1.74 - 1.02 + 1.24

1-stearoylglycerophosphoinositol - 1.03 + 1.03 + 1.07 + 1.05 - 1.89 - 1.25 - 1.54 + 1.68

1-arachidonoylglycerophosphoinositol + 2.18 - 1.08 + 1.10 + 1.36 + 1.11 - 1.03 - 1.16 + 1.15

1-palmitoylplasmenylethanolamine + 1.31 - 1.43 + 1.04 + 1.06 - 1.41 - 1.64 - 1.28 + 1.28

C00836 Sphingolipid sphinganine - 1.15 - 1.14 + 1.30 + 1.81 - 1.22 - 1.12 + 1.19 + 1.15

C00319 sphingosine - 1.28 - 1.12 + 1.00 - 1.10 + 1.30 + 1.27 + 1.08 - 1.01

palmitoyl sphingomyelin + 1.03 + 1.21 + 1.13 + 1.08 - 1.03 + 1.25 + 1.14 - 1.04

C00550 stearoyl sphingomyelin + 1.04 + 1.32 + 1.03 + 1.21 + 1.07 + 1.15 + 1.16 + 1.17

5 ng/L 1,000 ng/L
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C01189 Sterol/Steroid lathosterol - 1.14 - 1.23 - 1.06 + 1.02 - 1.10 - 1.47 + 1.10 - 1.12

C00187 cholesterol + 1.03 + 1.08 + 1.10 + 1.10 + 1.02 + 1.09 + 1.10 - 1.04

C01164 7-dehydrocholesterol + 1.17 + 1.07 + 1.07 + 1.02 - 1.01 + 1.00 + 1.07 - 1.04

dihydrocholesterol - 1.05 + 1.03 + 1.18 + 1.10 - 1.06 - 1.25 + 1.18 - 1.06

C01753 beta-sitosterol - 1.02 + 1.12 + 1.01 + 1.12 - 1.03 + 1.10 - 1.15 + 1.04

C05442 stigmasterol - 1.02 + 1.16 + 1.12 + 1.07 - 1.06 + 1.02 + 1.09 + 1.06

C01789 campesterol - 1.01 - 1.01 - 1.09 + 1.09 - 1.06 - 1.04 - 1.10 - 1.03

C01694 ergosterol + 1.22 + 1.10 - 1.01 + 1.06 - 1.01 + 1.03 + 1.09 - 1.05

Nucleotides

C00385 Purine metabolism; (hypo)xanthine xanthine - 1.18 + 1.22 + 1.15 + 1.06 - 1.37 + 1.05 - 1.32 + 1.07

C00262 and inosine containing hypoxanthine + 1.12 - 1.16 - 1.22 - 1.23 + 1.10 - 1.79 - 1.15 - 1.09

inosine - 1.45 - 1.56 - 1.12 - 1.16 - 1.54 - 1.79 - 1.10 - 1.05

C05512 2'-deoxyinosine - 1.39 - 2.56 - 1.64 - 1.47 - 1.82 - 2.56 - 2.13 - 1.03

C00147 Purine metabolism; adenine containing adenine + 1.28 - 1.08 + 1.02 + 1.01 + 1.51 - 1.10 - 1.01 - 1.02

C00212 adenosine + 1.25 + 1.18 + 1.25 + 1.20 + 1.41 + 1.07 + 1.15 + 1.12

C00559 2'-deoxyadenosine + 1.17 - 1.39 + 1.15 + 1.31 + 1.17 - 1.67 - 1.32 + 1.23

C00020 adenosine 5'-monophosphate (AMP) + 1.61 + 1.78 + 1.23 - 1.05 + 1.60 + 2.44 + 1.74 - 1.47

C00242 Purine metabolism; guanine containing guanine + 1.28 - 1.18 - 2.17 + 1.01 - 1.92 - 1.47 - 4.17 - 1.23

C00387 guanosine + 1.16 + 1.05 + 1.20 + 1.11 + 1.26 + 1.05 + 1.16 + 1.03

C00330 2'-deoxyguanosine + 1.13 - 1.43 + 1.00 + 1.12 + 1.03 - 1.49 - 1.43 + 1.14

C00366 Purine metabolism; urate metabolism urate + 1.54 + 1.96 - 1.12 + 1.00 + 1.00 - 4.76 - 1.41 + 1.64

C02350 allantoin - 1.11 - 1.33 - 1.25 - 1.08 - 1.03 - 1.82 - 1.09 - 1.45

C00239 Pyrimidine metabolism; cytidine containing 2'-deoxycytidine 5'-monophosphate + 1.00 + 1.10 - 1.28 + 1.03 - 1.18 + 1.03 - 1.27 + 1.08

C00214 Pyrimidine metabolism; thymine containing thymidine + 1.04 - 1.41 - 1.06 + 1.18 + 1.00 - 1.61 - 1.45 + 1.18

C00364 thymidine 5'-monophosphate + 1.07 - 1.04 - 1.06 - 1.02 - 1.15 - 1.15 - 1.27 + 1.00

C05145 Pyrimidine metabolism; thymine containing 3-aminoisobutyrate - 1.03 + 1.32 + 1.21 + 1.52 - 1.56 + 1.51 - 1.41 + 1.56

C00106 Pyrimidine metabolism; uracil containing uracil + 1.03 + 1.01 + 1.15 + 1.07 - 1.12 - 1.05 + 1.07 - 1.20

C00429 5,6-dihydrouracil + 1.17 - 1.49 + 1.08 - 1.23 - 1.01 + 1.06 - 1.30 - 1.35

C00299 uridine + 1.05 - 1.01 - 1.02 - 1.06 + 1.21 + 1.01 + 1.06 + 1.37

C02067 pseudouridine + 1.23 - 1.01 - 1.14 - 1.01 - 1.18 - 1.03 - 1.27 + 1.27

Cofactors and Vitamins

C01620 Ascorbate and aldarate metabolism threonate - 1.06 + 1.14 - 1.11 - 1.10 + 1.10 + 1.07 - 1.19 - 1.25

C00430 Hemoglobin and porphyrin metabolism 5-aminolevulinate + 1.03 - 1.22 + 1.06 + 1.30 - 1.06 - 1.75 - 1.04 - 1.03

C00016 Riboflavin metabolism flavin adenine dinucleotide (FAD) + 1.09 + 1.10 + 1.10 + 1.01 - 1.04 - 1.02 + 1.15 - 1.19

C02477 Tocopherol metabolism alpha-tocopherol + 1.01 - 1.30 + 1.07 + 1.33 - 1.20 - 2.13 - 1.23 + 1.12

Xenobiotics

C00180 Benzoate metabolism benzoate - 1.04 + 1.02 + 1.03 + 1.00 - 1.11 + 1.19 + 1.08 + 1.10

C00160 Chemical glycolate (hydroxyacetate) - 1.04 + 1.03 + 1.34 - 1.04 - 1.04 + 1.15 + 1.09 + 1.11

C02979, D01488 glycerol 2-phosphate + 1.01 - 1.02 + 1.06 + 1.13 + 1.00 + 1.08 + 1.14 + 1.13

2-ethylhexanoate + 1.08 - 1.41 + 1.45 - 1.08 + 1.10 - 1.52 + 1.22 + 1.02

hexadecane + 1.16 - 2.13 + 1.00 + 1.13 - 1.47 - 1.25 + 1.46 - 1.30

5 ng/L 1,000 ng/L
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Appendix C. Supplemental data for chapter 3 exposures of Lampsilis fasciola to 0, 2, 20, and 50 µg/L fadrozole hydrochloride.

This information includes aquaria water quality, ASTM water measurements, and metabolomics results.

Table C1. Measurements of parameters of ASTM hard water added to acute 12 day fadrozole hydrochloride exposure aquaria.

Date Temperature (°C)
A

pH
A Alkalinity (mg/L as CaCO3)

B
Hardness (mg/L as CaCO3)

C

8-Jul 20.9 8.40 114 166

10-Jul 20.6 8.33 94 140

13-Jul 20.4 8.35 88 132

17-Jul 20.6 8.37 86 124

A 
Determined through use of Cole Palmer pH meter.

B
 Determined by titration with 0.02 N H2SO4 to pH 4.5 (APHA 1998).

C
 Determined by titration with 0.01 ethylenediaminetetraacetic acid (EDTA) (APHA 1998).
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Table C2. Water quality parameters of aquaria used in exposures of Lampsilis fasciola to fadrozole hydrochloride in acute 12 day studies.

Date Treatment (µg/L) Replicate Temp (°C) Conductivity (µS) Salinity (‰) Oxygen Saturation (%) DO (mg/L) pH

9-Jul 0 1 19.31 572 0.28 89.6 8.25 7.88

9-Jul 0 3 18.98 569 0.28 95.5 8.85 7.88

9-Jul 0 5 18.87 567 0.28 97.1 9.02 7.87

9-Jul 0 7 18.78 566 0.28 96.7 8.99 7.89

9-Jul 0 9 18.73 566 0.28 96.0 8.94 7.89

9-Jul 0 11 18.76 567 0.28 96.9 9.02 7.89

9-Jul 2 1 19.00 566 0.28 95.9 8.88 7.91

9-Jul 2 3 18.86 566 0.27 95.5 8.87 7.89

9-Jul 2 5 18.76 564 0.27 95.2 8.86 7.91

9-Jul 2 7 18.64 565 0.27 96.9 9.04 7.92

9-Jul 2 9 18.57 566 0.27 98.5 9.21 7.93

9-Jul 2 11 18.55 565 0.27 98.7 9.23 7.95

9-Jul 20 1 19.19 567 0.28 94.3 8.70 7.88

9-Jul 20 3 19.03 566 0.28 89.8 8.31 7.92

9-Jul 20 5 18.88 566 0.28 98.2 9.12 7.96

9-Jul 20 7 18.83 565 0.27 98.2 9.13 7.96

9-Jul 20 9 18.76 565 0.27 93.6 8.71 7.98

9-Jul 20 11 18.77 566 0.28 97.6 9.08 7.98

9-Jul 50 1 19.08 566 0.27 93.2 8.62 7.95

9-Jul 50 2 18.92 566 0.27 96.3 8.93 7.97

9-Jul 50 3 18.92 566 0.27 96.3 8.93 7.97

9-Jul 50 5 18.82 565 0.27 96.5 8.97 7.98

9-Jul 50 7 18.66 566 0.27 96.3 8.98 7.98

9-Jul 50 9 18.61 565 0.27 96.4 9.00 7.89

9-Jul 50 11 18.57 567 0.28 96.8 9.05 7.99

10-Jul 0 2 19.76 571 0.28 148.5 13.55 8.02

10-Jul 0 4 19.56 570 0.28 153.6 14.07 8.01

10-Jul 0 6 19.40 569 0.28 154.5 14.19 8.03

10-Jul 0 8 19.37 569 0.28 149.0 13.70 8.03

10-Jul 0 10 19.34 569 0.28 154.8 14.24 8.03

10-Jul 0 12 19.29 569 0.28 153.5 14.13 8.02

10-Jul 2 2 19.57 571 0.28 151.2 13.84 8.02

10-Jul 2 4 19.38 569 0.28 150.9 13.87 8.01

10-Jul 2 6 19.30 569 0.28 152.5 14.04 8.03

10-Jul 2 8 19.21 569 0.28 151.9 14.01 8.03

10-Jul 2 10 19.20 570 0.28 157.1 14.50 8.10

10-Jul 2 12 19.17 569 0.28 154.7 14.28 8.09

10-Jul 20 2 20.14 574 0.28 153.1 13.86 8.12
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TableC2 continued.

Date Treatment (µg/L) Replicate Temp (°C) Conductivity (µS) Salinity (‰) Oxygen Saturation (%) DO (mg/L) pH

10-Jul 20 4 19.60 570 0.28 149.1 13.65 8.15

10-Jul 20 6 19.55 570 0.28 153.3 14.04 8.14

10-Jul 20 8 19.43 568 0.28 152.4 14.00 8.12

10-Jul 20 10 19.34 568 0.28 153.7 14.14 8.11

10-Jul 20 12 19.31 569 0.28 153.0 14.08 8.13

10-Jul 50 2 19.65 571 0.28 145.2 13.27 8.08

10-Jul 50 4 19.53 569 0.28 155.3 14.23 8.10

10-Jul 50 6 19.45 569 0.28 152.8 14.02 8.10

10-Jul 50 8 19.35 569 0.28 153.6 14.12 8.10

10-Jul 50 10 19.15 569 0.28 151.8 14.02 8.09

10-Jul 50 12 19.09 568 0.28 152.0 14.05 8.08

11-Jul 0 1 20.01 478 0.23 105.8 9.61 8.01

11-Jul 0 3 19.70 475 0.23 106.4 9.72 8.00

11-Jul 0 5 19.62 475 0.23 108.3 9.91 8.02

11-Jul 0 7 19.54 475 0.23 108.2 9.92 8.00

11-Jul 0 9 19.52 475 0.23 105.1 9.64 8.00

11-Jul 0 11 19.59 475 0.23 108.5 9.93 8.01

11-Jul 2 1 19.68 475 0.23 107.4 9.81 8.00

11-Jul 2 3 19.52 475 0.23 105.1 9.64 7.97

11-Jul 2 5 19.45 475 0.23 105.6 9.69 8.00

11-Jul 2 7 19.36 475 0.23 107.9 9.93 7.99

11-Jul 2 9 19.29 475 0.23 110.9 10.21 8.01

11-Jul 2 11 19.28 475 0.23 111.4 10.26 8.02

11-Jul 20 1 19.87 476 0.23 105.4 9.59 7.97

11-Jul 20 3 19.70 476 0.23 108.4 9.90 8.02

11-Jul 20 5 19.60 475 0.23 109.7 10.05 8.01

11-Jul 20 7 19.51 476 0.23 104.7 9.60 8.03

11-Jul 20 9 19.51 476 0.23 104.1 9.54 8.02

11-Jul 20 11 19.53 475 0.23 110.2 10.10 8.01

11-Jul 50 1 19.75 475 0.23 107.2 9.78 8.01

11-Jul 50 3 19.61 475 0.23 106.9 9.78 8.01

11-Jul 50 5 19.54 475 0.23 108.5 9.94 7.99

11-Jul 50 7 19.44 475 0.23 108.5 9.96 7.97

11-Jul 50 9 19.36 474 0.23 108.2 9.96 7.97

11-Jul 50 11 19.31 475 0.23 108.2 9.97 7.92

12-Jul 0 2 20.31 478 0.23 144.6 13.05 8.02

12-Jul 0 4 20.12 480 0.23 147.6 13.37 7.99
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TableC2 continued.

Date Treatment (µg/L) Replicate Temp (°C) Conductivity (µS) Salinity (‰) Oxygen Saturation (%) DO (mg/L) pH

12-Jul 0 6 19.94 478 0.23 140.3 12.76 7.98

12-Jul 2 2 20.06 478 0.23 142.7 12.94 7.95

12-Jul 2 4 19.87 478 0.23 140.4 12.78 7.96

12-Jul 2 6 19.79 477 0.23 147.0 13.40 7.96

12-Jul 20 2 20.53 481 0.23 142.0 12.76 7.95

12-Jul 20 4 20.01 479 0.23 148.1 13.45 8.02

12-Jul 20 6 19.85 478 0.23 146.5 13.34 8.02

12-Jul 20 8 19.76 478 0.23 144.5 13.19 8.02

12-Jul 20 10 19.75 477 0.23 144.6 13.20 7.99

12-Jul 20 12 19.73 478 0.23 141.6 12.93 7.99

12-Jul 50 2 20.07 478 0.23 140.3 12.73 7.95

12-Jul 50 4 19.97 478 0.23 147.8 13.43 7.96

12-Jul 50 6 19.88 477 0.23 141.3 12.86 7.97

12-Jul 50 8 19.80 478 0.23 147.7 13.47 7.97

12-Jul 50 10 19.68 477 0.23 147.1 13.44 7.97

12-Jul 50 12 19.65 478 0.23 142.9 13.06 7.97

13-Jul 0 7 19.55 453 0.22 147.5 13.52 8.03

13-Jul 0 8 19.61 451 0.22 150.6 13.78 7.88

13-Jul 0 9 19.50 451 0.22 148.4 13.62 7.88

13-Jul 0 10 19.50 450 0.22 150.8 13.83 7.86

13-Jul 0 11 19.50 451 0.22 150.3 13.79 7.88

13-Jul 0 12 19.48 450 0.22 152.2 13.97 7.90

13-Jul 2 7 19.48 453 0.22 148.2 13.60 7.87

13-Jul 2 8 19.47 450 0.22 153.4 14.08 7.88

13-Jul 2 9 19.34 451 0.22 152.7 14.05 7.87

13-Jul 2 10 19.38 450 0.22 154.6 14.21 7.86

13-Jul 2 11 19.29 450 0.22 152.7 14.06 7.89

13-Jul 2 12 19.31 449 0.22 154.0 14.18 7.89

16-Jul 0 7 19.99 458 0.22 143.8 13.06 8.05

16-Jul 0 8 19.96 455 0.22 150.2 13.65 7.96

16-Jul 0 9 19.91 455 0.22 146.1 13.29 7.96

16-Jul 0 10 19.89 454 0.22 150.3 13.68 7.94

16-Jul 0 11 19.90 455 0.22 149.7 13.62 7.95

16-Jul 0 12 19.86 454 0.22 143.7 13.09 7.95

16-Jul 2 7 19.89 455 0.22 147.7 13.44 7.96

16-Jul 2 8 19.85 455 0.22 152.1 13.85 8.00

16-Jul 2 9 19.75 454 0.22 152.0 13.88 7.95

16-Jul 2 10 19.78 454 0.22 151.8 13.85 7.97
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TableC2 continued.

Date Treatment (µg/L) Replicate Temp (°C) Conductivity (µS) Salinity (‰) Oxygen Saturation (%) DO (mg/L) pH

16-Jul 2 11 19.73 455 0.22 153.4 14.00 7.96

16-Jul 2 12 19.79 454 0.22 149.4 13.63 7.98

16-Jul 20 7 19.96 457 0.22 153.1 13.91 8.00

16-Jul 20 8 20.05 456 0.22 150.7 13.67 7.98

16-Jul 20 9 19.84 454 0.22 148.6 13.54 7.96

16-Jul 20 10 19.91 455 0.22 152.9 13.91 7.98

16-Jul 20 11 19.79 456 0.22 154.4 14.08 7.97

16-Jul 20 12 19.86 456 0.22 154.0 14.03 7.98

16-Jul 50 7 20.01 456 0.22 149.5 13.58 7.95

16-Jul 50 8 20.01 457 0.22 147.3 13.38 8.03

16-Jul 50 9 19.78 455 0.22 151.6 13.83 8.01

16-Jul 50 10 19.89 454 0.22 148.1 13.48 8.00

16-Jul 50 11 19.65 456 0.22 149.7 13.69 8.05

16-Jul 50 12 19.75 455 0.22 149.4 13.63 8.02

20-Jul 0 7 20.51 447 0.22 143.0 12.85 8.09

20-Jul 0 8 20.51 443 0.21 138.5 12.45 7.85

20-Jul 0 9 20.40 442 0.21 122.2 11.01 7.96

20-Jul 0 10 20.42 442 0.21 140.2 12.62 7.77

20-Jul 0 11 20.40 442 0.21 142.4 12.83 7.90

20-Jul 0 12 20.41 442 0.21 140.3 12.64 7.74

20-Jul 2 7 20.31 442 0.21 137.7 12.43 7.78

20-Jul 2 8 20.34 443 0.21 140.1 12.64 7.75

20-Jul 2 9 20.23 443 0.21 117.4 10.61 7.72

20-Jul 2 10 20.24 442 0.21 136.2 12.31 7.76

20-Jul 2 11 20.21 442 0.21 144.9 13.11 7.74

20-Jul 2 12 20.22 441 0.21 143.2 12.95 7.75

20-Jul 20 7 20.58 444 0.21 144.2 12.95 7.75

20-Jul 20 8 20.63 445 0.21 140.0 12.56 7.86

20-Jul 20 9 20.49 443 0.21 137.9 12.40 7.80

20-Jul 20 10 20.53 443 0.21 145.3 13.06 7.89

20-Jul 20 11 20.47 443 0.21 141.5 12.74 7.82

20-Jul 20 12 20.52 442 0.21 140.9 12.66 7.90

20-Jul 50 7 20.28 443 0.21 142.1 12.83 7.91

20-Jul 50 8 20.38 443 0.21 141.8 12.78 7.90

20-Jul 50 9 20.23 441 0.21 143.0 12.93 7.90

20-Jul 50 10 20.31 442 0.21 141.6 12.78 7.88

20-Jul 50 11 20.18 442 0.21 144.4 13.06 7.90

20-Jul 50 12 20.28 442 0.21 139.1 12.56 7.88
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TableC2 continued.

Date Treatment (µg/L) Replicate Temp (°C) Conductivity (µS) Salinity (‰) Oxygen Saturation (%) DO (mg/L) pH

20-Jul 2 No Mussel 1 20.75 444 0.21 148.2 13.26 7.89

20-Jul 2 No Mussel 2 20.46 445 0.21 149.7 13.47 7.98

20-Jul 20 No Mussel 1 20.40 444 0.21 153.7 13.85 8.02

20-Jul 20 No Mussel 2 20.57 444 0.21 152.0 13.65 8.01

20-Jul 50 No Mussel 1 20.36 448 0.22 150.2 13.55 8.04

20-Jul 50 No Mussel 2 20.15 443 0.21 149.5 13.54 8.08
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Table C3. Fold differences of all detected metabolites expressed in gill tissue of female and male Lampsilis fasciola exposed to 2 µg/L and 50 µg/L fadrozole hydrochloride relative to the control on days 4 and 12. 

Symbols represent up-regulation (+) or down-regulation (-). Metabolites signficantly different from 0 µg/L (p < 0.05) are in bold-faced type.

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) F d4 F d12 M d4 M d12 F d4 F d12 M d4 M d12

Amino Acids

C00037 Glycine, serine and threonine metabolism glycine +  1.03 +  1.01 -  1.06 -  1.08 +  1.01 +  1.03 +  1.00 -  1.05

C00065 serine +  1.07 +  1.12 +  1.01 +  1.00 -  1.08 -  1.03 +  1.15 -  1.06

C00188 threonine -  1.02 +  1.14 +  1.11 +  1.00 -  1.23 -  1.14 +  1.24 +  1.01

C00049 Alanine and aspartate metabolism aspartate +  1.30 +  1.01 +  1.18 -  1.04 +  1.19 +  1.04 +  1.61 +  1.04

C00152 asparagine +  1.09 +  1.12 +  1.10 -  1.08 -  1.10 -  1.01 +  1.24 -  1.02

C00099 beta-alanine +  1.25 -  1.23 +  1.12 -  1.10 -  1.15 -  1.32 +  1.08 -  1.10

C00041 alanine -  1.04 -  1.04 -  1.11 -  1.04 -  1.11 -  1.14 -  1.11 -  1.28
C02847 N-acetylalanine +  1.13 +  1.01 +  1.09 +  1.37 -  1.16 -  1.11 +  1.04 +  1.5

C00025 Glutamate metabolism glutamate +  1.30 +  1.04 -  1.04 -  1.03 +  1.19 -  1.03 +  1.02 -  1.04

C00064 glutamine +  1.37 +  2.47 +  1.17 +  1.03 +  1.10 +  1.43 -  2.27 +  2.57

C00334 gamma-aminobutyrate (GABA) +  1.31 -  1.15 -  1.10 -  1.01 +  1.12 -  1.10 +  1.08 -  1.12

C00135 Histidine metabolism histidine -  1.25 +  1.28 -  1.69 -  1.03 +  1.15 +  1.17 +  1.80 +  1.07

C00785 trans-urocanate +  1.01 -  1.09 +  1.06 -  1.04 -  1.25 -  1.02 +  1.01 +  1.09

C01672 Lysine metabolism cadaverine +  1.41 +  1.16 +  1.31 +  1.05 +  1.36 +  1.19 +  1.17 -  1.02

C00047 lysine +  1.05 +  1.17 +  1.10 -  1.03 -  1.10 +  1.04 +  1.24 +  1.43

C00956 2-aminoadipate +  1.11 -  1.12 -  1.43 -  1.23 -  1.08 -  1.18 -  1.19 -  1.18

C00408 pipecolate -  1.15 +  1.21 -  1.45 -  1.27 -  1.11 -  1.47 -  1.52 -  1.64

C03793 N-6-trimethyllysine +  1.51 +  1.08 +  1.01 +  1.01 +  1.55 +  1.07 -  1.11 +  1.20

C05607 Phenylalanine & tyrosine metabolism phenyllactate (PLA) +  1.80 -  1.61 -  1.75 +  1.89 -  1.23 -  2.08 -  1.28 -  1.14

C00079 phenylalanine +  2.37 +  1.28 +  1.41 +  1.64 -  1.02 +  1.36 -  1.30 +  1.95
C07086 phenylacetate +  2.26 -  1.28 -  1.22 +  1.76 +  1.37 -  1.23 +  1.78 -  1.43

C00166 phenylpyruvate +  2.82 -  1.22 -  1.27 +  2.61 +  1.98 -  1.32 +  4.06 -  1.20

C00082 tyrosine +  1.76 +  2.10 -  1.08 -  1.11 +  1.28 +  2.11 -  2.22 +  1.83

C01179 4-hydroxyphenylpyruvate -  1.04 +  1.42 +  1.14 -  1.11 +  1.01 +  1.07 -  2.63 +  1.40

C01717 Tryptophan metabolism kynurenate +  1.32 +  1.41 +  1.08 -  1.10 +  1.03 -  1.27 -  1.18 -  1.12

C00328 kynurenine -  1.15 +  1.30 -  1.14 -  1.14 -  1.25 -  1.64 -  1.72 +  1.30

C-glycosyltryptophan +  1.33 +  1.05 +  1.25 -  1.04 +  1.20 -  1.06 +  1.10 +  1.22

C00141 Valine, leucine and isoleucine metabolism 3-methyl-2-oxobutyrate +  1.46 -  1.14 -  1.39 -  1.14 +  1.14 -  1.16 -  1.20 -  1.35

C00671 3-methyl-2-oxovalerate +  1.28 -  1.04 -  1.19 -  1.04 +  1.08 -  1.18 -  1.14 -  1.11

levulinate (4-oxovalerate) +  1.05 +  1.07 -  1.22 +  1.06 -  1.18 +  1.05 -  1.20 +  1.24

C03264 alpha-hydroxyisocaproate -  1.18 -  1.49 -  2.00 -  1.43 -  2.00 -  2.50 -  2.08 -  1.69

C00407 isoleucine -  1.03 +  1.06 -  1.01 -  1.06 -  1.14 -  1.02 -  1.14 -  1.01

C00123 leucine +  1.64 +  1.02 +  1.08 +  1.08 +  1.08 +  1.01 +  1.02 +  1.23

C00183 valine +  1.10 +  1.04 -  1.12 -  1.06 -  1.08 -  1.05 -  1.22 -  1.03

C00233 4-methyl-2-oxopentanoate +  1.17 +  1.00 -  1.14 -  1.14 -  1.02 -  1.12 -  1.22 -  1.33
hydroxyisovaleroyl carnitine +  1.32 -  1.05 -  1.18 -  1.18 +  1.13 +  1.09 -  1.19 +  1.09

C00519 Cysteine, methionine, SAM, taurine hypotaurine +  1.93 +  1.03 +  1.42 +  1.13 -  1.08 -  1.03 +  1.28 +  1.17

C00021 metabolism S-adenosylhomocysteine (SAH) +  1.22 +  1.00 +  1.02 +  1.05 +  1.20 +  1.06 +  1.07 +  1.13

C02712 N-acetylmethionine -  1.10 -  1.03 +  1.09 +  1.22 -  1.28 -  1.15 -  1.14 +  1.09

C08276 3-methylthiopropionate +  1.13 +  1.20 -  1.19 -  1.03 -  1.06 +  1.11 -  1.16 -  1.11

C01180 4-methylthio-2-oxobutanoate +  1.12 +  1.02 -  1.20 +  1.04 -  1.09 -  1.04 -  1.25 -  1.37

2 µg/L 50 µg/L
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Table C3 continued.

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) F d4 F d12 M d4 M d12 F d4 F d12 M d4 M d12

C00062 Urea cycle; arginine-, proline-, metabolism arginine -  1.35 -  1.01 -  1.59 +  1.19 +  1.36 -  1.05 +  1.39 +  1.14

C00077 ornithine +  1.49 -  1.01 +  1.25 -  1.10 +  1.38 +  1.04 +  1.36 +  1.10

C00086 urea -  1.12 -  1.15 -  1.18 -  1.15 -  1.06 +  1.10 +  1.00 -  1.41
C00148 proline +  1.02 +  1.02 -  1.16 -  1.08 -  1.19 -  1.09 -  1.28 -  1.11

C00431 5-aminovalerate +  1.28 -  1.15 -  1.22 -  1.49 -  1.06 -  1.03 -  1.01 -  1.28

C01157 trans-4-hydroxyproline -  1.35 -  1.14 -  1.27 -  2.13 -  1.54 +  1.01 -  2.17 -  1.64
C02261 Butanoate metabolism 2-aminobutyrate +  1.30 +  1.12 -  2.00 -  1.56 -  1.12 +  1.11 -  1.75 -  1.54

C00170 Polyamine metabolism 5-methylthioadenosine (MTA) +  1.13 +  1.15 -  1.28 -  1.14 +  1.01 -  1.02 -  1.23 -  1.22

C00134 putrescine +  1.38 +  1.01 +  1.04 -  1.14 +  1.18 +  1.01 +  1.12 -  1.03

C02714 N-acetylputrescine -  1.04 +  1.14 +  1.09 +  1.03 -  1.06 +  1.17 +  1.01 -  1.01

C00179 agmatine -  1.47 -  1.23 -  1.89 +  1.13 +  1.28 -  1.05 +  1.45 -  1.02

C00315 spermidine -  1.20 -  1.09 -  1.09 -  1.16 -  1.54 -  1.15 -  1.14 +  1.00

C01035 Guanidino and acetamido metabolism 4-guanidinobutanoate +  1.10 +  1.00 +  1.02 +  1.00 +  1.08 -  1.08 +  1.06 -  1.08

C01879 Glutathione metabolism 5-oxoproline +  1.21 -  1.18 +  1.00 -  1.03 -  1.18 -  1.01 -  1.06 +  1.11

C03557 Aminophosphonate metabolism ciliatine (2-aminoethylphosphonate) +  1.19 -  1.09 +  1.26 -  1.10 -  1.11 -  1.15 -  1.11 -  1.35

Peptide

C11332 Dipeptide leucylleucine +  4.40 +  1.00 +  1.70 +  1.22 +  1.00 +  1.46 +  1.18 +  1.00

leucylisoleucine +  2.84 +  1.00 +  1.77 -  1.06 -  1.03 +  100 +  1.14 -  1.15

valylserine +  1.00 +  1.00 +  1.00 +  1.00 +  1.00 +  1.00 +  1.00 +  1.00

leucylalanine -  3.45 +  1.00 +  1.00 +  1.00 -  3.45 +  1.00 +  1.00 +  1.00

leucylglutamate +  4.53 +  1.00 +  2.17 +  1.31 +  1.00 +  1.28 +  1.31 +  1.00

leucylglycine +  4.57 +  1.00 +  2.06 +  1.15 +  1.00 +  1.00 +  1.00 +  1.00

leucylserine +  2.13 +  1.21 +  1.38 +  1.06 -  1.23 +  1.00 -  1.18 +  1.00

gamma-glutamyl gamma-glutamylleucine +  1.21 -  1.04 -  1.32 +  1.03 -  1.22 -  1.3.0 -  1.69 -  1.16

Carbohydrates

C00329 Aminosugars metabolism glucosamine +  1.88 +  1.06 +  1.38 -  1.14 -  1.11 -  1.75 +  1.73 -  1.19

C01074 N-acetylgalactosamine -  1.35 +  1.15 +  1.18 -  1.28 -  1.56 -  1.35 +  1.92 -  1.59

C00140 N-acetylglucosamine +  1.33 -  1.14 +  1.54 +  1.00 -  1.08 -  1.35 +  1.92 -  1.18

Isobar: UDP-acetylglucosamine, UDP-acetylgalactosamine+  1.00 +  1.13 +  1.38 -  1.10 -  1.14 +  1.32 +  1.35 -  1.22

C00095 Fructose, mannose, galactose, starch, and fructose +  1.55 -  1.04 -  1.09 -  1.14 -  1.10 -  1.32 +  1.14 -  1.47

C01582  sucrose metabolism galactose +  1.12 +  1.15 -  1.05 +  1.07 +  1.05 +  1.14 +  1.00 -  1.12

C00208 maltose -  20.00 -  1.92 -  2.17 +  16.68 -  100.00 -  20.00 -  10.00 +  14.59

C00159 mannose +  1.35 +  1.02 +  1.24 -  1.18 -  1.18 -  1.15 +  1.53 -  1.37

C01835 maltotriose -  11.11 +  1.00 -  3.57 +  1.26 -  33.33 -  1.59 -  6.67 -  1.15

C00258 Glycolysis, gluconeogenesis, pyruvate glycerate +  1.55 -  1.10 -  1.16 +  1.01 +  1.32 -  1.14 -  1.14 -  1.27

C00668 metabolism glucose-6-phosphate (G6P) +  3.04 +  1.04 +  2.75 +  1.62 +  2.47 -  1.04 +  3.45 +  1.35

C00031 glucose +  1.00 -  1.20 +  1.16 -  1.10 -  3.7 -  2.86 -  1.23 -  1.54

C05345 fructose-6-phosphate +  3.55 -  1.28 +  1.69 +  1.43 +  2.03 -  1.10 +  2.92 -  1.12

C00184 1,3-dihydroxyacetone -  1.04 +  1.76 -  6.25 -  4.55 +  3.36 +  3.97 -  33.33 -  2.63

C00186 lactate -  1.41 +  1.24 -  1.28 +  1.03 -  1.16 +  1.13 -  1.22 -  1.03

2 µg/L 50 µg/L
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C00257 Nucleotide sugars, pentose metabolism gluconate +  4.38 -  1.10 +  1.98 -  1.04 +  1.12 -  1.28 +  6.88 -  2.70

C00121 ribose -  1.79 +  2.55 -  2.22 -  1.67 +  1.38 +  2.75 -  4.00 +  1.18

C00309 ribulose +  1.55 -  1.15 +  1.17 -  1.22 -  1.03 -  1.49 +  1.61 -  1.23

C00379 xylitol +  1.75 -  3.33 +  1.00 -  1.04 +  1.12 -  2.38 +  1.25 -  2.08

C02052 Oligosaccharide maltotetraose -  1.64 +  1.00 -  2.27 +  1.00 -  1.64 +  1.00 -  2.27 +  1.00

Energy

C00158 Krebs cycle citrate +  2.39 -  1.01 -  1.06 +  1.35 +  2.09 -  1.01 +  1.74 -  1.43

C00026 alpha-ketoglutarate +  1.03 +  1.05 -  1.03 -  1.04 -  1.22 -  1.19 -  1.33 -  1.03

C00122 fumarate +  1.00 -  1.22 +  1.01 -  1.04 -  1.09 -  1.30 +  1.09 -  1.72
C00149 malate +  1.10 +  1.03 +  1.09 +  1.19 +  1.22 -  1.20 +  1.37 -  1.12

C00227 Oxidative phosphorylation acetylphosphate +  1.20 -  1.04 +  1.07 -  1.20 +  1.14 -  1.11 +  1.03 -  1.25
C00009 phosphate +  1.23 +  1.08 +  1.08 +  1.10 +  1.25 +  1.01 +  1.08 +  1.08

C00013 pyrophosphate (PPi) -  1.41 -  1.39 +  1.88 +  2.12 +  1.03 -  1.16 +  1.86 +  1.24

Lipids

C01595 Essential fatty acid linoleate (18:2n6) -  1.09 -  1.14 +  1.04 +  1.07 -  1.22 +  1.04 -  1.01 -  1.06

C06427 linolenate [alpha or gamma; (18:3n3 or 6)] -  1.04 -  1.10 +  1.10 +  1.05 -  1.12 -  1.02 +  1.02 -  1.02

C03242 dihomo-linolenate (20:3n3 or n6) +  1.01 -  1.11 +  1.10 +  1.01 -  1.15 -  1.04 +  1.09 -  1.25

C06428 eicosapentaenoate (EPA; 20:5n3) +  1.43 -  1.19 +  1.24 +  1.03 +  1.51 -  1.01 +  1.53 -  1.15

C16513 docosapentaenoate (n3 DPA; 22:5n3) +  1.02 -  1.28 +  1.24 +  1.03 +  1.02 -  1.08 +  1.38 -  1.52

C06429 docosapentaenoate (n6 DPA; 22:5n6) +  1.13 -  1.30 +  1.37 -  1.03 +  1.04 -  1.06 +  1.49 -  1.64
C06429 docosahexaenoate (DHA; 22:6n3) +  1.10 -  1.27 +  1.32 +  1.03 +  1.16 -  1.05 +  1.42 -  1.45

C01585 Medium chain fatty acid caproate (6:0) -  1.32 +  1.09 +  1.09 -  1.01 -  1.67 -  1.15 -  1.41 +  1.09

C17714 heptanoate (7:0) -  1.09 +  1.39 +  1.17 -  1.20 -  1.14 +  1.03 -  1.30 +  1.15

C06423 caprylate (8:0) -  1.45 +  1.27 -  1.22 +  2.10 +  4.54 +  1.00 -  1.64 +  1.24

C01601 pelargonate (9:0) -  1.20 +  1.03 -  1.02 +  1.09 -  1.20 -  1.10 -  1.27 +  1.16

C01571 caprate (10:0) -  1.18 +  1.06 -  1.05 +  1.11 -  1.15 -  1.02 -  1.28 +  1.14

C02679 laurate (12:0) +  1.02 +  1.11 +  1.05 +  1.03 +  1.06 +  1.09 -  1.12 +  1.03

C06424 Long chain fatty acid myristate (14:0) +  1.05 -  1.14 +  1.03 +  1.06 +  1.07 +  1.03 +  1.05 -  1.12

C16537 pentadecanoate (15:0) -  1.12 -  1.01 +  1.08 +  1.12 -  1.15 +  1.00 +  1.06 +  1.16

C00249 palmitate (16:0) +  1.01 -  1.19 +  1.02 +  1.09 +  1.01 +  1.04 +  1.16 -  1.06

C08362 palmitoleate (16:1n7) +  1.04 -  1.10 +  1.03 +  1.19 +  1.03 +  1.14 +  1.00 -  1.03

margarate (17:0) -  1.14 +  1.03 +  1.04 +  1.08 -  1.18 +  1.02 +  1.17 +  1.22

10-heptadecenoate (17:1n7) -  1.05 -  1.12 +  1.11 +  1.12 -  1.15 +  1.07 +  1.05 -  1.20

C01530 stearate (18:0) -  1.01 -  1.20 -  1.03 +  1.04 -  1.06 +  1.02 +  1.11 -  1.09

C00712 oleate (18:1n9) -  1.09 +  1.00 -  1.01 +  1.08 -  1.14 +  1.13 +  1.02 +  1.02

C08367 cis-vaccenate (18:1n7) -  1.02 -  1.04 +  1.02 +  1.12 -  1.12 +  1.04 -  1.01 +  1.04

C16300 stearidonate (18:4n3) +  1.14 -  1.09 +  1.20 +  1.03 +  1.07 +  1.35 +  1.19 +  1.21

C16535 nonadecanoate (19:0) -  1.04 -  1.10 +  1.13 +  1.11 -  1.11 +  1.21 +  1.31 +  1.08

C06425 arachidate (20:0) -  1.04 -  1.01 +  1.03 +  1.13 -  1.11 +  1.13 -  1.03 +  1.18

eicosenoate (20:1n9 or 11) +  1.11 -  1.10 +  1.11 -  1.02 +  1.03 +  1.07 +  1.13 -  1.10

C16525 dihomo-linoleate (20:2n6) +  1.07 -  1.22 +  1.17 -  1.03 -  1.05 -  1.02 +  1.16 -  1.39
mead acid (20:3n9) +  1.13 -  1.14 +  1.27 -  1.01 +  1.00 +  1.00 +  1.25 -  1.35

C00219 arachidonate (20:4n6) +  1.39 -  1.14 +  1.16 +  1.01 +  1.27 +  1.05 +  1.49 -  1.25

C16533 docosadienoate (22:2n6) -  1.02 -  1.09 +  1.20 -  1.01 -  1.06 +  1.13 +  1.20 -  1.25

C16534 docosatrienoate (22:3n3) -  1.09 -  1.10 +  1.19 -  1.10 -  1.16 +  1.00 +  1.13 -  1.37

C16527 adrenate (22:4n6) -  1.04 -  1.30 +  1.23 -  1.02 -  1.16 -  1.05 +  1.30 -  1.49

2 µg/L 50 µg/L
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mead acid (20:3n9) +  1.13 -  1.14 +  1.27 -  1.01 +  1.00 +  1.00 +  1.25 -  1.35

C00219 arachidonate (20:4n6) +  1.39 -  1.14 +  1.16 +  1.01 +  1.27 +  1.05 +  1.49 -  1.25

C16533 docosadienoate (22:2n6) -  1.02 -  1.09 +  1.20 -  1.01 -  1.06 +  1.13 +  1.20 -  1.25

C16534 docosatrienoate (22:3n3) -  1.09 -  1.10 +  1.19 -  1.10 -  1.16 +  1.00 +  1.13 -  1.37

C16527 adrenate (22:4n6) -  1.04 -  1.30 +  1.23 -  1.02 -  1.16 -  1.05 +  1.30 -  1.49
Fatty acid, monohydroxy 3-hydroxyoctanoate -  1.19 +  1.21 -  1.01 +  1.17 +  1.28 -  1.08 -  1.23 +  1.28

C03045 2-hydroxystearate -  1.32 -  1.89 -  1.11 -  1.43 -  1.32 -  1.04 +  1.27 -  2.00

2-hydroxypalmitate -  1.52 -  1.96 -  1.15 -  1.39 -  1.72 -  1.06 +  1.04 -  1.82

13-HODE + 9-HODE -  1.15 -  1.18 +  1.04 -  1.16 -  1.18 -  1.18 -  1.45 -  1.05

C02630 Fatty acid, dicarboxylate 2-hydroxyglutarate -  1.82 -  1.67 -  1.39 -  1.75 -  2.50 -  3.70 -  2.44 -  1.22

4-octenedioate -  1.12 +  1.18 +  1.25 -  1.14 -  1.33 -  1.02 +  1.50 -  1.28

undecanedioate +  1.00 -  1.19 -  1.28 -  1.32 +  1.09 -  1.54 -  1.35 -  1.16

Fatty acid, amide erucamide -  1.59 +  1.14 +  1.48 -  1.96 -  1.39 -  1.20 +  1.33 -  1.92

Fatty acid, branched 13-methylmyristic acid -  1.10 -  1.08 +  1.07 +  1.10 -  1.15 +  1.19 -  1.09 +  1.11

15-methylpalmitate -  1.04 -  1.01 -  1.06 +  1.10 -  1.16 -  1.06 -  1.05 +  1.02

isopalmitic acid +  1.02 +  1.04 -  1.05 +  1.03 -  1.19 -  1.03 -  1.08 +  1.14

17-methylstearate -  1.05 -  1.22 +  1.05 +  1.07 -  1.15 +  1.12 +  1.17 -  1.01

C00584 Eicosanoid prostaglandin E2 +  1.14 -  1.30 +  1.19 -  1.47 -  1.16 +  1.14 -  1.28 -  1.69

5-HETE +  1.13 -  1.08 +  1.09 -  1.10 +  1.06 -  1.18 -  1.01 -  1.19

9-HETE +  1.19 +  1.26 +  1.49 +  1.01 +  1.15 +  1.05 -  1.20 +  1.16

C14732 5-oxoETE +  1.02 -  1.09 +  1.03 +  1.00 -  1.30 -  1.11 +  1.07 -  1.14

C03017 Fatty acid metabolism (also BCAA metabolism) propionylcarnitine -  2.94 +  1.35 -  1.27 +  1.80 -  2.50 -  1.49 -  1.41 +  1.09

C08262 Fatty acid metabolism isovalerate +  1.02 +  1.17 -  1.09 -  1.14 -  1.20 -  1.03 -  1.43 -  1.09

Carnitine metabolism carnitine +  1.14 +  1.22 +  1.02 -  1.06 +  1.30 +  1.05 -  1.14 +  1.44
3-dehydrocarnitine +  1.56 +  1.08 +  1.04 +  1.01 +  1.54 +  1.04 +  1.09 -  1.04

C02571 acetylcarnitine +  1.04 +  1.27 +  1.15 +  1.07 -  1.08 +  1.40 +  1.14 +  1.44

C00189 Glycerolipid metabolism ethanolamine +  1.15 +  1.01 +  1.16 +  1.11 -  1.05 +  1.05 +  1.20 +  1.09

C00346 phosphoethanolamine -  1.01 +  1.08 -  1.49 +  1.07 +  1.31 +  1.09 +  1.21 -  1.14

C01233 glycerophosphoethanolamine -  2.22 -  1.39 -  1.12 +  1.51 +  1.02 -  1.30 +  2.00 +  1.75

C00116 glycerol -  1.18 +  1.02 -  1.10 +  1.03 -  1.15 -  1.06 +  1.11 +  1.02

choline +  1.05 +  1.00 +  1.05 +  1.05 +  1.04 +  1.02 +  1.18 +  1.01

C00093 glycerol 3-phosphate (G3P) -  1.15 -  1.14 +  1.19 +  1.21 -  1.04 -  1.04 +  1.38 +  1.11

C00670 glycerophosphorylcholine (GPC) -  1.28 -  1.09 -  1.09 -  1.01 -  1.33 -  1.05 -  1.28 +  1.11

C00137 Inositol metabolism myo-inositol +  1.13 -  1.06 +  1.16 -  1.04 -  1.18 -  1.19 +  1.65 -  1.39
inositol 1-phosphate (I1P) +  1.42 +  1.05 +  1.30 +  1.11 +  1.49 +  1.16 +  1.71 +  1.05

C01089 Ketone bodies 3-hydroxybutyrate (BHBA) -  1.45 +  1.18 -  1.15 -  1.45 -  1.01 -  1.05 -  1.22 -  1.19

Lysolipid 1-palmitoylglycerophosphoethanolamine +  2.26 -  1.49 -  1.39 -  1.43 +  1.89 -  1.35 -  1.39 -  2.94

1-heptadecanoylglycerophosphoethanolamine +  1.51 -  2.33 +  1.10 -  1.35 +  1.18 -  1.35 +  1.21 -  4.76
1-stearoylglycerophosphoethanolamine +  1.82 +  1.21 -  1.02 -  1.43 +  1.80 +  1.04 +  1.03 -  1.54

1-oleoylglycerophosphoethanolamine -  1.01 +  1.2 +  1.13 -  1.19 +  1.02 +  1.02 +  1.01 +  1.13

1-linoleoylglycerophosphoethanolamine -  1.16 -  1.64 +  1.48 +  1.13 -  1.52 +  1.16 +  2.17 -  1.41

2-linoleoylglycerophosphoethanolamine +  1.08 +  1.40 -  1.06 -  1.04 +  1.14 +  1.17 +  1.03 +  1.29

1-arachidonoylglycerophosphoethanolamine +  1.03 -  1.11 +  1.24 +  1.04 +  1.07 +  1.46 +  1.94 -  1.20

2 µg/L 50 µg/L
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2-arachidonoylglycerophosphoethanolamine +  1.55 +  1.49 +  1.27 -  1.04 +  1.89 +  1.25 +  1.17 +  1.57
2-docosapentaenoylglycerophosphoethanolamine +  1.24 +  1.46 +  1.07 -  1.02 +  1.54 +  1.18 -  1.03 +  1.44

2-docosahexaenoylglycerophosphoethanolamine +  1.31 +  1.70 +  1.03 -  1.08 +  1.79 -  1.06 -  1.16 +  1.85
1-myristoylglycerophosphocholine +  1.09 -  1.22 +  1.12 -  2.13 +  1.47 -  1.47 -  1.67 -  1.06

1-pentadecanoylglycerophosphocholine +  2.76 -  1.27 +  1.02 -  2.04 +  1.75 -  1.33 -  1.69 -  1.67

1-palmitoylglycerophosphocholine +  2.44 -  1.03 +  1.26 -  1.45 +  2.33 -  1.05 -  1.16 -  1.54

2-palmitoylglycerophosphocholine +  1.15 +  1.03 -  1.05 -  1.52 -  1.05 -  1.01 -  1.05 -  1.04

1-palmitoleoylglycerophosphocholine -  1.09 +  1.17 +  1.03 -  1.49 -  1.20 -  1.12 -  1.20 +  1.25

2-palmitoleoylglycerophosphocholine -  1.09 +  1.31 -  1.08 +  1.09 -  1.12 +  1.23 +  1.06 +  1.68

1-heptadecanoylglycerophosphocholine +  2.09 +  1.17 +  1.18 -  1.41 +  2.18 -  1.05 -  1.09 -  1.54

1-stearoylglycerophosphocholine +  1.92 +  1.22 +  1.30 -  1.35 +  2.12 +  1.07 +  1.00 -  1.45

1-oleoylglycerophosphocholine +  1.11 -  1.10 +  1.18 -  1.54 -  1.04 -  1.25 +  1.03 +  1.05

2-oleoylglycerophosphocholine -  1.14 +  1.25 +  1.03 -  1.01 -  1.11 +  1.22 +  1.18 +  1.52

C04100 1-linoleoylglycerophosphocholine -  1.08 +  1.19 +  1.09 -  1.49 -  1.16 -  1.05 -  1.16 +  1.32

2-linoleoylglycerophosphocholine -  1.04 +  1.30 -  1.05 -  1.05 -  1.09 +  1.30 +  1.08 +  1.05

1-eicosadienoylglycerophosphocholine +  1.50 +  1.19 +  1.01 -  1.64 +  1.07 -  1.06 +  1.03 +  1.03

1-eicosatrienoylglycerophosphocholine -  1.05 +  1.27 -  1.12 -  1.16 -  1.08 +  1.33 -  1.08 +  1.27

2-eicosatrienoylglycerophosphocholine -  1.06 +  1.53 -  1.02 +  1.17 -  1.10 +  1.22 -  1.11 +  1.74

C05208 1-arachidonoylglycerophosphocholine +  1.04 +  1.52 -  1.18 -  1.41 +  1.46 +  1.41 -  1.08 +  1.82

2-arachidonoylglycerophosphocholine +  1.50 +  1.72 -  1.02 -  1.04 +  1.92 +  1.50 +  1.06 +  1.90
1-docosapentaenoylglycerophosphocholine -  1.06 +  1.39 -  1.06 -  1.11 -  1.01 +  1.07 -  1.12 +  1.49

2-docosapentaenoylglycerophosphocholine +  1.00 +  1.43 -  1.05 -  1.03 +  1.14 +  1.30 +  1.06 +  1.42

1-docosahexaenoylglycerophosphocholine +  1.25 +  1.27 -  1.23 -  1.39 +  1.21 +  1.07 -  1.22 +  1.42

2-docosahexaenoylglycerophosphocholine +  1.14 +  1.56 -  1.20 +  1.11 +  1.35 +  1.21 -  1.08 +  1.87
1-stearoylglycerophosphoinositol -  1.11 -  1.33 +  1.15 -  1.01 -  1.25 -  1.04 +  1.20 -  1.56

1-arachidonoylglycerophosphoinositol +  1.14 -  1.52 +  1.04 -  1.02 -  1.08 +  1.55 +  2.01 -  1.06

2-arachidonoylglycerophosphoinositol +  2.47 -  1.16 +  1.44 +  1.10 +  2.17 +  1.04 +  1.89 -  1.18

1-palmitoylplasmenylethanolamine -  1.43 -  2.04 +  1.39 -  1.15 -  1.43 +  1.02 +  1.82 -  2.27

Sphingolipid galactosylsphingosine +  1.32 +  1.29 +  1.21 -  1.15 +  1.35 -  1.27 +  1.37 +  1.79

palmitoyl sphingomyelin +  1.16 +  1.05 -  1.08 -  1.04 +  1.17 -  1.02 +  1.00 -  1.35
C00550 stearoyl sphingomyelin -  1.11 -  1.15 +  1.17 +  1.26 +  1.15 +  1.08 +  1.21 +  1.07

C01189 Sterol/Steroid lathosterol -  1.02 -  1.22 +  1.24 +  1.08 +  1.07 +  1.02 -  1.11 -  1.14

C00187 cholesterol +  1.07 -  1.02 -  1.02 +  1.00 +  1.05 +  1.00 -  1.10 -  1.28
C01164 7-dehydrocholesterol +  1.02 -  1.04 +  1.03 +  1.03 +  1.00 -  1.04 -  1.08 -  1.19

dihydrocholesterol -  1.12 -  1.14 +  1.16 +  1.04 -  1.04 +  1.08 -  1.06 -  1.28

C01753 beta-sitosterol +  1.23 -  1.14 -  1.19 -  1.14 +  1.05 +  1.07 -  1.06 -  1.27

C05442 stigmasterol -  1.20 -  1.12 +  1.02 -  1.01 -  1.04 -  1.15 -  1.10 -  1.59
C01789 campesterol +  1.09 -  1.03 -  1.09 -  1.02 +  1.02 -  1.04 -  1.11 -  1.37
C15493 brassicasterol +  1.03 -  1.04 -  1.05 -  1.03 +  1.00 +  1.01 -  1.10 -  1.43
C01694 ergosterol +  1.03 -  1.04 +  1.10 +  1.08 +  1.04 +  1.01 +  1.00 -  1.25

2 µg/L 50 µg/L
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Table C3 continued.

KEGG Super Pathway Sub-Pathway Biochemical

and ID (if available) F d4 F d12 M d4 M d12 F d4 F d12 M d4 M d12

Nucleotides

C00385 Purine metabolism, (hypo)xanthine/inosine xanthine -  1.04 -  1.30 -  1.19 +  1.09 -  1.25 -  1.19 +  1.21 -  1.25

C00262 hypoxanthine +  1.00 -  1.19 -  1.23 +  1.05 -  1.56 -  1.37 +  1.62 -  1.14

inosine +  1.18 -  1.18 -  1.06 +  1.03 -  1.09 -  1.33 +  1.08 -  1.04

C05512 2'-deoxyinosine +  1.24 -  1.20 -  1.16 -  1.11 -  1.12 -  1.22 +  1.26 -  1.14

C00130 inosine 5'-monophosphate (IMP) -  1.19 -  1.54 +  1.64 +  1.50 -  1.47 -  3.03 +  1.06 +  3.15

C00147 Purine metabolism, adenine containing adenine +  1.19 +  1.25 +  1.12 -  1.01 -  1.01 +  1.23 +  1.15 -  1.04

C00212 adenosine +  1.25 -  1.03 -  1.03 -  1.10 +  1.17 -  1.09 -  1.14 -  1.11

C00559 2'-deoxyadenosine +  1.25 -  1.15 -  1.19 -  1.22 +  1.06 -  1.04 +  1.07 -  1.43
2'-deoxyadenosine 3'-monophosphate +  1.56 -  1.43 +  1.22 +  1.07 +  1.32 -  1.12 +  1.79 +  1.08

C00946 adenosine 2'-monophosphate (2'-AMP) +  1.56 +  1.08 +  1.13 +  1.03 +  1.56 +  1.18 -  1.10 +  1.30

C00020 adenosine 5'-monophosphate (AMP) +  1.49 +  1.07 +  1.26 +  1.07 +  1.87 +  1.13 +  1.32 +  1.23

C00242 Purine metabolism, guanine containing guanine -  1.10 -  2.17 +  1.21 -  1.41 +  1.53 -  2.86 +  3.89 -  1.69

C00387 guanosine +  1.23 -  1.06 -  1.10 -  1.05 +  1.18 -  1.01 -  1.12 -  1.08

C00330 2'-deoxyguanosine +  1.21 -  1.28 -  1.33 -  1.22 -  1.01 -  1.14 -  1.01 -  1.30

guanosine 5'- monophosphate (5'-GMP) +  1.95 +  1.26 +  1.27 +  1.67 +  2.55 +  1.54 +  1.50 +  2.19

C02350 Purine metabolism, urate metabolism allantoin +  1.24 +  1.03 +  1.33 +  2.26 +  1.65 +  1.07 +  2.17 -  1.22

C00239 Pyrimidine metabolism, cytidine containing 2'-deoxycytidine 5'-monophosphate +  1.58 -  1.49 +  1.08 -  1.09 +  1.31 -  1.16 +  1.36 +  1.07

C00214 Pyrimidine metabolism, thymine containing thymidine +  1.18 -  1.27 -  1.32 -  1.10 -  1.08 -  1.10 -  1.06 -  1.19

C00364 thymidine 5'-monophosphate +  1.30 -  1.54 +  1.04 -  1.08 +  1.06 -  1.23 +  1.28 -  1.14

C00106 Pyrimidine metabolism, uracil containing uracil -  1.01 -  1.03 +  1.06 -  1.09 -  1.20 -  1.39 -  1.06 -  1.15

C00429 5,6-dihydrouracil -  1.47 +  1.65 +  1.22 -  1.18 -  2.70 +  1.25 -  1.45 -  1.28

C00299 uridine +  1.13 +  1.01 -  1.11 +  1.09 +  1.19 +  1.06 -  1.10 +  1.12

C00526 2'-deoxyuridine +  1.23 +  1.01 -  1.18 -  1.20 +  1.07 +  1.04 -  1.20 -  1.32

Purine and pyrimidine metabolism methylphosphate +  1.19 +  1.01 +  1.25 +  1.11 +  1.26 +  1.14 +  1.70 -  1.25

Cofactors and Vitamins

C01620 Ascorbate and aldarate metabolism threonate +  1.64 -  1.28 +  1.43 -  1.09 +  1.21 -  1.12 +  1.81 +  1.03

C00253 Nicotinate and nicotinamide metabolism nicotinate +  1.17 +  1.13 +  1.01 -  1.08 -  1.02 +  1.06 -  1.11 -  1.01

C00016 Riboflavin metabolism flavin adenine dinucleotide (FAD) +  1.26 +  1.04 +  1.16 +  1.04 +  1.27 +  1.06 +  1.18 -  1.01

C00061 flavin mononucleotide (FMN) +  1.53 -  1.11 +  1.03 +  1.05 +  1.83 +  1.01 +  1.66 +  1.06

C02477 Tocopherol metabolism alpha-tocopherol -  1.28 +  1.05 +  1.28 +  2.83 +  1.06 +  1.17 +  2.24 +  1.35

C00847 Vitamin B6 metabolism pyridoxate -  2.70 +  1.67 -  1.52 -  2.56 -  2.33 -  1.43 +  1.67 -  1.11

Xenobiotics

C07588 Benzoate metabolism 2-hydroxyhippurate (salicylurate) -  3.13 -  1.33 -  10.00 +  1.06 +  10.77 -  11.11 +  1.85 -  1.14

3-hydroxyhippurate +  1.00 +  1.00 +  1.00 +  1.00 +  1.00 +  1.00 +  1.00 +  1.00

C00180 benzoate -  1.25 +  1.05 +  1.16 -  1.32 -  1.33 -  1.05 -  1.12 -  1.23

C00633 p-hydroxybenzaldehyde -  1.49 +  1.22 -  1.15 -  1.23 -  1.30 +  1.38 -  2.94 +  1.26

C00160 Chemical glycolate (hydroxyacetate) +  1.12 +  1.08 +  1.05 -  1.01 -  1.12 +  1.12 +  1.14 -  1.05

C02979,D01488 glycerol 2-phosphate -  1.52 -  1.05 -  1.06 +  1.13 -  1.43 +  1.01 -  1.28 +  1.16

C04942,C02603 methyl-alpha-glucopyranoside -  1.85 -  1.28 -  1.28 +  1.07 -  2.63 -  1.09 -  1.27 -  1.32

2-ethylhexanoate (isobar with 2-propylpentanoate) -  1.20 +  1.11 +  1.03 +  1.11 -  1.41 -  1.11 -  1.25 +  1.11

C00503 Sugar, sugar substitute, starch erythritol -  1.52 -  1.08 -  2.04 -  1.03 +  1.04 -  1.43 -  2.04 +  1.02

2 µg/L 50 µg/L
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Appendix D. Supplemental data for chapter 3 exposures of Elliptio complanata  males and females to 0, 5, and 50 ng/L 17α-ethinylestradiol.

This information includes field measurements of water quality and mussel collections, experimental design and sampling protocol, and

quality control/quality assurance data of reference standards and tissue sample unknown replicate values.

Table D1. Monthly water quality and physical measurements of collected Elliptio complanata  at the Mill Creek collection site. 

Values of biological measurements represent mean ± SE.

Measurement February March April May June July

Physical Parameters

Temperature (°C) 8.24 10.38 14.95 20.34 20.85 27.30

Conductivity (µS) 84.00 79.00 85.00 81.00 104.00 124.00

Salinity (‰) 0.04 0.04 0.04 0.04 0.05 0.06

DO saturation (%) 110.90 108.80 90.50 80.00 76.20 66.40

Dissolved oxygen (mg/L) 13.05 12.17 9.14 7.23 6.81 5.26

pH 7.60 7.72 7.43 7.42 7.58 7.65

Biological Parameters

Female weight (g) 73.52 ± 2.12 70.16 ± 4.37 47.58 ± 4.27 45.93 ± 1.18 45.17  ± 2.77 42.53 ± 1.31

Female length (mm) 80.94 ± 0.79 79.53 ± 1.53 70.67 ± 2.10 71.73 ± 1.11 69.91 ± 1.30 69.27 ± 0.72

Females collected (n) 35 14 15 22 19 14

Male weight (g) 76.23 ± 2.41 67.31 ± 4.25 48.53 ± 4.29 48.08 ± 3.48 42.13 ± 2.84 45.75 ± 1.39

Male length (mm) 81.77 ± 0.81 78.15 ± 1.13 72.41 ± 1.85 71.05 ± 1.32 68.22 ± 1.51 70.95 ± 0.89

Males collected (n) 32 13 15 12 13 13

 265



Table D2. Quality control values of biological and technical unknowns (duplicates) and internal standards (duplicates or multiple replicates). Percent difference was calculated 

as the absolute difference of duplicates dived by their average mean. Percent relative standard deviation was calculated as the standard deviation of replicates divided 

by their average mean. Values presented here are the mean, minimum, maximum, deviation and error for each biochemical component analyzed from tissue or fluid samples 

collected throughout the entirety of the 180 experimental period.

Biological Matrix Biochemical Sample Type Comparison Average Minimum Maximum Std. Dev. Std. Error n

Hemolymph Carbohydrate Unknown % Difference 8.84 3.27 18.77 3.46 0.86 15

Internal standard % Difference 9.48 1.31 15.52 5.23 1.74 9

Internal standard % RSD 9.98 3.75 14.67 5.62 3.24 3

Protein Unknown % Difference 6.84 2.56 19.28 4.29 1.04 17

Internal standard % Difference 6.49 1.03 14.89 4.42 1.23 13

Internal standard % RSD 2.70 1.05 4.34 2.33 1.65 2

ALP Unknown % Difference 9.71 1.14 27.91 8.03 1.95 17

Internal standard % Difference 14.03 4.74 26.89 7.50 2.37 10

Internal standard % RSD 13.57 6.12 21.01 10.53 7.45 2

Gonad fluid Carbohydrate Unknown % Difference 13.01 5.64 19.03 4.87 1.54 10

Internal standard % Difference 8.39 0.87 20.91 8.53 3.22 7

Internal standard % RSD 13.95 12.92 14.97 1.45 1.03 2

Protein Unknown % Difference 10.46 2.08 23.67 7.46 2.36 10

Internal standard % Difference 6.09 0.00 17.14 7.58 3.79 4

Internal standard % RSD 5.62 1.68 13.80 4.73 2.12 5

ALP Unknown % Difference 9.78 0.66 18.43 6.65 2.10 10

Internal standard % Difference 7.33 2.78 18.55 6.23 2.35 7

Gonad tissue Carbohydrate Biological unknown % Difference 23.40 0.88 60.76 17.37 2.43 51

Technical unknown % Difference 7.63 0.73 28.67 7.15 2.53 8

Internal standard % Difference 5.84 1.23 15.51 4.83 1.82 7

Protein Biological unknown % Difference 18.54 0.51 36.22 9.74 1.39 48

Technical unknown % Difference 5.71 1.09 14.25 3.93 1.39 9

Internal standard % Difference 10.62 0.15 26.17 8.80 3.59 6

Internal standard % RSD 3.13 2.88 3.38 0.35 0.25 2

Lipid Biological unknown % Difference 15.20 0.23 35.17 8.91 1.31 46
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Table D2 continued.

Biological Matrix Biochemical Sample Type Comparison Average Minimum Maximum Std. Dev. Std. Error n

Technical unknown % Difference 13.93 3.11 19.53 5.92 2.42 6

Internal standard % Difference 10.37 4.02 16.29 4.79 2.14 5

ALP Biological unknown % Difference 16.87 0.08 36.53 11.64 1.68 48

Technical unknown % Difference 3.22 0.00 12.76 3.90 1.30 9

Internal standard % Difference 7.69 1.83 17.95 6.30 2.57 6
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Figure D1. Experimental design and sampling scheme used for studies discussed in chapter 3 

with Elliptio complanata exposed to 0, 5, and 50 ng/L 17α-ethinylestradiol for 28 days and 

180 days (water exposures with 48 hour static renewals) and 0, 2.7, and 28.3 pM/g mussel 

tissue via injection and incubation for 4 days. Number of replicates per exposure period is 

given as n. Water quality was taken in addition to monthly sampling of mussels. Eighty 

mussels were sampled in February, followed by 30 mussels every month thereafter. Rounded 

squares represent terminal sampling of mussels, and triangles represent bi-monthly nonlethal 

sampling of hemolymph for biochemistry.  



 

269 
 

Appendix E. Summary of metabolic processes that may be occurring in freshwater mussels 

exposed to 17α-ethinylestradiol or fadrozole hydrochloride according to metabolomics 

results as discussed in chapter 2 and chapter 3.  

 

 

Figure E1. Hypothetical cellular processes occurring in Lampsilis fasciola Unionids exposed 

to 17α-ethinylestradiol or fadrozole hydrochloride. Toxicants or peptide metabolites bind to 

transmembrane receptors coupled to G-proteins that activate cAMP signaling to control lipid 

and carbohydrate metabolism or that activate inositol signaling pathways that regulate 

intracellular calcium (Ca) levels and protein kinase C (PKC). Protein kinase B (AKT) is 

activated by PI3 kinase via calcium and other kinases and can also regulate glycogen 

metabolism. Calcium and the kinases that are activated by these pathways are involved in 

phospholipid breakdown for energy or immune processes. Reactive oxygen species (ROS) 

can be formed by cellular activity, and the electron donor NADPH or carnitine can help 

against this oxidative stress. Nucleotides (NTs) and amino acids (AAs) are increased to aid in 

protein synthesis of phase I polarizing enzymes, phase II conjugating enzymes, and 

antioxidant enzymes such as catalase. Extracellular matrix proteins and carbohydrates also 

are affected by both toxicants.  

Extracellular matrix  
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  Figure E2. Heat maps of Lampsilis fasciola exposure to 5 and 1,000 ng/L 17α-  

  ethinylestradiol (left panel) and 2 and 50 µg/L fadrozole hydrochloride (right panel)  

  relative to the control on days 4 and 12. Presented here are the 178 metabolites that were   

  detected with both exposures. Grey areas are not significant. Black areas are fold differences 

  of 1. Dark red areas represent significant up-regulation (p < 0.05), and light red areas    

  represent nearly significant up-regulation (0.05 < p < 0.1). Dark blue areas represent  

  significant down-regulation (p < 0.05), and light blue areas represent nearly significant  

  down-regulation (0.05 < p < 0.1). 

 



Metabolite

Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12

glycine

serine

threonine

alanine

beta-alanine

aspartate

asparagine

glutamate

glutamine

gamma-aminobutyrate (GABA)

histidine

trans-urocanate

cadaverine

lysine

2-aminoadipate

pipecolate

phenylalanine

phenylacetate

phenylpyruvate

tyrosine

kynurenate

kynurenine

C-glycosyltryptophan

3-methyl-2-oxobutyrate

3-methyl-2-oxovalerate

isoleucine

leucine

valine

4-methyl-2-oxopentanoate

hypotaurine

S-adenosylhomocysteine (SAH)

N-acetylmethionine

arginine

ornithine

urea

proline

5-aminovalerate

trans-4-hydroxyproline

2-aminobutyrate

5-methylthioadenosine (MTA)

putrescine

agmatine

Female 5 ng/L Female 1,000 ng/L Female 50 µg/L Male 50 µg/LMale 2 µg/LMale 5 ng/L Male 1,000 ng/L Female 2 µg/L
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Metabolite

Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12

spermidine

4-guanidinobutanoate

5-oxoproline

gamma-glutamylleucine

glucosamine

N-acetylglucosamine

fructose

galactose

maltose

mannose

maltotriose

maltotetraose

glycerate

glucose-6-phosphate (G6P)

glucose

fructose-6-phosphate

gluconate

ribose

ribulose

xylitol

citrate

alpha-ketoglutarate

fumarate

malate

linoleate (18:2n6)

linolenate [alpha or gamma; (18:3n3 or 6)]

dihomo-linolenate (20:3n3 or n6)

eicosapentaenoate (EPA; 20:5n3)

docosapentaenoate (n3 DPA; 22:5n3)

docosapentaenoate (n6 DPA; 22:5n6)

docosahexaenoate (DHA; 22:6n3)

caproate (6:0)

heptanoate (7:0)

caprylate (8:0)

pelargonate (9:0)

caprate (10:0)

laurate (12:0)

myristate (14:0)

pentadecanoate (15:0)

palmitate (16:0)

palmitoleate (16:1n7)

margarate (17:0)

10-heptadecenoate (17:1n7)

stearate (18:0)

oleate (18:1n9)

cis-vaccenate (18:1n7)

Male 2 µg/L Male 50 µg/LFemale 5 ng/L Female 1,000 ng/L Male 5 ng/L Male 1,000 ng/L Female 2 µg/L Female 50 µg/L
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Metabolite

Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12

stearidonate (18:4n3)

nonadecanoate (19:0)

10-nonadecenoate (19:1n9)

eicosenoate (20:1n9 or 11)

dihomo-linoleate (20:2n6)

mead acid (20:3n9)

arachidonate (20:4n6)

docosadienoate (22:2n6)

docosatrienoate (22:3n3)

adrenate (22:4n6)

2-hydroxypalmitate

13-HODE + 9-HODE

4-octenedioate

undecanedioate

13-methylmyristic acid

methyl palmitate (15 or 2)

17-methylstearate

prostaglandin E2

5-HETE

5-oxoETE

propionylcarnitine

carnitine

3-dehydrocarnitine

acetylcarnitine

ethanolamine

phosphoethanolamine

glycerol

choline

glycerol 3-phosphate (G3P)

glycerophosphorylcholine (GPC)

myo-inositol

1-stearoylglycerophosphoethanolamine

1-oleoylglycerophosphoethanolamine

2-arachidonoylglycerophosphoethanolamine

2-docosapentaenoylglycerophosphoethanolamine

2-docosahexaenoylglycerophosphoethanolamine

1-pentadecanoylglycerophosphocholine

1-palmitoylglycerophosphocholine

2-palmitoylglycerophosphocholine

1-palmitoleoylglycerophosphocholine

2-palmitoleoylglycerophosphocholine

1-heptadecanoylglycerophosphocholine

1-stearoylglycerophosphocholine

1-oleoylglycerophosphocholine

2-oleoylglycerophosphocholine

1-linoleoylglycerophosphocholine

Male 2 µg/L Male 50 µg/LFemale 5 ng/L Female 1,000 ng/L Male 5 ng/L Male 1,000 ng/L Female 2 µg/L Female 50 µg/L
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Metabolite

Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12 Day 4 Day 12

2-linoleoylglycerophosphocholine

1-eicosatrienoylglycerophosphocholine

1-arachidonoylglycerophosphocholine

2-arachidonoylglycerophosphocholine

1-docosapentaenoylglycerophosphocholine

2-docosapentaenoylglycerophosphocholine

1-docosahexaenoylglycerophosphocholine

1-stearoylglycerophosphoinositol

1-arachidonoylglycerophosphoinositol

1-palmitoylplasmenylethanolamine

palmitoyl sphingomyelin

stearoyl sphingomyelin

lathosterol

cholesterol

7-dehydrocholesterol

dihydrocholesterol

beta-sitosterol

stigmasterol

campesterol

ergosterol

xanthine

hypoxanthine

inosine

2'-deoxyinosine

adenine

adenosine

2'-deoxyadenosine

adenosine 5'-monophosphate (AMP)

guanine

guanosine

2'-deoxyguanosine

allantoin

2'-deoxycytidine 5'-monophosphate

thymidine

thymidine 5'-monophosphate

uracil

5,6-dihydrouracil

uridine

threonate

flavin adenine dinucleotide (FAD)

alpha-tocopherol

benzoate

glycolate (hydroxyacetate)

glycerol 2-phosphate

2-ethylhexanoate

Male 2 µg/L Male 50 µg/LFemale 5 ng/L Female 1,000 ng/L Male 5 ng/L Male 1,000 ng/L Female 2 µg/L Female 50 µg/L
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