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ABSTRACT

The freshwater mussel, Utterbackia imbecillis, is an ideal biological indicator of
aquatic ecosystems because of its widespread geographic distribution, abundance, and
sedentary, filter-feeding lifestyle. The present study evaluated the physiological
responses of U. imbecillis to copper. This heavy metal is an ecologically relevant stressor,
as it is a common aquatic pollutant that is particularly toxic to molluscs.
The first portion of this study examined the effects of acute exposure to copper at
the organismal scale. Standard techniques were used to measure valve adduction, heart
rate, clearance, and rates of oxygen consumption for whole animals and excised gill
tissue. Consistent with expectations, treatment resulted in a decrease in the active period,
whole animal oxygen consumption, and clearance. The rates of oxygen consumption in
excised gill tissue were significantly increased only with the lowest concentration (25
ppb). Heart rate initially increased in the presence of copper, but then decreased with
continued exposure to the highest concentration (400 ppb).
The second part of this study focused on the effects of acute copper stress on the
cellular physiology of U. imbecillis. Gene expression of the molecular chaperone, HSP70,
was evaluated using RT-PCR. The first mRNA sequences for HSP70 from U. imbecillis
are presented and were highly similar to those published for other bivalves. Exposure to
copper resulted in an increase in HSP70 expression in adductor muscle, gill, and mantle
tissues, and both temporal and dose-dependent patterns were observed.
These results exemplify the sensitivity of freshwater mussels to copper and
support the use of U. imbecillis as a potential biological indicator species. While the
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results also suggest that the HSP70 response to copper in U. imbecillis is linked to
physiological status, future research is necessary to validate the usefulness of HSP70
expression in this species as a biomarker of copper pollution.

x

CHAPTER 1

INTRODUCTION

Freshwater ecosystems account for less than one percent of the Earth's surface,
yet they support about one tenth of all known species. Anthropogenic activities, such as
pollution, runoff, and habitat alteration, have critically threatened these biodiversity hot
spots (Dudgeon et al., 2005; Balian et al., 2007; Strayer and Dudgeon, 2010).
Consequently, assessing the relative health of freshwater ecosystems is becoming
increasingly important. The environmental status of aquatic ecosystems is commonly
assessed by measuring abiotic factors, including contaminant concentrations, pH,
hardness, and alkalinity. Assessing community structure metrics, such as species richness,
and measuring abiotic components are monitoring methods that are widely used and well
developed (Carlson, 1977; Karr, 1981; Barbour et al., 1999). However, these measures do
not typically elucidate physiological responses to environmental stressors.

Freshwater Mussels As Biological Indicators
Biological indicators, such as macroinvertebrates (Barbour et al., 1999) and fish
(van der Oost et al., 2003), are also commonly used to assess the condition of aquatic
environments because of their ability to convey the cumulative effects of stressors on the
physical, chemical, and biological integrity of a water body (Karr and Chu, 1999). A
stressor typically impacts ecosystem hierarchy, but it first directly affects the physiology
of individual organisms at the cellular and molecular levels (Ringwood et al., 1999a;
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Ringwood et al., 1999b). Thus, in the context of ecological assessment and monitoring, it
is imperative to examine the effects of stressors on the physiology of organisms that
might serve as biological indicators.
The ecology and physiology of freshwater mussels are conducive to the use of
these animals as biological indicators. Their wide geographic distribution, abundance,
sedentary lifestyle, and filter-feeding habit make them ideal for biomonitoring
(Millington and Walker, 1983; Green et al., 1985; Viarengo and Canesi, 1991).
Utterbackia imbecillis (Say, 1829), in particular, is a good candidate for a biological
indicator in freshwater ecosystems. This freshwater mussel is a member of the family
Unionidae, known collectively as unionids. It is ubiquitous in the eastern United States
where it occurs primarily in ponds, lakes, and muddy-bottomed pools in rivers and
streams (Johnson, 1970; Williams et al., 2008), and possesses a thin shell from which its
common name, the paper pondshell, is derived. This species also has been successfully
cultured in vitro and glochidia larvae and newly metamorphosed juveniles are available
for experimental purposes (Dimock and Wright, 1993; Polhill and Dimock, 1996; Fisher
and Dimock, 2002).
Physiological responses to stressors in biological indicator organisms, such as U.
imbecillis, may be used as biomarkers. The underlying principle of biomarkers is that
changes at population and community levels result from effects on individuals caused by
alterations in cellular and molecular responses (Ringwood et al., 1999a; Ringwood et al.,
1999b). To determine appropriate biomarkers, the response of the indicator organism to
individual stressors must first be evaluated.
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Copper
In ecological risk assessments, a stressor is defined as any chemical, physical, or
biological entity able to cause adverse effects on individuals, populations, communities,
or ecosystems (Norton et al., 1992). One example of such a stressor is copper. Although
trace quantities of copper are essential for many living organisms, levels slightly above
the required amount are highly toxic (Scott and Major, 1972). Copper toxicity results
from several mechanisms at the cellular level that alter native protein structure and
impede biological activity. Excess copper can damage lipids and proteins by undergoing
redox cycling and generating free radicals (Mason and Jenkins, 1995; Eisler, 2000).
Oxidation of thiol groups and disulfide-bonds by copper can destabilize protein structure,
and copper can also displace essential metal ions in metalloproteins (Sarkar, 1987; Mason
and Jenkins, 1995; Eisler, 2000).
Background levels of copper in uncontaminated freshwater systems are typically
less than 5 ppb (Hodson et al., 1979), but have been reported to range from 0.2 to 30 ppb
(Bowen, 1985). Some of the anthropogenic sources of copper include copper mining,
brake emissions from automobiles, building siding, copper plumbing, and agricultural
activities (mildewcide, fungicide, algaecide) (Eisler, 2000; Davis et al., 2001; U.S.
Environmental Protection Agency, 2007). Dissolved copper is common in storm-water
runoff, which has been shown to contain 3.4 to 64.5 ppb Cu (Soller et al., 2005).
Additionally, copper concentrations have been reported as high as 200,000 ppb in mining
areas (Davis and Ashenberg, 1989), but can range from near background levels to 100
ppb and above in freshwater habitats receiving anthropogenic inputs (Lopez and Lee,
1977; U.S. Environmental Protection Agency, 2007).
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Because copper is both essential and potentially toxic, every organism maintains
homeostasis via complex mechanisms that control the uptake, distribution, sequestration,
and elimination of this heavy metal (Bertinato and L'Abbé, 2004; Balamurugan and
Schaffner, 2006). Copper is imported into cells by high affinity, integral membrane
proteins, such as the Ctr-family, and is exported by ATP-dependent copper transporters,
mainly of the ATP7 family, that relocate from the Golgi to the cell membrane in high
copper conditions (Balamurugan and Schaffner, 2006). These finely tuned import and
export mechanisms respond to the ambient copper concentration, but may not be fast
enough to cope with a sudden increase, resulting in the import of excess copper.
In the presence of excess copper, there are two basic detoxification strategies:
regulation and accumulation (Mason and Jenkins, 1995). Bivalve molluscs are
accumulators that sequester metals in granules and synthesize ligands to bind metals and
remove them from reactions that may adversely affect cell function (George et al., 1978;
Viarengo et al., 1981; Mason and Jenkins, 1995). The first ligand defense mechanism
employed in the cell is the tripeptide glutathione. Glutathione complexes with copper,
keeping intracellular free copper at low levels until metallothionein, whose induction is
relatively slow, exerts its protective effect by sequestering copper (Freedman et al., 1989;
Mason and Jenkins, 1995; Balamurugan and Schaffner, 2006). Excess intracellular heavy
metal cations trigger the upregulation and synthesis of metallothioneins, whose high
metal affinity and binding capacity allow for the sequestration of heavy metals, especially
copper (Viarengo et al., 1999; Balamurugan and Schaffner, 2006). The storage of copper
by metallothioneins protects cells from damage until excess copper can be eliminated
from the cell by ATP7 transporters (Balamurugan and Schaffner, 2006).
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Copper is known to be very toxic to molluscs, and numerous studies have
investigated its effects on the marine mussel, Mytilus edulis (Scott and Major, 1972;
Martin, 1979; Curtis et al., 2000) and the oysters, Crassostrea gigas and Ostrea edulis
(George et al., 1978; Manley and Davenport, 1979; Han and Hung, 1990). Comparable
studies have been conducted with several species of freshwater mussels (Rodgers et al.,
1980; Keller et al., 1999) and have been expanded to include analysis of effects not only
on adult mussels, but also on newly metamorphosed juveniles as well as glochidia larvae
(Doherty and Cherry, 1988; Salánki and Balogh, 1989; Jacobson et al., 1997; Mouabad et
al., 2001).

Organismal Stress Responses
Various physiological responses have been used to analyze the impacts of
environmental stressors, including copper, on bivalves. Sublethal end-points in mussel
toxicity studies include changes in oxygen consumption, heart rate, blood osmotic
pressure, filtering activity, and foot, cilia, and valve movement (Naimo, 1995). The
pattern and rate of the opening and closing of the shells of freshwater mussels have been
quantified since the 1930s, and by the 1960s, alterations in these valve movements had
been linked to changes in environmental factors (Chipman, 1931; Imlay, 1968). Periodic
activity of adductor muscles in both marine and freshwater bivalves has since been used
as a physiological measure of consequences of heavy metal exposure. Curtis et al. (2000)
monitored valve activity in the blue mussel, M. edulis, exposed to copper, and reported
that median valve positions (% open) declined as a function of copper concentration. The
work of Millington and Walker (1983) on the freshwater mussel, Velesunio ambiguous,
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revealed that mussels exposed to zinc at elevated concentrations significantly reduced
valve opening. The swan mussel, Anodonta cygnea, had shorter active (valve open)
periods with exposure to copper and lead (Salánki and Balogh, 1989). Doherty et al.
(1987) examined the valve closure responses of the Asian clam, Corbicula fluminea,
exposed to cadmium or zinc, and found similar results, with the effects being both
concentration-dependent and specific to a particular toxicant. In fact, the valve movement
responses of the freshwater zebra mussel, Dreissena polymorpha, and of the marine
mussel M. edulis have been applied in the development of early warning biological
monitoring systems for both marine and freshwater systems (Kramer et al., 1989). In
1996 a commercial endeavor utilized this characteristic of bivalves to create the
Musselmonitor® (Delta Consult, Kapelle, The Netherlands), a biomonitor that uses the
valve position and activity of eight mussels to monitor water quality (Sluyts et al., 1996).
The rate and pattern of filtering, or “pumping” activity, of freshwater bivalves
exposed to various stressors is another commonly employed measure of a physiological
response to contaminants. Experiments on A. cygnea showed that short-term exposure to
low concentrations of the insecticide deltamethrin resulted in an increase in water flow
through the mussel’s exhalant siphon, whereas higher concentrations produced a dosedependant inhibitory response of filtering activity (Kontreczky et al., 1997). Similarly,
Kádár et al. (2002) found that both long- and short-term exposures of A. cygnea to
aluminum caused a decrease in the duration of filtering periods. The pocketbook mussel,
Lampsilis ventricosa, had reduced clearance (volume of water cleared of particles per
unit time) as a result of long-term exposure to cadmium (Naimo et al., 1992). Mouabad et
al. (2001) reported altered pumping patterns and decreased filtration rates for Potomida
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littoralis exposed to copper, cadmium, mercury, zinc, and the antifouling agent Mexel,
relative to control animals.
The effects of heavy metals on heart rate and oxygen consumption have received
relatively less attention than the effects of these contaminants on the measures of
physiological performance discussed above. The literature on the effects of copper on
heart rate focuses on marine bivalves, and most studies report a dose-dependent decrease
(Scott and Major, 1972; Davenport, 1977; Grace and Gainey, 1987; Curtis et al., 2000).
However, some studies have demonstrated tachycardia with acute exposure to low levels
of copper. For example, heart rate of Scrobicularia plana increased with exposure to 10
and 50 ppb Cu for 2-3 h (Akberali and Black, 1980), and Perna viridis exposed to 100400 ppb for 48 h exhibited mild tachycardia (Nicholson, 2003). A dose-dependent
decrease in respiration is also typical of marine bivalves exposed to heavy metals,
specifically copper (Scott and Major, 1972; Howell et al., 1984; Anandraj et al., 2002).
Similarly, long term exposure of the freshwater mussel Lampsilis ventricosa to cadmium
resulted in a significant decrease in the rate of respiration as cadmium concentration
increased (Naimo et al., 1992).

Heat Shock Protein 70 As a Cellular Stress Response
In addition to physiological and behavioral responses to environmental stress,
such as valve movements, filtration rates, heart rate, and rates of oxygen consumption,
bivalve molluscs and nearly all organisms may exhibit cellular-level responses to an
environmental stressor. A common response of this sort is the initiation of defense and
repair mechanisms involving molecular chaperones and antioxidants. Molecular
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chaperones are ubiquitous proteins that mediate the correct folding of other proteins by
inhibiting improper interactions within and between polypeptides in non-native
conformations. These chaperones function to direct protein folding under non-stress
conditions and in situations where proteins have undergone stress-induced denaturation
(Hartl, 1996; Feder and Hofmann, 1999).
Molecular chaperones were initially discovered in cells exposed to high
temperatures. Thus, they were called heat shock proteins (HSPs), and the elevated
expression of chaperones in response to heat stress was called the heat-shock response
(Lindquist, 1986; Hochachka and Somero, 2002). However, heat shock proteins are
induced by a variety of physical and chemical environmental stressors including organic
pollutants, exposure to trace metals, changes in osmolarity, ultraviolet radiation exposure,
hypoxia, and anoxia (Feder and Hofmann, 1999; Lewis et al., 1999). The common thread
in all of these stressors is that they lead to abnormal protein conformations (Anathan et al.,
1986; Feder and Hofmann, 1999). Though the term stress protein response more
appropriately describes these proteins and their induction by numerous stressors, the
original HSP terminology, coupled with the more accurate stress protein language, is still
seen in much of the literature when referencing these proteins (Lindquist, 1986;
Hochachka and Somero, 2002).
Some HSP isoforms are present in unstressed cells at detectable levels and are
termed constitutive HSPs, while others are stress-induced and are aptly named inducible
HSPs (Lindquist, 1986). Heat shock proteins are grouped into families according to their
typical molecular weight. At 70 kilodaltons (kDa), HSP70 is the most highly conserved
of the HSPs and has been found in archeobacteria, algae, many marine invertebrates, and
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every chordate class. This stress protein has been widely studied and may be easier to
detect because it has the highest specific activity of the heat shock proteins. In addition to
its versatility, HSP70 accounts for most of the translational activity in cells in response to
environmental changes (Hartl, 1996; Lewis et al., 1999).
In eukaryotic cells, heat shock genes are regulated by heat shock transcription
factors (HSFs) that bind to the heat shock promoter element (HSE) and are controlled by
negative regulation. Larger, more complex organisms have multiple HSFs that allow for
redundancy as well as specialized and differential control of the rate of transcription of
heat shock genes. The induction of HSF by stressors (heat shock, heavy metals, etc.)
occurs through the disruption of intramolecular interactions and removal of a variety of
negatively regulating chaperones, including HSP70 and HSP90. This leads to the
formation of trimeric HSF1, which possesses DNA-binding activity (Morimoto, 1998;
Cotto and Morimoto, 1999; Shamovsky and Nudler, 2008).
A number of studies have reported the induction of HSPs in marine bivalves in
response to environmental stressors, typically using immunoblotting techniques, and
accumulation of these stress proteins has been shown to play an important role in
physiological adaptation in marine molluscs (Sanders, 1988). Induction of HSP70
proteins has been shown in the marine mussel M. edulis following heat treatment as well
as upon exposure to heavy metals (Steinert and Pickwell, 1988; Sanders et al., 1992;
Chapple et al., 1997; Tedengren et al., 1999). Two constitutive isoforms in the HSP70
family were upregulated, and an inducible isoform in the same family was synthesized in
the oyster Crassostrea gigas after heat treatment (Clegg et al., 1998). The findings of
Piano et al. (2004) support these data for C. gigas, and report similar findings for the
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response to increased temperatures by another oyster, Ostrea edulis. Temperature stress
also increased HSP60 and 70 proteins in Mytilus galloprovincialis (Snyder et al., 2001).
However, Piano et al. (2004) report that heat only stimulates the expression of
constitutive HSP70 and not the inducible HSP isoforms in M. galloprovincialis as well as
in the clams, Tapes philippinarum and Scapharca inaequivalvis. In this same study by
Piano et al. (2004), the effects of cadmium and zinc on HSP70 protein expression in O.
edulis were also analyzed. A seven-day Cd exposure resulted in a dose-dependent
enhancement of HSP70 levels in the gills (322% at the highest Cd concentration) as well
as significant overexpression of HSP70 in the digestive glands (up to 380%) compared to
control levels. Similar experiments using Zn showed no significant changes in HSP70
expression (Piano et al., 2004).
Data on HSP expression in marine molluscs are more plentiful than those for
freshwater bivalves, and the freshwater research that has been conducted in this area
focused mostly on invasive species. Increased levels of HSP60 and HSP70 proteins in
response to heat stress have been observed in the Asian clam, Corbicula fluminea, an
invasive species in North America (Nascimento et al., 1996). Singer et al. (2005) reported
HSP70 protein induction in the invasive zebra mussel, Dreissena polymorpha, after about
25 d in the presence of platinum, palladium, rhodium, lead, or cadmium (500 ppb).
Copper (100-500 ppb, 24 h) or tributyltin (1-75 ppb, 24 h) also elicited an increase in
HSP70 in D. polymorpha (Clayton et al., 2000). Exposure of the mussel Anodonta
cygnea to higher temperatures has also been shown to result in the synthesis of HSP90
proteins as well as affecting ciliary activity in the gills (Lagerspetz et al., 1995).
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Most of the previous HSP70 work with bivalves has examined expression at the
protein level. However, a few studies have employed northern blot analysis or semiquantitative RT-PCR techniques to investigate HSP70 gene expression, primarily in
marine bivalves. Increased expression of HSP70 mRNA was observed with high
temperature in the Pacific oyster, Crassostrea gigas, (Hamdoun et al., 2003), Ostrea
edulis (Piano et al., 2004 and 2005), and Mytilus edulis (Luedeking and Koehler, 2004).
Franzellitti and Fabbri (2005) reported that acute heat shock as well as exposure to
chromium (0.001 and 0.01 ppb) for 7 d significantly induced expression of HSP70 in the
digestive glands of Mytilus galloprovincialis. The same study found that mercury (150
ppb, 8 h-6 d) altered HSP70 expression in M. galloprovincialis in both temporal- and
isoform-dependent patterns. The only research on a freshwater mussel reported elevated
expression of HSP70 mRNA in gill and digestive glands of Dreissena polymorpha after
24 h in the presence of 20 ppb copper, mercury, or cadmium (Navarro et al., 2011).
Because HSP70 is induced by the occurrence of damaged cellular protein
(Anathan et al., 1986; Feder and Hofmann, 1999), the expression of this molecule can be
a biomarker of cellular damage that can provide early warnings of toxicity (Fabbri et al.,
2008). As discussed previously, several studies have focused on HSP70 as a biomarker of
stress in bivalves, primarily marine species. However, there are a number of candidate
genes whose use as a biomarker has been examined in other bivalves, including
metallothionein, (Lemoine et al., 2000; Dondero et al., 2005), cytochrome P450 (Peters et
al., 1999; Snyder et al. 2001), and multixenobiotic resistance proteins, such as the
multidrug resistance-related protein (mrp2) (Luedeking and Koehler, 2004) and Pglycoprotein (Eufemia and Epel, 2000; Smital et al., 2003; Achard et al., 2004). While
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other candidate genes will likely need to be studied in the future, the evaluation of HSP70
expression as a biomarker in U. imbecillis provides a good starting place for a number of
reasons. This heat shock protein has been found in nearly every organism examined and
is induced by copper in other bivalves (see previous discussion), suggesting that
expression of the HSP70 gene will be upregulated by U. imbecillis in the presence of
copper. Another advantage of HSP70 is the highly conserved nature of this molecule,
which allows sequence information published for other organisms to be used in
developing probes and primers for non-model organisms, such as U. imbecillis.

Objectives
The research presented in this dissertation explores the effects of acute exposure
to copper on the freshwater mussel, Utterbackia imbecillis. Studies on other bivalves
have shown that copper causes behavioral changes and alters cellular physiology, as
measured by the expression of HSP70. However, the majority of this research has
focused on marine bivalves, and the responses of U. imbecillis to copper stress are
unknown. To validate the use of U. imbecillis as a bioindicator of pollution by copper,
my study will demonstrate the sensitivity of this species to copper by determining the
sublethal effects on the following physiological measures: valve adduction, whole animal
and excised gill oxygen consumption, filtration rate, and heart rate. Additionally, there
are no published data on HSP70 in U. imbecillis, and such information is important in
determining the suitability of this species and this biomarker as indicators of copper
pollution. Therefore, my study will also examine the effects of acute exposure to copper
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on HSP70 gene expression, and quantify the concentration of copper in various tissues
from U. imbecillis following a standardized exposure protocol.
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CHAPTER 2

EFFECTS OF ACUTE EXPOSURE TO COPPER ON PHYSIOLOGICAL
PERFORMANCE OF UTTERBACKIA IMBECILLIS (BIVALVIA: UNIONIDAE)

ABSTRACT
Freshwater mussels may serve as excellent biological indicators of aquatic
ecosystem health, in part, because they are abundant and are sedentary filter feeders.
This study evaluates several physiological responses of Utterbackia imbecillis to copper,
an ecologically relevant stressor that is toxic to many molluscs. Standard techniques were
used to examine valve adduction, heart rate, and clearance, as well as rates of oxygen
consumption for whole animals and excised gill tissue under challenges to copper.
Consistent with expectations, a decrease in the active period (valves open), whole animal
oxygen consumption rates, and clearance occurred with acute exposure to sublethal
copper. The rate of oxygen consumption in excised gill was significantly increased with
exposure to the lowest dosage (25 ppb), but none of three higher concentrations caused a
significant difference from controls. Heart rate also initially increased in response to
copper (25, 200, and 400 ppb) but subsequently decreased after 24 h in 400 ppb. These
results exemplify the sensitivity of freshwater mussels to copper, even at sublethal levels,
and support the use of U. imbecillis as a potential biological indicator species.
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INTRODUCTION
Freshwater ecosystems account for less than one percent of the Earth's surface,
yet support approximately ten percent of all known species. Anthropogenic activities,
including pollution, runoff, and habitat alteration, have seriously threatened these
biodiversity hot spots (Dudgeon et al., 2005; Balian et al., 2007; Strayer and Dudgeon,
2010). Consequently, it is becoming increasingly important to assess the relative health of
aquatic ecosystems. One approach is to use abiotic factors, such as pH and contaminant
concentration, but these do not directly assess the collective impacts of anthropogenic
activities on the associated biota. Living organisms, on the other hand, can offer insights
into potential cumulative effects of environmental contaminants on ecosystems (Karr and
Chu, 1999).
The sedentary and filter-feeding lifestyle of freshwater mussels makes this group
ideal biological indicators of freshwater ecosystem integrity (Butler et al., 1971;
Millington and Walker, 1983; Green et al., 1985). Freshwater mussels are among the
most highly imperiled fauna in the United States (Master et al., 2000), but not all species
in this group are declining (Pilarczyk et al., 2006). For example, the paper pondshell,
Utterbackia imbecillis, has a widespread geographic distribution and is abundant in both
lentic and lotic habitats, making it an especially good candidate for a biological indicator
species (Johnson, 1970; Williams et al., 2008).
Environmental contaminants such as heavy metals are major factors contributing
to the decline of freshwater mussels (Williams et al., 1993; Lydeard et al., 2004). Copper
is a common pollutant in aquatic ecosystems, with anthropogenic sources ranging from
mining to electrical equipment (U.S. Environmental Protection Agency, 2007). Naturally
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occurring concentrations of copper are usually less than 5 ppb in uncontaminated
freshwater systems (Hodson et al., 1979), but values as high as 200,000 ppb have been
reported in locations receiving anthropogenic input, such as mining areas (Davis and
Ashenberg, 1989). Unlike most contaminants, copper is required in small quantities by all
living organisms, yet it can be toxic at only slightly elevated levels (Bertinato and L'Abbé,
2004; Balamurugan and Schaffner, 2006). Research on larval and juvenile stages
suggests that freshwater mussels are especially sensitive to copper (Keller and Zam,
1991; Jacobson et al., 1997; Wang et al., 2007; Gillis et al., 2008). For example, 50% of
juvenile Epioblasma capsaeformis die within 96 h in 12 ppb (Wang et al., 2007), and 5.2
ppb is lethal to 50% of larval E. triquetra within 48 h (Gillis et al., 2008).
Copper has been shown to adversely affect adult marine and freshwater bivalves
at sublethal levels (Grace and Gainey, 1987; Ringwood et al., 1998; Curtis et al., 2000;
Loayza-Muro and Elías-Letts, 2007). A variety of whole organism physiological
measurements have been used to assess the sublethal effects of heavy metal stressors,
including copper, on freshwater mussels (Naimo, 1995; Sluyts et al., 1996; Kidder and
McCoy, 1996; Kádár et al., 2002). The current study identified the impacts of acute,
sublethal exposure of copper on adult U. imbecillis by assessing valve adduction, whole
animal and excised gill oxygen consumption, clearance, and heart rate. These
physiological parameters are potentially informative endpoints regarding the effects of
environmental quality on bivalves, since they assess various behaviors and physiologies
that are critical for survival. Information regarding the effects of copper on adult U.
imbecillis is essential to validate the use of this species as a biological indicator of copper
pollution, and may be useful in conservation efforts for other freshwater mussel species.
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METHODS
Experimental Animals
Adult U. imbecillis with a shell length of 63.5 ± 0.6 (x̄ ± SE) mm were collected
from Lake Rockingham (Reidsville, Rockingham County, North Carolina). Mussels were
held in the laboratory at 20 °C under a natural photoperiod in aerated, carbon-filtered,
aged tap water (hardness 20 ppm CaCO3, pH 7.4)—conditions similar to Lake
Rockingham water (hardness 32 ppm CaCO3, pH 7.3). Mussels were fed ad libitum a
mixture of live Chlorella, Scenedesmus, and Neochloris plus a concentrate of
Nannochloropsis and Shellfish Diet 1800® (Reed Mariculture). Animals were allowed to
acclimate to the laboratory environment for at least two weeks prior to experiments.
Mussels were successfully maintained for up to six months under these conditions.

Determination of Sublethal Concentration
Nominal concentrations of 0 (control), 25, 50, 100, and 200 ppb Cu media were
made from reagent grade CuCl2 (Fisher Scientific) dissolved in acidified (0.05% HCl),
aerated, and carbon-filtered tap water. The actual levels of copper in exposure media and
the water at the collection site were measured by atomic absorption spectrophotometry
(Perkin-Elmer AAnalyst 800, equipped with a THGA graphite furnace and Zeeman
background correction) (Table 2.1). All values presented are based on nominal exposure
concentrations. A sublethal concentration was determined by 96-h exposure assays. Sets
of three mussels were held individually in aerated beakers at 20 °C in 0, 25, 50, 100, and
200 ppb Cu. Mussels were checked for mortality as indicated by gaping valves and
failure to respond to prodding after 24, 48, 72, and 96 h.
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Physiological Assays
All physiological measurements were conducted at 20 °C in aerated, carbonfiltered, tap water under a controlled light-dark cycle based on the natural photoperiod.
Mussels were mounted with one valve attached by epoxy onto a stainless steel spatula
and were held in an experimental chamber for 24 h prior to experiments. Experimental
media were gently stirred with a glass-encased stir bar. All experimental utensils and
glassware were acid washed with HCl between experiments.

Valve Adduction
Valve adduction activity was determined simultaneously with the measurement of
whole animal oxygen consumption (see below). The pattern of valve movements was
monitored with a Harvard Apparatus isotonic force transducer attached to the free valve
with monofilament line extending vertically through a Lucite stand pipe projecting from
the top of the respirometry chamber (see below). The transducer’s output was amplified
and recorded at a sampling rate of 50 Hz using BioPac A/D hardware and AcqKnowledge
software running on an IBM desktop computer. The experimental chamber was immersed
in a water bath held at 20 ± 0.2 °C by a Fisher Scientific Model 90 refrigerated circulator.
Valve adduction activity was determined from the percentage of a 15-min observation
period that the mussel’s valves were open. Patterns of valve adduction were recorded for
each of 7 individuals after 1 h in control conditions (no copper) and 24 h later following 1
h in 100 ppb. A one-tailed, paired Student’s t-test was used to compare the valve
adduction data before and after exposure based on a priori expectations that the presence
of copper would result in a decreased active period (Akberali and Black, 1980; Salánki
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and Balogh, 1989; Curtis et al., 2000). Statistical significance was defined as P<0.05 for
all experiments.

Oxygen Consumption of Whole Animals
Valve adduction and oxygen consumption (VO2) were recorded simultaneously in
a respirometer comprised of a 280 ml glass chamber sealed with a Lucite lid into which a
Strahkelvin 1302 oxygen sensor connected to a Cameron Instrument Co oxygen meter
was inserted. Each mussel had a monofilament line affixed to the free shell and was
suspended within the chamber from a stainless steel spatula, as described above. The
respirometry chamber was held at 20 °C and had two Lucite stand pipes projecting above
the top about 4 cm to accommodate the spatula and monofilament line, while preventing
air from entering the sealed chamber.
The data acquisition system previously described for valve adduction was used to
record PO2 (torr) at a sampling rate of 50 Hz. The rate of oxygen uptake was calculated
from the slope of PO2 versus time for a 15-min interval commencing at about 140 torr
(approximately 92% full saturation). The rate of oxygen consumption was quantified for
each of 6 individuals in control conditions (no copper) and 24 h later following exposure
to 100 ppb for 1 h. Soft tissues were dried for 48 h at 60 °C, and VO2 was expressed as µl
O2/g dry mass/h. Previous studies showed that VO2 in other bivalves decreased in the
presence of copper (Scott and Major, 1972; Anandraj et al., 2002), so a one-tailed, paired
Student’s t-test was used to evaluate VO2 before and after exposure.
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Heart Rate
The results of the valve adduction experiments showed that mussels responded to
copper by closing their valves for extended periods. To ensure that the gills, mantle, and
other body tissues of test organisms were actually exposed to the experimental medium
during the measurement of heart rate and clearance, all mussels for those experiments
were gently caused to gape about 7 mm by inserting a stainless steel alm retractor (Fine
Scientific Instruments, Model 17009-07) between the shells.
Heart rate was measured on mussels suspended in a 600 ml glass beaker by
impedance measurements (UFI Model 2991 Impedance Converter) of cardiac
contractions using stainless steel electrodes inserted through a small hole drilled in each
valve at least 18 h prior to quantifying heart rate. Electrodes were positioned on either
side of the pericardial cavity and connected to the impedance converter, the output of
which was processed with BioPac A/D hardware and AcqKnowledge software, with a
sampling rate of 50 Hz. Heart rate was recorded over a 10 min period after both 1 and 24
h in control conditions (0 ppb Cu), and 1 and 24 h in 25, 100, 200, and 400 ppb (n=9
mussels per treatment). These data were evaluated using two-way ANOVA with a
Bonferroni posttest.

Clearance
Clearance, or filtration rate, is the volume of water pumped by a mussel per unit
time. Measurements of clearance were taken for the same individuals used to obtain heart
rates except for the sets exposed to 25 and 200 ppb. Clearance was determined by
measuring changes in the particle concentration of a 1.27 ± 0.08 (x̄ ± SE) x 105/ml
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suspension of 4.8 µm Fluoro-Max™ polymer microspheres (Thermo Scientific Cat. No.
G0500) in pre-filtered (0.22 um), carbon-filtered, aerated tap water containing one mussel.
Water samples were taken 0 and 30 min after the addition of the microspheres. Clearance
was measured after 1 h and again after 24 h in control (0 ppb), 100 ppb, and 400 ppb Cu.
Following the measurement after the 1-h exposure, the mussel was returned to fresh
water with the appropriate amount of copper to allow it to purge any latex beads prior to
the 24-h measurement. Microsphere concentrations were determined using a Beckman
Multisizer 3 Coulter Counter, and clearance was calculated from the decrease in
microsphere concentration, using a modification of Coughlan’s (1969) formula:

CL=[(v/t) ln(C0/Ct)]

where CL is clearance (ml/mussel/h), v is the volume of the experimental chamber (500
ml), t is the duration of the experiment (0.5 h), and C0 and Ct are the initial and final
concentrations of microspheres. The effects of dosage and time and their interaction were
analyzed using a two-way ANOVA with a Bonferroni posttest. Since two animals died in
400 ppb Cu, the final analyses for heart rate, clearance, and isolated gill VO2 (see below)
were based on n=7 at that dosage.

Oxygen Consumption of Excised Gill
Measurements of VO2 were potentially impacted by valve closure in intact animals,
so I also examined oxygen consumption of excised gills. To minimize the number of
animals sacrificed, gill tissues were taken from the same individuals used to obtain
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clearance and heart rates. Following the different experimental treatments, mussels were
sacrificed and a 7 mm diameter disc of gill tissue was cut from one medial demibranch
for determination of VO2. Rates of oxygen consumption were measured using a waterjacketed glass micro-respirometry chamber (Strathkelvin, RC300) and the oxygen sensor
and recording system previously described. The chamber was filled with 500 µl of airsaturated, carbon-filtered water at 20 °C, and sealed by insertion of the oxygen probe.
The partial pressure of oxygen was recorded at a rate of 100 Hz, and VO2 was calculated
as described previously. Rates are expressed as µl O2/g dry mass/h, after drying the
excised gill tissue for 48 h at 60 °C and weighing it with a Cahn C-31 Microbalance. The
data were evaluated with one-way ANOVA and Tukey's multiple comparison test.

RESULTS
The concentration of copper at the collection site was 2.88 ± 1.20 (x̄ ± SE) ppb.
Acute exposure to 100 ppb Cu was considered sublethal for the purposes of this study, as
only one mussel died during the 96-h exposure assays (after 48 h in 200 ppb; Fig. 2.1).
The only other deaths in the course of this study were 2 mussels subjected to 400 ppb Cu.

Valve Adduction
All individuals were open for the majority of the observation time (97.1% ± 2.3 (x̄
± SE)) during control conditions (no copper), as illustrated in Fig. 2.2. In contrast,
mussels were open significantly less after 1 h in 100 ppb, resulting in a 58.8% ± 18.0 (x̄ ±
SE) decrease in the active period (paired t-test, P<0.01) (Fig. 2.3).
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Oxygen Consumption of Whole Animals
Exposure to 100 ppb significantly reduced VO2 in U. imbecillis from 313.72 ±
73.20 (x̄ ± SE) µl O2/g/h in control conditions to 29.40 ± 11.53 (x̄ ± SE) in 100 ppb Cu
(Fig. 2.4, paired t-test, P<0.01).

Heart Rate
Heart rates in the absence of copper were 7.33 ± 0.37 (x̄ ± SE) BPM after 1 h and
8.20 ± 0.96 (x̄ ± SE) BPM after 24 h (Fig. 2.5). Fig. 2.6 shows a typical recording of the
heart rate of controls. There was a significant increase in the heart rates of mussels
exposed for 1 h to 25, 200, and 400 ppb Cu, but not to 100 ppb (two-way ANOVA with
Bonferroni posttest, (P<0.05, P<0.001, and P<0.05, respectively). After 24 h, mussels in
400 ppb had significantly lower heart rates than controls (two-way ANOVA with
Bonferroni posttest, P<0.001). There also was a significant interaction between dosage
and time (two-way ANOVA, P<0.0001).

Clearance
The clearance of control animals was 464.82 ± 94.96 (x̄ ± SE) ml/mussel/h. The
effect of dosage was significant (P<0.0001), but there was no significant effect of
duration of exposure and no significant interaction (P>0.05). Post hoc analyses revealed
that clearance was reduced by about 90% in the presence of 100 ppb or 400 ppb for 1 h
(two-way ANOVA with Bonferroni posttest, P<0.001 for both concentrations) and
remained significantly below control rates after exposure to these levels for 24 h (two-
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way ANOVA with Bonferroni posttest, P<0.05 for 100 ppb and P<0.01 for 400 ppb) (Fig.
2.7).

Oxygen Consumption of Excised Gill
The rates of oxygen uptake of excised gill tissues without copper exposure were
562.98 ± 60.00 (x̄ ± SE) µl O2/g/h. Gill tissues from mussels exposed to 25 ppb had
significantly higher VO2 values than controls or the 400 ppb group (one-way ANOVA,
P<0.05) (Fig. 2.8), but there were no statistically significant differences among any of the
other treatments (one-way ANOVA, P>0.05) (Fig. 2.8).

DISCUSSION
The concentrations of copper used in this study are higher than typically found in
uncontaminated water bodies, including the collection site. However, these exposure
concentrations (25 to 400 ppb Cu) are ecologically relevant, as they are on the low end of
the range of copper levels that have been recorded in polluted freshwater systems (Lopez
and Lee, 1977; Davis and Ashenberg, 1989; Hem, 1989; U.S. Environmental Protection
Agency, 2007). Exposure to copper caused the behavioral response of valve closure in U.
imbecillis. Copper-treated mussels exhibited tachycardia to acute exposures, and
bradycardia after exposure of 24 h at the highest dosage tested. Clearance behavior was
sensitive to copper, decreasing significantly upon initial exposure and remaining greatly
reduced following 24 h of exposure. The rate of oxygen uptake of intact animals also
decreased after they had been in the presence of copper for 1 h. In contrast, the rate of
oxygen consumption of gills excised from animals after 24 h in various concentrations
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was significantly different from controls only at the lowest dosage (25 ppb), which
resulted in an increase in the rate. These results are generally consistent with the literature,
except as noted below.
A number of studies on both marine and freshwater mussels have shown a
decrease in the percentage of time bivalves are open in the presence of copper. Curtis et
al. (2000) monitored valve activity in the marine mussel, Mytilus edulis, treated with
copper for two days at concentrations ranging from 5 to 800 ppb and reported that the
time animals had their valves open declined as a function of increasing dosage. Shorter
active periods were also observed in the freshwater mussel, Anodonta cygnea, after 240 h
in 100 ppb Cu (Salánki and Balogh, 1989). Because it is such a robust response, assessing
the extent and pattern of valve activity has been applied in the commercial development
of early warning biomonitors of water quality for both marine and freshwater systems
(Kramer et al., 1989; Sluyts et al., 1996).
Heart rate was also altered in the presence of copper, initially increasing after 1 h.
Other studies of marine bivalves have reported tachycardia with acute exposure to
relatively low concentrations. Akberali and Black (1980) reported an increase in heart
rate in Scrobicularia plana after 2-3 h in 10 ppb and 50 ppb Cu, and Perna viridis
exhibited mild tachycardia in 100-400 ppb for 48 h (Nicholson, 2003). The rectum passes
through the ventricle of the heart of bivalves, so elevated cardiac activity may be
beneficial in the presence of excess copper by facilitating the expulsion of metal-rich
feces (Nicholson, 2003).
The majority of the studies on marine bivalves, however, report bradycardia with
exposure (Scott and Major, 1972; Davenport, 1977; Grace and Gainey, 1987; Curtis et al.,

33

2000). This pattern was seen in U. imbecillis only after 24 h at the highest dosage (400
ppb). Many of the studies that report bradycardia in response to copper did not prevent
the animals from closing their shells, and most employed much longer exposure or
considerably higher concentrations than the present study. These differences in
experimental design may account for the tachycardia I observed at the relatively lower
concentrations and shorter durations with animals that could not fully close their shells.
Utterbackia imbecillis that were wedged open initially responded to copper with
an increase in heart rate, which decreased with extended exposure to high concentrations.
This raises the question of possible mechanisms of action of copper. Bradycardia in
whole animals may not be a result of copper directly affecting heart cell function. Curtis
et al. (2001) observed that mechanical activity of isolated ventricular strips of M. edulis
was not affected at concentrations that inhibit whole animal cardiac activity, and the heart
rate of mussels whose visceral ganglia had been removed was unaffected by copper
(~800 ppb). These authors proposed that copper decreases cardiac activity by stimulating
inhibitory cholinergic innervations of the heart (Curtis et al., 2001). Tachycardia may
also be under neuronal control, but by excitatory serotonergic innervation. Nicholson
(2003) found that elevated heart rate due to copper exposure was reversed by dopamine,
an inhibitory bioamine.
Clearance declined ninety percent upon exposure to copper in the present study,
and this decrease persisted for at least 24 h. This behavior is essential to filter-feeding
freshwater mussels, and such a pronounced reduction could severely impact the health,
and ultimately the fitness, of these animals. My observations are consistent with other
studies of freshwater mussels such as those of Kraak et al. (1994), who reported a 50%
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decrease in filtration rate of Dreissena polymorpha following 48 h in 41 ppb Cu, and of
Mouabad et al. (2001), who observed a 79% reduction in clearance by Potomida littoralis
exposed to 60 ppb for only 4 h.
Reduced clearance may result from neural inhibition of ciliary activity in the gills.
Howell et al. (1984) reported decreased filtration rates with copper exposure in whole
animals (M. edulis), but saw no effects in those co-treated with reserpine, which was used
to deplete dopamine present in the branchial nerve. Dopamine had a cilio-inhibitory
effect in M. edulis (Paparo and Aiello, 1970), and dopamine content increased in visceral
ganglia from M. californianus following chronic exposure to low levels of copper (0.1 to
10 ppb for 62 d) (Smith, 1985). Additionally, Howell et al. (1984) found that ciliary
beating was not affected by copper in gills excised from M. edulis, suggesting that the
decrease in clearance measured in whole animals was not due to the direct effect of
copper on the gill cilia, but rather reflects neural control.
However, not all studies provide evidence of this connection between neural
inhibition and clearance rates. For example, Nicholson (2003) found that copper-induced
inhibition of clearance in the marine mussel, Perna viridis, was not reversed with the
addition of serotonin, an excitatory bioamine. Gill function can be impaired by more than
just neural inhibition and may result from mechanical damage of the cilia, as shown by
the work of Sunila and Lindström (1985), who found that M. edulis treated with copper
(400 ppb, 24 h) had breakage of the interfilamentar ciliary junctions of the gill, and
Sunila (1986), who reported fusion of the gill filaments in nearly half of individuals one
year after a 24-h exposure (200-800 ppb). Domouhtsidou and Dimitriadis (2000) reported
a similar fusion of the gill filaments in the marine mussel, Mytilus galloprovincialis, after

35

copper exposure for 98 d. Viarengo et al. (1994) also studied M. galloprovincialis and
used immunohistochemistry to show that copper causes microtubule disassembly in the
gill ciliated epithelium, as well as hypertrophy of gill filaments. Ultimately, the
mechanisms by which copper impacts clearance are complex, and reduced filtration
likely results from a combination of decreased ciliary activity caused by neurotoxicity as
well as physical damage to the gill filaments, especially at high concentrations (Grace
and Gainey, 1987).
Oxygen uptake by whole animals was significantly reduced after exposure to 100
ppb at nearly fully saturated oxygen levels. This decrease correlates well with other
studies in which bivalves were able to close their valves upon exposure to copper (Scott
and Major, 1972; Howell et al., 1984; Anandraj et al., 2002). It is likely that some of the
reduction in VO2 observed in these studies, as well as the present one, was the result of
these animals closing their shells. However, even when Brown and Newell (1972) forced
open the shells of M. edulis in the presence of copper, VO2 was reduced.
Since Brown and Newell (1972) also demonstrated a reduction of VO2 in excised
gills of M. edulis exposed to 500,000 ppb Cu, I expected a similar decrease in gills from
U. imbecillis that had been wedged open in the presence of copper. However, only
exposure to the lowest concentration resulted in a significant difference from controls and
that, in fact, was an increase in VO2 (Fig. 2.8). Brown and Newell (1972) exposed Mytilus
to a very high dosage, and proposed that the reduced metabolic rates they observed in
both whole animals and isolated gills were a result of a decrease in ciliary activity. Under
normal conditions, bivalve gill tissues account for a large portion of oxygen consumption,
with the VO2 of gills being two to ten times higher than that of other tissues (Percy et al.,
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1971). If decreased ciliary activity reduces the VO2 of gills, this may contribute to the
lower metabolic rates of whole animals. This would be consistent with my results with
intact animals and could help explain the decreased clearance rate of U. imbecillis in
copper.
This interpretation of an effect of copper does not explain the absence of an
inhibitory effect at any concentration in my study with excised gills nor the increased VO2
in 25 ppb. If structural damage is more likely to occur in the presence of high
concentrations, as used by Brown and Newell (1972), the lower concentrations in my
study may not have induced physical damage to the gill cilia. Once the cilia no longer
received any inhibitory signals from the branchial nerve upon excision, ciliary activity
may have returned to normal. This might have allowed the metabolic rates to return to
control levels, as was observed in most concentrations. It remains unclear why there was
a significant increase in VO2 of isolated gills at the lowest dosage. However, the overall
results of these experiments underscore the sensitivity of freshwater mussels to copper
and validate the use of U. imbecillis as a biological indicator species.
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Table 2.1. Nominal and measured (x̄ ± SE) concentrations of copper in exposure media,
as determined by furnace atomic absorption spectrometry.
Nominal Concentrations (ppb as CuCl2)
Measured Concentrations (ppb as CuCl2)
0
4.56 ± 0.96
25
32.43 ± 2.43
50
*
100
88.87 ± 2.53
200
176.64 ± 4.97
*No water samples were analyzed for the 50 ppb as CuCl2 nominal value.
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Figure 2.1. Rate of survival of U. imbecillis exposed to various concentrations of CuCl2
for 96 h. As indicated by the dotted line, 100 ppb Cu and less was sublethal (n=3 per
treatment).
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Figure 2.2. Real time recording of valve movements by U. imbecillis as measured using
an isotonic force transducer over 80 min for a mussel under control conditions (top) and a
mussel exposed to 100 ppb Cu (bottom).
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Figure 2.3. Valve adduction in U. imbecillis after 1 hour in control conditions (0 ppb Cu)
and (24 h later) after 1 h in 100 ppb Cu. Bars represent the percent time valves were open
(x̄ ± SE; n=7). Mussels were open significantly less after 1 h in 100 ppb relative to
controls (paired t-test, P<0.01).
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Figure 2.4. Rates of oxygen consumption of whole animal U. imbecillis in control
conditions (0 ppb Cu) and (24 h later) in 100 ppb Cu. Bars represent the rate of oxygen
consumption (x̄ ± SE; n=6). Mussels had significantly reduced VO2 after exposure to 100
ppb relative to controls (paired t-test, P<0.01).
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Figure 2.5. Heart rates of U. imbecillis after 1 and 24 h in control, 25, 100, 200, and 400
ppb Cu. Bars represent heart rate (x̄ ± SE; n=9). Asterisks indicate significant difference
from control within a time block (two-way ANOVA Bonferroni posttest, P<0.05).
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Figure 2.6. Representative heart rate recording of U. imbecillis over a 6-min period in
control conditions as measured by impedance conversion of cardiac contractions. This
pattern is typical of cardiac cycles described in other bivalves.
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Figure 2.7. Clearance by U. imbecillis after 1-h and 24-h exposure times in control, 100
ppb, and 400 ppb Cu conditions. Bars represent the rate of clearance (x̄ ± SE; n=9).
Means that are significantly different are indicated by different letters (two-way ANOVA
Bonferroni posttest, P<0.05)
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Figure 2.8. Rates of oxygen uptake of excised gill tissue from U. imbecillis after 24 h in
control, 25, 100, 200, and 400 ppb Cu. Bars represent the rate of oxygen consumption (x̄
± SE; n=9). Means that are significantly different are indicated by different letters (oneway ANOVA Tukey’s posttest, P<0.05).
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CHAPTER 3
EXPRESSION OF HEAT SHOCK PROTEIN 70 WITH COPPER EXPOSURE IN THE
FRESHWATER MUSSEL, UTTERBACKIA IMBECILLIS (BIVALVIA: UNIONIDAE)

ABSTRACT
The biology of the freshwater mussel, Utterbackia imbecillis, makes this species
an excellent biological indicator of the conditions of aquatic ecosystems. This study
examines the effects of acute copper stress on the cellular physiology of U. imbecillis by
evaluating the transcript expression of the molecular chaperone, HSP70, in adductor
muscle, mantle, and gill tissues using RT-PCR. The first mRNA sequences to be
published for this species are reported and are highly similar to those published for other
bivalves. Expression of the HSP70 gene in adductor muscle was significantly elevated
after a 24-h exposure to 100 ppb Cu but returned to control levels after an additional 24 h
in control conditions. There were tissue-specific differences in the effects of dosage on
HSP70 expression, with adductor muscle and gill tissue having a significant increase in
expression with exposure to 25 and 100 ppb, respectively.

At 200 ppb, transcript

expression in all three tissues was highly variable and not significantly different from
controls, which is suggestive of tissue damage. Utterbackia imbecillis is clearly sensitive
to this heavy metal, as shown by the time- and dose-dependent changes in HSP70 gene
expression with exposure to copper. However, HSP70 expression has some inherent
limitations that must be dealt with in order for it to be successfully used as a routine
biomarker in this species.
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INTRODUCTION
Biological indicators can be used to assess the condition of aquatic environments
because of their ability to convey the cumulative effects of stressors on the physical,
chemical, and biological conditions of a water body (Karr and Chu, 1999). The sedentary,
filter-feeding lifestyle of freshwater mussels makes these bivalve molluscs excellent
biological indicators (Butler et al., 1971; Millington and Walker, 1983; Green et al.,
1985). The paper pondshell, Utterbackia imbecillis, is an abundant, native mussel, with a
widespread distribution in a diversity of low-flow habitats throughout the eastern United
States (Johnson, 1970; Williams et al., 2008). These characteristics suggest that U.
imbecillis may represent a suitable surrogate species for endangered or threatened
freshwater mussels (Conners and Black, 2004).
Cellular responses to stressors in biological indicator, or sentinel, species such as
U. imbecillis may be utilized as biomarkers. Biomarkers are useful in ecological
assessment because the impact that a stressor has on community structure results from the
direct effects on the cellular function and physiology of individual organisms (Ringwood
et al., 1999; van der Oost et al., 2003). As recently as 2006, the effects of contaminants
on biomarker responses had been examined in only about 11 of the approximately 1,000
species of freshwater mussels worldwide (Newton and Cope, 2006). However, to
determine appropriate biomarkers, the response of freshwater mussels to individual
stressors must first be evaluated.
A stressor is defined as anything that challenges homeostasis (Selye, 1956;
Norton et al., 1992), and copper is an ecologically relevant stressor in freshwater systems,
with anthropogenic sources ranging from mining and electrical equipment to municipal
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effluents (U.S. Environmental Protection Agency, 2007). Background levels of copper in
uncontaminated freshwater systems are usually less than 5 ppb (Hodson et al., 1979), but
can range from 0.2 to 30 ppb (Bowen, 1985). Although copper is an essential molecule
for all living organisms, exposure to chronic or high levels of copper can be toxic
(Bertinato and L'Abbé, 2004; Balamurugan and Schaffner, 2006). At sublethal
concentrations, copper has been shown to impact the physiology of U. imbecillis by
altering heart rate, reducing oxygen consumption, and reducing clearance, the critical
process by which mussels pump water through their gills for the acquisition of both food
and oxygen (see Chapter 2).
One response to copper stress is the upregulation of heat shock proteins (HSPs), a
group of molecular chaperones that are induced by a variety of stressors (Feder and
Hofmann, 1999; Lewis et al., 1999). Heat shock protein 70 (HSP70) is the most highly
conserved member of the HSPs and is present in diverse organisms from archeobacteria
to chordates, including both marine and freshwater bivalves (Hartl, 1996; Fabbri et al.,
2008). Because HSP70 plays an important role in directing protein folding, the
expression of this molecule is induced by the occurrence of damaged cellular proteins
(Ananthan et al., 1986; Feder and Hofmann, 1999). This makes HSP70 expression
especially useful as a biomarker of cellular damage that can provide early warnings of
toxicity (Fabbri et al., 2008).
Levels of HSP70 typically are elevated following exposure to toxicants and have
frequently been evaluated using immunoblotting techniques. Snyder et al. (2001)
observed dose- and time-dependent increases in HSP70 isoforms in the digestive glands
of the Mediterranean mussel, Mytilus galloprovincialis, exposed to biologically degraded
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weathered crude oil. Cadmium (500 ppb, 7 d) elicited elevated levels of HSP70 in gills
and digestive glands of the European flat oyster, Ostrea edulis, (Piano et al., 2004), and
Sanders (1994) as well as Radlowska and Pempkowiak (2002) reported increased HSP70
proteins in the gills of the blue mussel, Mytilus edulis, following exposure to copper (1200 ppb, 3-8 d).
Nearly all studies have focused on marine bivalves, and very little information is
available regarding expression of these stress-induced proteins in freshwater species,
especially the native North American freshwater mussels of the family Unionidae. The
only species of freshwater bivalves in which HSP70 proteins have been studied are not
native to North America. HSP70 was elevated in juvenile Asian clams, Corbicula
fluminea, exposed to thermal stress (Nascimento et al., 1996), but no studies have
examined the HSP70 concentration in this species following toxicant exposure. Singer et
al. (2005) reported HSP70 induction in the invasive zebra mussel, Dreissena polymorpha,
after about 25 d in the presence of platinum, palladium, rhodium, lead, or cadmium (500
ppb). Copper (100-500 ppb, 24 h) or tributyltin (1-75 ppb, 24 h) also elicited an increase
in HSP70 in D. polymorpha (Clayton et al., 2000).
Most of the previous HSP70 work with bivalves has examined expression at the
protein level. However, despite the highly conserved structure of this molecule, obtaining
antibodies with appropriate specificity can be a challenge in non-model species. Since
HSP70 is regulated primarily at the transcript level (DiDomenico et al., 1982), evaluating
HSP70 mRNA using northern blot analysis or semi-quantitative RT-PCR is an effective
proxy for HSP70 protein expression. The highly conserved nature of HSP70 allows
sequence information published for other organisms to be used in developing probes and
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primers for non-model organisms, such as freshwater mussels. A handful of studies have
employed these techniques to investigate HSP70 gene transcription in marine bivalves,
but very little work has been done using freshwater mussels. The impact of thermal stress
on HSP70 transcription has been evaluated in the Pacific oyster, Crassostrea gigas,
(Hamdoun et al., 2003) and in Ostrea edulis (Piano et al., 2004 and 2005) by northern
blot analysis. Using semi-quantitative RT-PCR, Luedeking and Koehler (2004) observed
increased expression of HSP70 mRNA in Mytilus edulis gills with high temperature, and
Franzellitti and Fabbri (2005) reported that acute heat shock as well as exposure to
chromium (0.001 and 0.01 ppb) for 7 d significantly induced expression of HSP70 genes
in the digestive glands of Mytilus galloprovincialis. In the same study, Franzellitti and
Fabbri (2005) found that mercury (150 ppb, 8 h-6 d) altered HSP70 expression in M.
galloprovincialis in both temporal- and isoform-dependent patterns. The only study on a
freshwater mussel examined the transcriptional response of HSP70 to metal exposure in
larvae and adults of the invasive zebra mussel, Dreissena polymorpha, (Navarro et al.,
2010). These authors reported elevated expression of HSP70 mRNA in gill and digestive
gland after 24 h in the presence of 20 ppb copper, mercury, or cadmium, while only
mercury significantly induced HSP70 in larvae.
Relatively little work has been published regarding the effects of toxicants on
HSP70 gene transcription in marine bivalve species, and even less is known in regard to
freshwater mussels. There are no published data on this stress protein in U. imbecillis,
though such information would be important in determining the suitability of this species
and this biomarker as indicators of pollution by copper and other contaminants. Therefore,
the purpose of this study was to examine the effects of acute exposure to copper on
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HSP70 gene expression in the unionid mussel, U. imbecillis using semi-quantitative RTPCR.

METHODS
Experimental Animals
All experiments were conducted using U. imbecillis from Lake Rockingham
(Reidsville, Rockingham County, North Carolina) with a mean shell length of 63.5 ± 0.6
(SE) mm. Copper concentration at the collection site was 2.88 ± 1.20 (x̄ ± SE) ppb, as
measured by atomic absorption spectrophotometry (AAS, Perkin-Elmer AAnalyst 800,
equipped with a THGA graphite furnace and Zeeman background correction). Mussels
were held in aerated, carbon-filtered, aged tap water (hardness 20 ppm CaCO3, pH 7.4)
under a natural photoperiod. Mussels were initially kept at collection temperature and
then gradually adjusted to the maintenance temperature of 20 °C. They were fed ad
libitum a mixture of live Chlorella, Scenedesmus, and Neochloris plus a concentrate of
Nannochloropsis and Shellfish Diet 1800® (Reed Mariculture).

Experimental Exposures
Experimental media were made by dissolving reagent grade CuCl2 (Fisher
Scientific,) in acidified (0.05% HCl), aerated and carbon-filtered tap water (hardness 20
ppm CaCO3, pH 7.4) and were gently stirred during assays with a glass-encased stir bar.
Nominal concentrations of 0 (control), 25, 100, and 200 ppb as CuCl2 were made, and the
actual copper concentrations of exposure media were determined by furnace AAS (Table
3.1). All values presented are these nominal exposure concentrations. Experimental
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utensils and glassware were acid washed with HCl between experiments, and all
exposures were conducted at 20 °C in aerated, carbon-filtered, tap water under a
controlled photoperiod adjusted to the natural light-dark cycle.

Temporal Assays
To determine whether normal HSP70 expression in adductor muscle varied with
time, animals were transferred from holding tanks and kept in copper-free control
conditions. Mussels (n=9 per time point) were sacrificed and samples of adductor muscle
were collected at 0 (baseline), 12, 24, and 48 h following transfer.
The time course for the effects of copper on HSP70 expression in adductor
muscle was examined by exposing mussels (n=9 per treatment) to 100 ppb Cu for 0, 12,
and 24 h. A fourth set of 9 mussels was first exposed to 100 ppb for 24 h and then
transferred to control conditions for a 24-h recovery period. Following exposure, mussels
were dissected, and the adductor muscle was stored in TRIzol reagent (Invitrogen, USA)
for RNA extraction. Control and experimental treatments were assayed at approximately
the same time of day to avoid any possible diurnal variations in HSP70 expression.

Dose-Response Assays
Mussels (n=9 per treatment) were exposed to 0, 25, 100, and 200 ppb Cu for 24 h
to evaluate the dose-response of HSP70 gene expression. They were mounted with one
valve attached by epoxy onto a stainless steel spatula. Since previous experiments on
valve adduction had indicated that U. imbecillis could close its shells in response to
copper (see Chapter 2), mussels were gently caused to gape about 7 mm by inserting a
stainless steel alm retractor (Fine Scientific Instruments, Model 17009-07) between the
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shells. This procedure was employed because, in an effort to minimize the number of
animals sacrificed, the mussels used in these dose-response measurements of HSP70
mRNA induction were also used to measure clearance and heart rate and the results of
those assays would have been compromised by extended periods of shell closure (see
Chapter 2). Animals were held in this position in a 600 ml acid-washed beaker for 24 h
prior to the respective experiments. Following exposure, mussels were dissected and
samples of mantle, gill, and adductor muscle were stored for RNA extraction. To ensure
that an adequate amount of template could be recovered, these tissues were removed from
9 animals in each treatment and were pooled into 3 replicates of 3 samples each. Aliquots
of these pooled samples were also immediately frozen using an ethanol dry ice bath and
were stored at -80 °C for subsequent analysis of actual copper concentration in each
tissue. Since larvae of U. imbecillis are brooded in the outer pair of demibranchs of their
gills, as with most unionid mussels (Tankersley and Dimock, 1992), gill tissue samples
were taken only from the inner (non-brooding) demibranchs.

Concentration of Copper in Tissues
Pooled tissue samples from the dose-response assays (n=3 replicates per
treatment) were homogenized in 2 ml of deionized water, acidified with an equal volume
of 20% nitric acid (trace metal grade, Fisher Scientific), and digested under heat. Copper
concentrations were determined by AAS, as described above, and expressed as µg Cu/g
wet weight.
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Primer Development
Given the limited sequence information available for U. imbecillis, degenerate
primers were first developed to obtain potential amplicons for HSP70 and ß-actin.
Expression of ß-actin transcript, considered a housekeeping gene, was used as an internal
control. Pairs of degenerate HSP70 and ß-actin primers were designed using conserved,
homologous sequences from a variety of organisms (GenBank accession numbers
DQ301506, AB010871, AY651782, AF502546, AF026512, AF026514), weighted to
sequences from other molluscan species (AB180908, AJ305315, AJ271444, L44127).
The following degenerate primers were developed for U. imbecillis HSP70 and actin.
For HSP70:
HSP70F1 - 5' GCC AAC GAY CAR GGB AAC MG 3'
HSP70R1 - 5' CKG TTV CCY TGR TCG TTG GC 3'
HSP70F2 - 5' ATG CCG TSR TCA CAG TBC CWG C 3’
HSP70R2 - 5' GCS GGV ACT GTG AYW ACG GCA T 3’
HSP70F3 - 5' ATG ACC AAR GAC AAY AAY MWD YTS GGM 3’
HSP70R3 - 5' CCW ARH SKR TTR TTG TCY TTG GTG AT 3’
HSP70F4 - 5' CTV MGD ATM RTM AAY GAR CC 3’
HSP70R4 - 5' TTK AYK ATH CKB AGD ACR TT 3’
HSP70F5 - 5' AYT TYR WDV ADG ART TCA A 3’
HSP70R5 - 5' AAR TRR KTW ACM AKT CT 3’
HSP70F6 - 5' GYW CDS ARG CHW VYR TTG A 3’
HSP70F7 - 5' ACD VCV TGY GAR MGV GCH AA 3’
HSP70R7 - 5' TTD GCB CKY TCR CAB GBH GT 3’
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For ß-actin:
ActinF - 5' CTC CGT GTH GCY CCM GAR GAG CAC C 3'
ActinR - 5' CCA CCY ATC CAG ACY GAG TAT TTC 3'
Degenerate primers were used to amplify cDNA fragments from adductor muscle
tissue. PCR products were separated in 1.5% agarose gel stained with ethidium bromide,
gel-purified, and sent to the Nevada Genomics Center for sequencing. The BLAST
program at the National Center for Biotechnology Information was used to compare
sequencing results with existing sequences.
Based on the sequence information from amplicons generated using the
degenerate primers, the following gene-specific primers were developed for U. imbecillis
HSP70 and actin.
For HSP70:
HSP70F - 5' ACT CAA CCC TGA GAA CAC CGT AT 3'
HSP70R - 5' CTC TCC CTT GTA GTC CAC CTG TAT 3'
For ß-actin:
ActinF - 5' GGT AAT TTC CTT CTG CAT TCT GTC 3'
ActinR - 5' ACT TAA CTA CGT CGC TCT GGA CTT 3'

RNA Extraction
Total RNA from each sample (comprised of 3 individuals) was extracted by
homogenization in TRIzol reagent (Invitrogen, USA) according to manufacturer’s
instructions. Isolated total RNA was precipitated with isopropyl alcohol, washed with
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ethanol, and treated with DNAse. Single strand cDNA was synthesized using SuperScript
III Reverse Transcriptase (Invitrogen, USA) according to manufacturer’s instructions.

RT-PCR Analysis of HSP70 Transcript Expression
Semi-quantitative RT-PCR was carried out in a thermo cycler (MJ Research)
employing gene-specific primers on mussel cDNA template. PCR conditions were
determined to be in the linear range of amplification and were as follows: an initial
denaturation (94 °C, 10 min), followed by 35 (HSP70) or 30 (ß-actin) cycles of
denaturation (94 °C, 1 min), annealing (55 °C for HSP70 primers, 50 °C for ß-actin
primers, 1 min), extension (72 °C, 3 min), and a final extension step (72 °C, 10 min).
PCR products were separated in 1.5% agarose gel (Apex BioResearch) using 1X
TAE buffer and stained with ethidium bromide (VWR International). Gels were viewed
with a UV transilluminator (Hitachi CCDBIO), and optical densities of the amplified
bands were analyzed using GeneSnap imaging software (v. 3.00.1, Hitchachi). A ratio of
HSP70 to ß-actin gene expression was calculated, and the results were expressed as the
relative variation (fold induction) between each treatment or time point and the control (x̄
± SE).

Statistical Analyses
To examine the concentrations of copper in the various tissues, the effects of
copper exposure and tissue type and their interactions were analyzed using a two-way
ANOVA with a Bonferroni posttest. The data for the control temporal assays as well as
basal expression in tissues were analyzed by one-way ANOVA. Results for the temporal
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and dose-response assays were analyzed with a one-tailed, Student’s t-test in which
means at each dosage or time point were compared to a single, corresponding control
(Franzellitti and Fabbri, 2005; Lee et al., 2006; Richards et al., 2010). Statistical
differences for all analyses were accepted when P<0.05.

RESULTS
Sequence Analyses and Primers
An 882-bp ß-actin cDNA fragment was amplified from U. imbecillis using
degenerate primers. Subsequent BLAST analysis revealed that the amplified sequence
was 87% identical to previously submitted sequences for actin mRNA from the marine
bivalves, Crassostrea gigas and Mytilus galloprovincialis (GenBank accession numbers
AB071191.1 and AF157491.1, respectively). For comparative purposes, sequences
encoding ß-actin in U. imbecillis are only 82% identical to ß-actin coding sequences from
Homo sapiens (GenBank accession number NM_001101.3). The sequence of the 398-bp
HSP70 cDNA fragment amplified using degenerate primers was 91% identical to the
previously submitted sequence of HSP70 cDNA for the freshwater mussel, Cristaria
plicata, and only 69% identical to human HSP70 (Table 3.2).

Temporal Assays
There were no significant effects of time on HSP70 gene expression in adductor
muscle tissues from animals held under control conditions (P>0.05), indicating that levels
remained constant over a 48-h period in this tissue (Fig. 3.1). With exposure to 100 ppb
Cu, there was no significant difference after 12 h of exposure, as compared to baseline
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(P>0.05) (Fig. 3.2). However, exposure to this concentration for 24 h resulted in a
significant 5-fold increase in adductor muscle HSP70 gene expression, relative to
baseline (P<0.05). Expression in adductor muscle at the end of the 24 h depuration period
in copper-free water following 24 h in 100 ppb Cu was not significantly different from
baseline (P>0.05). A representative gel showing HSP70 and ß-actin amplicons from
mussels exposed to copper for various times is shown in Fig. 3.3.

Dose-Response Assays
Basal HSP70 gene expression was lowest in adductor muscle and highest in gill,
with mantle expressing an intermediate amount of transcript (Fig. 3.4), but there were no
significant differences among these three tissues (P>0.05). In contrast to the mussels used
in the temporal assays, animals in the dose-response assays were caused to gape with a
retractor (see methods). This additional mechanical stress apparently resulted in the
significant increase in HSP70 gene expression observed in the adductor muscle of these
control animals that was not evident in the controls from the temporal assays that were
not caused to gape (P<0.05) (Fig. 3.5). The dose-response assays revealed a trend of
increasing HSP70 gene expression in adductor muscle with increasing copper
concentration for animals exposed for 24 h but the only significant increase (P<0.05)
occurred with exposure to 25 ppb (Fig. 3.6). In contrast, expression in gill increased
significantly only in the presence of 100 ppb (P<0.01) (Fig. 3.7). Though the trend in
mantle tissue was similar to that in gill tissue, there were no significant differences
among the exposure groups with mantle (P=0.05) (Fig. 3.8).
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Concentration of Copper in Tissues
The baseline concentrations of copper in tissues of control animals were as
follows: adductor muscle 0.269 ± .004 (x̄ ± SE) µg Cu/g wet weight, mantle 1.184 ±
0.214 (x̄ ± SE) µg Cu/g wet weight, and gill 1.119 ± 0.272 (x̄ ± SE) µg Cu/g wet weight
(Fig. 3.9). Exposure to the experimental doses of copper resulted in maximal increases in
tissue concentrations of about 50-100% in mantle and gill, and about 250% in adductor
muscle (Fig. 3.9). However, a two-way ANOVA revealed a significant difference only
among tissue types, with no concentration effect nor interaction. Among the tissues, the
concentrations in mantle and gill were significantly higher than in adductor muscle
(P<0.05, two-way ANOVA with Bonferroni posttest), but there was no difference
between mantle and gill tissues.

DISCUSSION
The expression of HSP70 transcripts in U. imbecillis was evaluated in response to
copper challenges of different levels. Changes in the expression of HSP70 may be a
useful biomarker of copper pollution and can be indicative of protein damage in the cell,
serving as an early warning sign of organismal stress. There is a high degree of
confidence that sequenced cDNA, derived from U. imbecillis mRNA, was authentic
because of the high similarity between these sequences and previously published
sequences for other representative bivalve species. These sequences from U. imbecillis
are the first HSP70 and actin sequences reported for a freshwater mussel species native to
North America and are among the few reported within the family Unionidae (GenBank
Accession numbers HQ148706.1, EU047596.1, HM045420.1, GU123629.1). While
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some ribosomal RNA sequences have been published for U. imbecillis (e.g., GenBank
Accession numbers AY238486.1, U72561.1, L78858.1, U82333.1), no information
concerning protein coding sequences of this species has previously been available. Since
native North American freshwater mussels are a highly imperiled group (Master et al.,
2000), this sequence information could be of particular use to future studies examining
gene expression in these species.
The time course for the expression of HSP70 by U. imbecillis exposed to copper
was evaluated by quantifying gene expression in adductor muscle in the presence of 100
ppb. Animals in the temporal assays were not caused to gape with a retractor. Under
control conditions, HSP70 gene expression remained constant over 48 h. Upon exposure
to 100 ppb there was a non-significant increase at 12 h and a significant 5-fold increase at
24 h. Following a 24 h recovery period in copper-free water, HSP70 expression in
adductor muscle returned to baseline levels.
A similar profile of upregulation within 24 h followed by attenuation with
continued exposure is seen in other bivalves exposed to heavy metals. Navarro et al.
(2011) reported a significant increase in HSP70 gene expression in gill from Dreissena
polymorpha following a 24-h exposure to copper (20 ppb), but when samples were
analyzed after 7 d, this response had faded in gill tissues. A comparable time course was
seen in the Mediterranean mussel, Mytilus galloprovincialis, in which exposure to
mercury (150 ppb) significantly induced HSP70 in digestive gland tissues, reaching a
maximum after 24 h of exposure but returning to baseline levels by the next time point at
which samples were analyzed, 72 h (Franzellitti and Fabbri, 2005). Murata et al. (1999)
reported a similar pattern, but one that occurred more rapidly, in HeLa cells exposed to
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zinc (200 µM) or cadmium (5 µM). Expression of HSP70 transcript was maximal after
about 6 h of exposure, decreasing after that until the final measurement at 24 h was taken
(Murata et al., 1999). This quicker induction and attenuation may exemplify variations
between human and bivalve responses, but just as likely represents the difference
between exposing cells and entire organisms to heavy metals, as organisms have a
number of mechanisms to limit metal uptake that are unavailable in isolated cells (Mason
and Jenkins, 1995).
In all three of the previously described studies, mussels were exposed to heavy
metal for the duration of the experiment (Murata et al., 1999; Franzellitti and Fabbri,
2005; Navarro et al., 2011), while in my study, mussels were transferred to clean water
following a 24-h exposure period. Despite differences in treatment after 24 h (continued
exposure vs. clean water), HSP70 is downregulated by the end of each of these studies.
One probable explanation is that excess heat shock proteins, while helpful in facilitating
the proper folding of proteins during stress, can be costly once a sufficient quantity of
HSP70 has been produced to deal with the damage or once the stressor is removed and
normal conditions are reestablished. The function of HSP70 requires ATP, making large
amounts of heat shock proteins energetically demanding on cells, and heat shock proteins
at high concentration can be toxic by directly interfering with ongoing cell growth and
maintenance (Feder et al., 1992; Krebs and Loeschcke, 1994; Feder and Hoffmann, 1999;
Fabbri et al., 2008). As a result, the optimization of cost-benefit relationships of stress
proteins appears to have been selected for as an advantageous trait (Fabbri et al., 2008).
Genetic and biochemical evidence suggests heat shock proteins (HSP70, HSP40, HSP90)
play a role in the negative regulation of heat shock transcription, and complexes of
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HSP70 and heat shock transcription factor (HSF) trimers have been detected during
attenuation of this response (Abravaya et al., 1992; Morimoto, 1998; Shi et al., 1998;
Shamovsky and Nudler, 2008). Thus, HSP70 gene expression continues until either a
sufficient quantity of the protein is produced, facilitating negative regulation of heat
shock transcription, or, as in the present study, the stressor is removed, at which time
production of HSP70 transcripts decreases in response to reduced protein damage.
Along with temporal patterns of copper-induced HSP70 transcript expression, the
dosage of copper also affected the expression of this gene in U. imbecillis. In gill and
mantle tissues, exposure to 25 ppb for 24 h was insufficient to increase HSP70 expression,
but exposure to 100 ppb resulted in higher levels, though only significant in gill tissue.
However, HSP70 transcript levels were not significantly different from controls in
mussels exposed to 200 ppb. This apparent attenuation could be due to the fact that
adequate HSP70 had been produced in these tissues to deal with any copper-induced
damage. However this seems unlikely in the gill where expression was highly variable,
ranging from less than control values to a nearly 15-fold increase relative to controls. It is
also inconsistent with the decreased clearance rates observed in U. imbecillis with
exposure to both lower (100 ppb) and higher (400 ppb) concentrations of copper (see
Chapter 2). Perhaps this extreme range in response, accompanied by a decrease in
function, suggests an inability by these animals to compensate for this magnitude of
copper stress.
Such a conclusion is supported by research on the isopod, Oniscus asellus,
examining the levels of HSP70 protein in response to a three-week exposure to increasing
concentrations of cadmium, lead, and zinc. Eckwert et al. (1997) divided the general
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response of O. asellus into three zones: firstly, the concentration of HSP70 was, at most,
slightly increased with relatively low concentrations of metals (homeostasis), secondly,
significant induction occurred with increased metal concentrations (compensation), and
finally, a further increase in metal concentration led to decreased levels of HSP70 (noncompensation) that likely resulted from pathological tissue damage. The isopod study
examined the HSP70 protein response to chronic metal exposure, but tissue damage may
also explain the substantial range in HSP70 gene expression observed in gill from U.
imbecillis following acute exposure to 200 ppb since damage of this tissue was evident by
the severely reduced rates of clearance in copper-exposed animals (see Chapter 2).
Individuals with HSP70 expression on the high end of the range were likely doing so in
response to copper-induced damage, as was seen with exposure to 100 ppb. However, for
mussels on the low end of the range, it is possible that the average rate of HSP70 mRNA
degradation exceeded its rate of synthesis due to cell damage such as rupturing
membranes, resulting in a net decrease in HSP70 expression at the highest dosage
(Peterson et al., 1995; Pawert et al., 1996; Boutet et al., 2003).
Unlike mantle and gill tissues, expression of HSP70 transcript was elevated at the
lowest concentration (25 ppb) in adductor muscle from animals that were caused to gape
with a retractor. Since adductor muscles had the lowest baseline levels of copper, it may
be that exposure to the lowest concentration presented a challenge to homeostasis not
seen in the other two tissues. While very little information exists regarding the effects of
mechanical stress on HSP70 expression, it has been shown to induce HSP70 in vascular
smooth muscle cells from rats (Xu et al., 2000). Thus, mechanical stress on the adductor
muscle, when combined with the copper stress, may have resulted in a lower threshold
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for HSP70 induction. Other studies have reported a synergism in the combined effects of
chemical mixtures (copper and cadmium) as well as thermal and chemical stressors (high
temperature and carbon monoxide) (Radlowska and Pempkowiak, 2002; Moraga et al.,
2005; Wu et al., 2005). Similar synergistic effects likely occurred in U. imbecillis
adductor muscle in the presence of both chemical and mechanical stressors.
The concentrations of copper in various tissues under normal and copperexposure conditions were evaluated to gain insight into the variation of HSP70 induction
(Fig. 3.9) Adductor muscle tissues had the lowest baseline concentration and mantle
tissue had the highest, with the level in gill being intermediate (Fig. 3.9). A similar trend
was observed by Manly and George (1977), who observed concentrations of copper in
gill and mantle 3-7 times greater than those in adductor muscle of the freshwater duck
mussel, Anodonta anatina, collected from urban and rural sites. The pattern of copper
levels in U. imbecillis is also consistent with data from the European unionid, Anodonta
cygnea, which, in control conditions, had 16.9 ± 1.73 µg Cu/g dry weight in mantle, 8.42
± 2.32 µg Cu/g dry weight in gill, and 6.75 ± 1.02 µg Cu/g dry weight in adductor muscle
(Salánki and Balogh, 1989). Assuming a dry to wet weight ratio of 1:10 (personal obs.
with U. imbecillis), the concentration of copper in the respective tissues of these two
species is remarkably similar.
The rate at which copper accumulated in the tissues varied with tissue type and
was similar to the pattern of concentrations measured in the absence of exogenous copper.
Mantle and gill tissues accumulated significantly more copper at every concentration than
adductor muscle (P<0.05, two-way ANOVA with Bonferroni posttest). Although
suggestive of a concentration dependent increase in mantle and gill, the differences
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among concentrations were not significant (Fig. 3.9). A similar pattern was seen in
Anodonta cygnea with chronic exposure to about 11 ppb—the concentration of copper in
mantle and gill tissues increased linearly with time, and was about three to four times
greater than that of the adductor muscle at the end of 28 d (Salánki and Balogh, 1989).
Unlike mantle and gill, the adductor muscle tissues experienced not only copperrelated stress, but also mechanical stress due to the imposed gaping. Although there was
no statistically significant concentration effect, there was an indication that more copper
accumulated in adductor muscle at the two lower concentration treatments than at the
highest (200 ppb) (Fig. 3.9). This is not likely due to copper excretion in the adductor
muscle, as depuration in this tissue was slow in A. cygnea, with less than half depuration
occurring after a 35 d purging period (Salánki and Balogh, 1989). Rather, less copper
may have accumulated in U. imbecillis at 200 ppb because of tissue damage or death
from the combination of chemical and mechanical stress. This is consistent with the
higher variability of HSP70 gene expression in adductor muscle at the highest dosage as
compared to that in the lower exposure treatments. This idea that damage to tissue can
lead to an inverse relationship between exposure concentration and copper accumulation
is supported by the findings of Sanders (1994), who reported lower copper accumulation
at the highest exposure concentration in gill from Mytilus edulis concomitant with
significant mortality and lowered filtration rates.
Clayton et al. (2000) and Navarro et al. (2011) reported increased copper
concentration in Dreissena polymorpha tissues with significantly increased HSP70
protein and gene expression, respectively, following a 24-h exposure to copper. Therefore,
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it is surprising that a similar, statistically significant increase in copper concentration was
not seen in U. imbecillis tissues, despite elevated HSP70 transcript expression.
It is possible that copper uptake, damage, and excretion all occurred prior to when
I measured the concentration of copper in U. imbecillis tissues (after exposure for 24 h),
resulting in copper levels that were not significantly different from controls. Bivalve
molluscs typically accumulate and sequester heavy metals when they are exposed to high
concentrations in the environment (Mason and Jenkins, 1995). For example, George et al.
(1978) reported that Ostrea edulis reduced copper toxicity by compartmentalizing the
metal in membrane-bound vesicles within granular amoebocytes. These vesicles also play
a role in the elimination process in bivalves. Viarengo et al. (1981) found that the
Mediterranean mussel, Mytilus galloprovincialis, lost most of the metal accumulated
during a 3 d exposure to copper (40 ppb) after 12 d in clean water via copper-containing
vesicles, which were eventually eliminated, as evidenced by accumulation of copper in
the sediment. Clearly, mussels can eliminate accumulated copper, but this typically
occurs over a matter of days, not hours, during a depuration period in clean water
(Viarengo et al., 1981; Nicholson, 2003). This makes rapid elimination an unlikely
explanation in the case of U. imbecillis where copper levels were quantified immediately
following the 24-h exposure.
Another potential explanation is that the bioavailable fraction of copper may have
increased in exposed U. imbecillis, even though total copper levels in these animals were
not significantly different from controls. The bioavailability of a chemical is directly
related to its toxicity and can be affected by the characteristics of the organism, the
chemical, as well as the exposure environment (U.S. Environmental Protection Agency,

72

2007). For example, the freshwater biotic ligand model uses water chemistry to predict
copper accumulation in the gill of a freshwater organism and to estimate toxicity (U.S.
Environmental Protection Agency, 2007). Thus, it is possible that more bioavailable
copper caused cellular damage leading to the observed upregulation of HSP70, despite
the fact that total copper levels remained unchanged.
The lack of increase in tissue copper concentrations could also be a result of 24 h
being too short an exposure period. Salanki and Balogh (1989) reported a significant
increase in the concentration of copper in Anodonta cygnea tissues only after 72 h
exposure to 11 ppb. Nicholson (2003) reported no significant change in the concentration
of copper in gill or adductor muscle of the Asian green mussel, Perna viridis, after 48 h
exposure to 100 ppb, though a significant increase was observed in mantle tissue.
However, this same study reported a significant, positive, concentration-dependent
accumulation of copper in the whole tissues of P. viridis following the 48-h exposure.
Using this whole tissue approach, Navarro et al. (2011) also observed a statistically
significant increase in overall body copper concentration in Dreissena polymorpha
following 24 h exposure to 20 ppb. Thus, statistically significant changes in body burdens
of copper may exist in whole animals that cannot be resolved at the individual tissue level.
Greater statistical clarity of the concentration of copper in U. imbecillis tissues
might have resulted from larger sample sizes. However, I chose the current approach for
three primary reasons: first, to reduce variability by confining my sampling to animals of
similar sizes from a single population, second, to conserve experimental animals since
only one population was being sampled, and third, to ensure adequate RNA extraction by
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pooling tissue samples from the nine animals used for each treatment into 3 groups
comprised of three individuals each, further reducing the sample size to n=3.
In summary, sequences for U. imbecillis actin and HSP70 corresponding to
mRNA sequences have been reported for the first time and were found to be highly
similar to those published for other bivalves. These sequences were used in the design of
gene-specific primers to analyze relative HSP70 expression in U. imbecillis exposed to
copper. The data suggest that there may be tissue-specific differences in the
bioaccumulation of copper by this mussel with adductor muscle accumulating the least.
Utterbackia imbecillis is clearly sensitive to this heavy metal, as individuals of this
species exhibit both time- and dose-dependent changes in HSP70 transcript expression
with exposure to copper. However, HSP70 gene expression in U. imbecillis has
significant limitations as a routine biomarker of copper pollution due to the extremely
transient nature of this response and the destructive sampling required. For HSP70 to be
successfully used as a biomarker in this species, further work needs to be done examining
the kinetics of U. imbecillis HSP70 with chronic exposure to copper, and a suite of
biomarkers needs to be developed to use in conjunction with HSP70. Additionally, future
research must focus on non-lethal means of sampling and field validation of biomarkers,
such as transplanting mussels to polluted sites and evaluating the HSP70 response (See
Chapter 4).
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Table 3.1. Nominal and measured (x̄ ± SE) concentrations of copper in exposure media,
as determined by furnace atomic absorption spectrometry.
Nominal Concentrations (ppb as CuCl2)
0
25
100
200

Measured Concentrations (ppb as CuCl2)
4.56 ± 0.96
32.43 ± 2.43
88.87 ± 2.53
176.64 ± 4.97
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Table 3.2. Conservation of HSP70 sequences among U. imbecillis and other species.
Scientific Name
Cristaria plicata
Aplysia californica
Caenorhabditis elegans
Drosophila melanogaster
Homo sapiens
Mus musculus

Accession Number
HQ148706.1
EZ114486.1
NM_070667.3
NM_176486.1
NM_005346.4
NM_010479.2
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Max Identity
91%
73%
71%
69%
69%
68%

E Value
6e-112
2e-36
3e-30
1e-23
8e-21
8e-19

Figure 3.1. Expression of HSP70 transcripts in U. imbecillis adductor muscle after 0, 12,
24, and 48 h in control conditions. Points show HSP70 expression, normalized to ß-actin
and expressed as the relative variation (fold induction) between each time point and the
control (0 h). All values are expressed as x̄ ± SE (n=3 replicates per treatment, 1 replicate
is comprised of 3 individuals). There was no significant effect of time on expression
levels of HSP70 in adductor muscle (P>0.05, one-way ANOVA).
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Figure 3.2. Expression of HSP70 in U. imbecillis adductor muscle after exposure to 100
ppb Cu. Points show HSP70 expression, normalized to ß-actin and expressed as the
relative variation (fold induction) between each time point and the control (0 h). All
values are expressed as x̄ ± SE (n=3 replicates per treatment, 1 replicate is comprised of 3
individuals). The asterisk indicates significant difference from the control (P<0.05, onetailed Student’s t-test).
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Figure 3.3. Representative gel of HSP70 mRNA and ß-actin expression in the adductor
muscle of U. imbecillis exposed to 100 ppb Cu for 0, 12, 24, and 48 h (24 h Cu + 24 h
recovery). Each sample is comprised of 3 individuals.
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Figure 3.4. Basal expression of HSP70 normalized to ß-actin in U. imbecillis. Bars show
mean basal expression in adductor muscle, mantle, and gill tissues (x̄ ± SE, n=3 replicates
per treatment, 1 replicate is comprised of 3 individuals). There was no significant
difference in the basal expression of HSP70 among the three tissues (P>0.05, one-way
ANOVA).
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Figure 3.5. Expression of HSP70 normalized to ß-actin in adductor muscle from U.
imbecillis after 24 h in control conditions. Bars show mean expression in adductor muscle
from animals not caused to gape and from those gently pried open about 7mm with a
stainless steel alm retractor (x̄ ± SE, n=3 replicates per treatment, 1 replicate is comprised
of 3 individuals). HSP70 gene expression was significantly elevated in adductor muscle
from animals with the retractor compared to those without (P<0.05, one-tailed Student’s
t-test).
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Figure 3.6. Expression of HSP70 in adductor muscle from U. imbecillis (caused to gape
with retractor) after 24 h in 0, 25, 100, and 200 ppb Cu. Points show HSP70 expression,
normalized to ß-actin and expressed as the relative variation (fold induction) between
each treatment and the control (0 ppb). All values are expressed as x̄ ± SE (n=3 replicates
per treatment, 1 replicate is comprised of 3 individuals). The asterisk indicates significant
difference from control (P<0.05, one-tailed Student’s t-test).
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Figure 3.7. Expression of HSP70 normalized to ß-actin in U. imbecillis gill tissue after
24 h in 0, 25, 100, and 200 ppb Cu. Points show HSP70 expression, normalized to ß-actin
and expressed as the relative variation (fold induction) between treatment and the control
(0 ppb). All values are expressed as x̄ ± SE (n=3 replicates per treatment, 1 replicate is
comprised of 3 individuals). The asterisk indicates significant difference from control
(P<0.01, one-tailed Student’s t-test).
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Figure 3.8. Expression of HSP70 in U. imbecillis mantle tissue after 24 h in 0, 25, 100,
and 200 ppb Cu. Points show HSP70 expression, normalized to ß-actin and expressed as
the relative variation (fold induction) between treatment and the control (0 ppb). All
values are expressed as x̄ ± SE (n=3 replicates per treatment, 1 replicate is comprised of 3
individuals). Levels of HSP70 in mussels exposed to copper are not significantly
different from those of controls (P>0.05, one-tailed Student’s t-test).
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Figure 3.9. Copper concentration in various tissues from U. imbecillis following 24 h
exposure to the indicated doses. Bars show x̄ ± SE µg Cu/g wet weight (n=3 replicates
per treatment, 1 replicate is comprised of 3 individuals). Histograms under the same letter
are not significantly different (P>0.05, two-way ANOVA with Bonferroni posttest).
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

This study examined the effects of copper on the freshwater mussel, Utterbackia
imbecillis. As described in Chapter 2, U. imbecillis responded to stress at the whole
organism scale by altering its physiology and behavior in the presence of copper. There
were physiological consequences of exposure to this metal, even at sublethal
concentrations, on valve adduction, oxygen consumption, heart rate, and most notably,
rates of clearance in this species. It is unclear why there was a significant increase in the
VO2 of excised gills at the lowest dosage since a similar study by Brown and Newell
(1972) reported decreased VO2 in gills. However, copper-induced changes in filtration
and oxygen consumption by gills can result from neural inhibition (Howell et al., 1984;
Smith, 1985) as well as structural damage to cilia (Sunila and Lindström, 1985; Sunila,
1986; Viarengo et al., 1994; Domouhtsidou and Dimitriadis, 2000). The mechanisms
underlying copper toxicity were outside the scope of my study, but future work
examining the effects of copper on neurotransmitter levels (dopamine and serotonin) and
cilia structure could provide information on the mechanism behind the functional changes
observed in this study.
Future studies should also evaluate the duration of these behavioral responses to
acute copper exposure. For example, if decreased filtration is reversed following a
depuration period, as was the case with HSP70 attenuation after 24 h in clean water, then
the impact on fitness would likely be less than if changes are long lasting or permanent.
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My examination of these organism level responses following acute exposure to copper
provides a foundation for continued research. Animals in a natural setting may be more
likely to experience low levels of chronic exposure to a range of toxicants from nonpoint
source pollution, such as runoff (Davis et al., 2001). Therefore, further study should
explore the responses of U. imbecillis to chronic copper exposure as well as to other
ecologically relevant pollutants.
Exposure to copper also resulted in time- and dose-dependent changes in HSP70
gene expression in U. imbecillis, as detailed in Chapter 3. There are certainly underlying
cellular mechanisms leading to the organism level responses I observed, but it is
unknown whether these mechanisms are dependent upon or independent of HSP70. My
research did not aim to determine the cellular basis of organismal responses to stress, but
the fact that changes in HSP70 expression were concurrent with responses at the
organism level suggests that this cellular response is an indicator of higher-level
alterations. In order to provide useful information on the impacts of a toxicant, biomarker
responses should correlate with physiological status and fitness parameters (Ryan and
Hightower, 1996, Ringwood et al., 1999). To determine the correlation between HSP70
gene expression and other physiological endpoints, I examined these data using
logarithmic regression analysis.
The HSP70 responses to copper in mantle and gill tissues were strongly correlated
with other physiological changes. In the presence of copper, expression of HSP70 in
these tissues was inversely related to gill VO2 (r2 = 0.999 and r2 = 0.536) and positively
related to heart rate (r2 = 0.972 and r2 = 0.729), suggesting that elevated HSP70 gene
expression in mantle and gill is indicative of decreased rates of oxygen consumption and
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increased heart rates (Figs. 4.1, 4.2, 4.3, 4.4). The reverse tendency was observed in the
adductor muscle, where the expression of HSP70 was only weakly correlated with gill
VO2 and heart rate (r2 = 0.397 and r2 = 0.213, respectively) (Figs. 4.5, 4.6). The opposite
patterns observed in the adductor muscle may be a result of tissue-specific differences,
but are also likely related to the additional mechanical stress placed on this tissue. If
mussels are wedged open in future studies, HSP70 expression in the adductor muscle
should be excluded from analyses. While the goal of my research was not to identify cell
autonomous mechanisms behind organism level responses to stress, it is important that a
correlation between HSP70 transcript expression and other physiological endpoints is
demonstrated if the expression of this gene is to be used as biomarker.
Unfortunately, a relationship between HSP70 expression and clearance, active
period, or VO2 of intact animals could not be determined because the experimental design
of my study was such that the only exposure concentrations these assays had in common
were 0 and 100 ppb Cu. Steinert and Pickwell (1993) reported an inverse relationship
between HSP70 protein levels and rates of filtration in Mytilus edulis gill, and a similar
pattern is seen in U. imbecillis, as decreased clearance and increased HSP70 gene
expression in gill tissue occurred with increasing amounts of copper. Future efforts to
develop HSP70 as a biomarker in this species need to demonstrate biological significance
through a clear correlation between expression of HSP70 transcript and clearance, as this
appears to be a robust assay that measures a vital behavior of filter-feeding organisms.
Further, the goal of environmental assessment is not just to conserve individuals, but to
protect populations, communities, and ecosystems, so biomarker responses in sentinel
species must be coupled with effects at these higher levels (Peakall, 1994; Ryan and
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Hightower, 1996; Forbes et al., 2006). Future research should be able to establish a
correlation between HSP70 expression and community-level changes, such as species
richness, dominance, and number of sensitive species.
The sensitivity of U. imbecillis to even sublethal concentrations of copper, as
displayed by both organism and cell level responses, supports the use of this species as a
biological indicator of copper pollution. However, before HSP70 gene expression can be
used as a routine biomarker in U. imbecillis, some of the methods used in this study need
to be modified or validated. First, the HSP70 analyses I conducted required animals to be
sacrificed. This destructive sampling not only limits sample size, but also precludes
repeated measurements on the same animal (Depledge and Fossi 1994). Therefore, a nonlethal means of sampling needs to be developed, and potential sources are the foot,
mantle, and hemolymph (Naimo et al., 1998). Second, the methodology I used to quantify
HSP70 gene expression (RT-PCR) requires internal controls, and the housekeeping gene,
ß-actin, was used in the present study. The use of ß-actin as a control is standard in
evaluating gene expression in molluscs (Dondero et al., 2005; Franzellitti and Fabbri,
2005; Cheng et al., 2007), and work by Murata et al. (1999) showed that expression of ßactin in HeLa cells was not affected by zinc or cadmium. Some studies have found that
other minimally regulated genes, such as ribosomal protein S3 and 18S RNA, may be less
variable than ß-actin (Selvey et al., 2001; Navarro et al., 2011), so the use of ß-actin as a
control in studies evaluating the effects of copper on gene expression should be
substantiated in U. imbecillis. Finally, I employed only laboratory assays to evaluate
HSP70 expression in U. imbecillis. In the future, field validation studies should be
performed to confirm the usefulness of the HSP70 response as a biomarker, for example,

94

by transplanting mussels to a lake that is polluted with copper. After acute and chronic
periods of exposure in the contaminated system, mussels should be evaluated for HSP70
transcript expression along with clearance to demonstrate a link between these two
measurements and copper pollution in a natural setting.
Along with these methodological aspects, future research must also address the
inherent limitations in the use of HSP70 expression as a biomarker. For example, the
nature of this response in U. imbecillis appears to be quite transient, increasing after 24 h
in the presence of copper and dissipating after 24 h in clean water. This fairly rapid
attenuation greatly reduces the applicability of this biomarker for routine monitoring of
aquatic systems and suggests that the expression of HSP70 may only be useful as an
indicator of recent exposure. I evaluated gene expression in the presence of copper at two
time points (12 and 24 h), and based on my preliminary results, a more complete
temporal profile is needed to determine if the HSP70 response persists with continued
exposure, both acute and chronic. As was mentioned previously, mussels in their natural
environment may be more likely to experience low levels of chronic exposure to a range
of toxicants. Further work, therefore, needs to examine the kinetics of U. imbecillis
HSP70 with chronic exposure to copper and in the presence of other anthropogenic
stressors.
Another challenge of using the expression of HSP70 as a biomarker is the
seasonal variability of this response due to the fact that HSP70 is strongly induced by
high temperatures (Fabbri et al., 2008). Continued research is needed to gather baseline
levels of expression throughout the year, which can be used to define a normal range. An
additional limitation of this biomarker may be variability within a population, which
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appears to be quite high based on the results of my study on the Lake Rockingham
population. Even though I used animals of about the same size and U. imbecillis is a
simultaneous hermaphrodite, eliminating many sex-related differences (Heard, 1975;
Hoeh, 1995), standard error values were often quite large. This high degree of variation
may be attributed to the small sample sizes used in my study, but unless a nondestructive
means of sampling is developed, small sample sizes will likely remain a necessity. My
research focused on a single population of U. imbecillis, but variability among
populations also needs to be examined in future studies. Ideally there will be minimal
interpopulational differences in the HSP70 response. However, geographical impacts,
genetic variations, and exposure history all may contribute to variability among
populations (Forbes et al., 2006). If transcript expression of HSP70 is to be used as a
reliable biomarker, these differences in response must be fully understood and corrected
for.
Because the HSP70 response is induced by a variety of chemicals and other
stressors, its induction does not indicate exposure to a specific stressor but rather serves
as a general indicator of stress (Ringwood et al., 1999). Assessing the expression of
HSP70 as part of a suite of biomarkers, however, may provide useful information (Fabbri
et al., 2008). Therefore, a battery of biomarkers that are both up and downregulated in the
presence of copper needs to be developed to use in conjunction with HSP70. The RTPCR method used in the present study lends itself particularly well to this because it
allows for multiple endpoints to be analyzed using a single sample (Navarro et al., 2011).
Some candidate genes that warrant further investigation as biomarkers of copper stress in
U. imbecillis are metallothionein, (Lemoine et al., 2000; Dondero et al., 2005),
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cytochrome P450 (Peters et al., 1999; Snyder et al., 2001), and multixenobiotic resistance
proteins, such as the multidrug resistance-related protein (mrp2) (Luedeking and Koehler,
2004) and P-glycoprotein (Eufemia and Epel, 2000; Smital et al., 2003; Achard et al.,
2004).
In the field of environmental assessment, support for developing predictive
biomarkers is based on the fact that changes at the population level ultimately start with
the altered physiology of individual organisms (van der Oost et al., 2003; Ringwood et al.,
1999). However, others argue that the usefulness of biomarkers has not been
demonstrated, as evidenced by the fact that biomarkers have not been incorporated into
most risk assessment protocols (Forbes et al., 2006). The research I have conducted on
both ends of the spectrum, from surveys of aquatic populations to biomarker
development, supports the idea that biomarkers cannot replace the routine monitoring of
water quality, habitat parameters, and population/community level measurements, as
these are effective means of assessing of aquatic ecosystems. However, research on
biomarkers, such as HSP70, should accompany traditional biological, chemical, and
physical monitoring methods because of the utility of biomarkers as early, rapid
screening tools. Additionally, biomarker research can be used as a means to generate and
test hypotheses about the mechanisms of toxicity at various levels of biological
organization (Ryan and Hightower, 1996; Forbes et al., 2006).
The studies described in this dissertation combine physiology, toxicology, cell
biology, and molecular biology in an effort to further understand the response of
freshwater mussels to stress. This integrative approach to ecosystem assessment is
essential in developing effective strategies to restore and maintain healthy aquatic
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systems. While much of the work on bivalves has historically focused on economically
important marine species and invasive freshwater mussels, it is crucial that stress-related
research continue on native, North American freshwater mussels, due to the imperiled
status of this group. Since threats facing freshwater habitats continue to increase, aquatic
ecosystems research has never been more necessary. It is my hope that the research
presented here will serve as a springboard for future efforts to assess, protect, and restore
aquatic ecosystems.
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Figure 4.1. Relationship between HSP70 gene expression in mantle tissue and the rate of
oxygen consumption of excised gill from U. imbecillis exposed to copper for 24 h. Points
show mean HSP70 expression, normalized to ß-actin (n=3 replicates per treatment, 1
replicate is comprised of 3 individuals) and mean rates of oxygen uptake of excised gill
tissue (n=9). Please see Chapters 2 and 3 for detailed methods.
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Figure 4.2. Relationship between HSP70 gene expression in gill tissue and the rate of
oxygen consumption of excised gill from U. imbecillis exposed to copper for 24 h. Points
show mean HSP70 expression, normalized to ß-actin (n=3 replicates per treatment, 1
replicate is comprised of 3 individuals) and mean rates of oxygen uptake of excised gill
tissue (n=9). Please see Chapters 2 and 3 for detailed methods.
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Figure 4.3. Relationship between HSP70 gene expression in mantle tissue and heart rate
of U. imbecillis exposed to copper for 24 h. Points show mean HSP70 expression,
normalized to ß-actin (n=3 replicates per treatment, 1 replicate is comprised of 3
individuals) and mean heart rates (n=9). Please see Chapters 2 and 3 for detailed methods.
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Figure 4.4. Relationship between HSP70 gene expression in gill tissue and heart rate of
U. imbecillis exposed to copper for 24 h. Points show mean HSP70 expression,
normalized to ß-actin (n=3 replicates per treatment, 1 replicate is comprised of 3
individuals) and mean heart rates (n=9). Please see Chapters 2 and 3 for detailed methods.
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Figure 4.5. Relationship between HSP70 gene expression in adductor muscle and the rate
of oxygen consumption of excised gill from U. imbecillis exposed to copper for 24 h.
Points show mean HSP70 expression, normalized to ß-actin (n=3 replicates per treatment,
1 replicate is comprised of 3 individuals) and mean rates of oxygen uptake of excised gill
tissue (n=9). Please see Chapters 2 and 3 for detailed methods.
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Figure 4.6. Relationship between HSP70 gene expression in adductor muscle and heart
rate of U. imbecillis exposed to copper for 24 h. Points show mean HSP70 expression,
normalized to ß-actin (n=3 replicates per treatment, 1 replicate is comprised of 3
individuals) and mean heart rates (n=9). Please see Chapters 2 and 3 for detailed methods.
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APPENDIX

Raw data for HSP70 cDNA analysis. Asterisks indicate that individuals were caused to
gape with retractor.

Tissue
Type

Exposure
Time

0h

Copper
Treatment

Control

Control

Adductor

12 h

100 ppb

Control

24 h

100 ppb

Primer
Type

Raw
Volume

Template
Volume
(µl)

Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70

11424.387
3065.542
7784.964
931.689
6203.497
762.166
9182.381
2225.616
4025.405
1457.308
3498.185
765.442
3106.163
1242.747
3496.741
1423.484
9473.206
938.900
4780.857
1077.229
7280.512
750.286
14451.182
1814.321
1794.000
949.000
1496.693
920.000
2003.560
1277.497

0.4
1.8
0.3
3.0
0.6
2.5
0.4
2.0
0.6
2.0
0.3
2.0
0.3
2.0
0.3
2.0
0.4
2.0
0.4
2.0
1.0
1.0
1.0
2.0
0.4
2.0
0.8
2.0
0.1
0.5
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Raw
Volume
Normalized
to
Template
Volume
28560.967
1703.079
25949.881
310.563
10339.161
304.867
22955.952
1112.808
6709.008
728.654
11660.617
382.721
10353.876
621.373
11655.802
711.742
23683.015
469.450
11952.144
538.615
7280.512
750.286
14451.182
907.161
4485.000
474.500
1870.866
460.000
20035.596
2554.994

HSP70:Actin
Ratio
0.060
0.012
0.029
0.048
0.109
0.033
0.060
0.061
0.020
0.045
0.103
0.063
0.106
0.246
0.128

Tissue
Type

Exposure
Time

Copper
Treatment

Adductor

Control

48 h

100 ppb

0h

Control

Adductor*

25 ppb

24 h

100 ppb

200 ppb

Primer
Type

Raw
Volume

Template
Volume
(µl)

Raw Volume
Normalized to
Template
Volume

Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70

8574.687
1149.254
15335.888
699.672
2792.452
1875.183
5185.000
6622.203
9384.171
3095.904
5354.633
1542.277
1924.247
624.171
949.141
611.667
543.345
463.836
2270.000
1565.536
1556.255
1191.667
1612.518
2151.250
2208.050
1080.200
1332.829
346.386
709.653
848.630
1153.119
2733.608
3279.377
5475.296
2767.633
3786.395

1.0
3.0
0.3
0.6
0.2
1.6
0.2
2.0
0.2
2.0
0.4
2.0
1.0
2.2
0.6
1.6
0.4
1.6
1.4
2.0
1.0
1.0
1.2
1.5
0.8
1.4
0.5
0.5
0.8
1.0
0.5
1.6
1.0
1.0
0.5
1.0

8574.687
383.085
51119.626
1166.120
13962.260
1171.990
25924.998
3311.102
46920.854
1547.952
13386.583
771.138
1924.247
283.714
1581.902
382.292
1358.362
289.897
1621.429
782.768
1556.255
1191.667
1343.765
1434.166
2760.062
771.572
2665.658
692.772
887.066
848.630
2306.238
1708.505
3279.377
5475.296
5535.266
3786.395
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HSP70:Actin
Ratio
0.045
0.023
0.084
0.128
0.033
0.058
0.147
0.242
0.213
0.483
0.766
1.067
0.280
0.260
0.957
0.741
1.670
0.684

Tissue
Type

Exposure
Time

0h

Copper
Treatment

Control

Mantle*

Control

25 ppb

24 h

100 ppb

200 ppb

Primer
Type

Raw
Volume

Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70

1974.154
1506.854
3935.210
3581.336
4308.786
1976.477
486.647
562.132
1542.901
733.657
5100.640
4012.000
2185.049
1351.678
2487.752
2659.676
2137.000
3099.209
291.239
2137.769
2739.289
7026.802
406.000
973.731
6556.106
12630.575
9030.648
2869.013
2333.510
10756.655
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Template
Volume
(µl)
1.5
3
0.6
1.5
0.8
1.8
0.8
1.8
0.4
1
1
1
1
2
0.8
1
0.8
2
1
1.8
1
2
0.8
0.5
0.8
1.5
2
1
0.5
1

Raw Volume
Normalized to
Template
Volume
1316.103
502.285
6558.684
2387.558
5385.983
1098.043
608.309
312.295
3857.252
733.657
5100.640
4012.000
2185.049
675.839
3109.690
2659.676
2671.250
1549.605
291.239
1187.649
2739.289
3513.401
507.501
1947.462
8195.132
8420.383
4515.324
2869.013
4667.020
10756.655

HSP70:Actin
Ratio
0.382
0.364
0.204
0.513
0.190
0.787
0.309
0.855
0.580
4.078
1.283
3.837
1.027
0.635
2.305

Tissue
Type

Exposure
Time

0h

Copper
Treatment

Control

Gill*

Control

25 ppb

24 h

100 ppb

200 ppb

Primer
Type

Raw
Volume

Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70
Actin
HSP70

2518.013
4820.578
7042.517
2511.140
1005.072
1278.600
930.656
1700.600
313.243
339.479
13553.153
16958.168
768.402
684.544
1668.053
447.000
8752.162
10627.652
487.156
1920.543
247.586
441.961
408.310
1882.054
2319.310
3411.222
10213.014
9375.871
435.779
5487.870
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Template
Volume
(µl)
1.5
1.5
0.8
1.8
2
2
1.2
1.6
1.2
1.6
0.5
1.6
1.2
2
1.4
2.5
1
2
1.6
1.4
1.8
1.4
2.2
3
1.2
0.5
1
1.5
3
3

Raw Volume
Normalized to
Template
Volume
1678.676
3213.719
8803.146
1395.078
502.536
639.300
775.547
1062.875
261.036
212.175
27106.307
10598.855
640.335
342.272
1191.466
178.800
8752.162
5313.826
304.473
1371.816
137.548
315.686
185.596
627.351
1932.759
6822.443
10213.014
6250.581
145.260
1829.290

HSP70:Actin
Ratio
1.914
0.158
1.272
1.370
0.813
0.391
0.535
0.150
0.607
4.506
2.295
3.380
3.530
0.612
12.593
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mussels in northwest Florida and southeast Alabama.
 Performed a study evaluating the impact of urbanization on fish assemblage diversity
and the biological integrity of southeastern Alabama streams.
 Classified macroinvertebrate assemblages and calculated metrics for a multi-metric
macroinvertebrate index for the Great Lakes coastal wetlands.
Undergraduate Research Assistant
Judson College, Marion, AL (Fall 2002)
 Assisted with environmental microbiology study to determine sources of bacteria
through antibiotic resistance patterns.
 Carried out research tasks including picking, culturing, and plating fecal coliform
bacterial colonies as well as documenting data and results.

Publications
Johnson EC, White MP. 2009. Stressed-out insects: Hormonal actions and behavioral
modifications. Pp. 1069-1096 (Ch. 31) in DW Pfaff, AP Arnold, AM Etgen, SE Fahrbach
& RT Rubin (editors). Hormones, Brain and Behavior, 2nd Edition. Academic Press, San
Diego, CA.
White MP, Blalock-Herod HN, Stewart P.M. 2008. Life history and host fish
identification for Fusconaia burkei and Pleurobema strodeanum (Bivalvia: Unionidae).
American Malacological Bulletin. 24:121-125.
Pilarczyk MM, Shelton DN, Stewart PM, Blalock-Herod HN, Williams JD. 2006.
Current and recent historical freshwater mussel assemblages in the Gulf Coastal Plains.
Southeastern Naturalist. 5(2):205-226.
Pilarczyk MM. 2006. Current and historical freshwater mussel assemblages in the Gulf
Coastal Plains and life history and host identification of Quincuncina burkei and
Pleurobema strodeanum. Masters Thesis. Troy University, Troy, AL.
Pilarczyk MM, Stewart PM, Simon TP. 2006. Classification of macroinvertebrate
assemblages of the Great Lakes coastal wetlands for use in development of indices of
biological integrity. Pp. 277-295 (Ch. 12) in TP Simon & PM Stewart (editors). Coastal
Wetlands of the Laurentian Great Lakes: Health, Habitat, and Indicators. Authorhouse,
Bloomington, IN.
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Stewart PM, Pilarczyk MM, Simon TP. 2006. Development of an activity trap
macroinvertebrate index of biotic integrity for Lake Michigan. Pp. 321-332 (Ch. 14) in
TP Simon & PM Stewart (editors). Coastal Wetlands of the Laurentian Great Lakes:
Health, Habitat, and Indicators. Authorhouse, Bloomington, IN.
Stewart PM, Pilarczyk MM, Simon TP. 2006. Development of a d-net macroinvertebrate
index of biotic integrity for Lake Michigan drowned river mouth wetlands. Pp. 333-346
(Ch. 15) in TP Simon & PM Stewart (editors). Coastal Wetlands of the Laurentian Great
Lakes: Health, Habitat, and Indicators. Authorhouse, Bloomington, IN.
Stewart PM, Pilarczyk MM, Thoma RF, Simon TP. 2006. Development of a preliminary
macroinvertebrate index of biotic integrity for Lake Erie drowned river mouth coastal
wetlands. Pp. 363-374 (Ch. 17) in TP Simon & PM Stewart (editors). Coastal Wetlands
of the Laurentian Great Lakes: Health, Habitat, and Indicators. Authorhouse,
Bloomington, IN.
Pilarczyk MM, Stewart PM, Shelton DN, Heath WH, Miller JM. 2005. Contemporary
survey and historical freshwater mussel assemblages in southeast Alabama and northwest
Florida and life history and host fish identification of two candidate unionids
(Quincuncina burkei and Pleurobema strodeanum). A report to U.S. Fish and Wildlife
Service for contract #4012114G049.
Stewart PM, Shelton DN, Miller JM, Pilarczyk MM, Heath WH. 2004. Continued
Biological Investigations (Fish and Mussel) of the Conecuh River near and below the
Point A and Gantt Reservoirs, and two sites each on the Upper Conecuh, Patsaliga Creek,
and Sepulga River in Southern Alabama. A Report to the Alabama Electric Cooperative,
Andalusia, AL., as part of the Gantt and Point A Hydroelectric Project Relicensing
Agreement for the Federal Energy Regulatory Commission (FERC) Project Number
2586-023.

Oral and Poster Presentations
White MP, Johnson EC, Dimock RV Jr. 2010. Using freshwater mussels as biological
indicators: The physiological responses of Utterbackia imbecillis (Bivalvia: Unionidae)
to copper exposure. Annual Meeting of the Association of Southeastern Biologists, April
7-10, 2009. Asheville, NC. Southeastern Biology 57(3): 318-319.
White MP. 2010. Freshwater mussels as biological indicators. Biology Departmental
Seminar, Wake Forest University, March 17, 2010. Winston-Salem, NC.
White MP, Johnson EC, Dimock RV Jr. 2009. The effects of copper on freshwater
mussels. Perspectives in Biology Symposium, November 13-14, 2009. Winston-Salem,
NC.
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White MP, Johnson EC, Dimock RV Jr. 2009. Cellular and organismal physiological
responses of Utterbackia imbecillis (Bivalvia: Unionidae) to acute, sub-lethal copper
exposure. Annual Meeting of the Association of Southeastern Biologists, April 1-4, 2009.
Birmingham, AL. Southeastern Biology.
White MP, Johnson EC, Dimock RV Jr. 2008. Physiological responses of Utterbackia
imbecillis (Bivalvia: Unionidae) to acute exposure to sub-lethal dosage of copper.
Perspectives in Biology Symposium, November 14-15, 2008. Winston-Salem, NC.
Pilarczyk MM, Johnson EC, Dimock RV Jr. 2008. Physiological responses of
Utterbackia imbecillis (Bivalvia: Unionidae) to acute exposure to sub-lethal dosage of
copper. Annual Meeting of the Society for Integrative and Comparative Biology, January
2-6, 2008. San Antonio, TX.
Stewart PM, Pilarczyk MM. 2006. Status of candidate mussel species in the Gulf coastal
plains, SE Alabama. Annual Meeting of the Alabama Academy of Sciences, March 15-19,
2006. Troy, AL.
Pilarczyk MM, Stewart PM. 2006. Contemporary and recent historical freshwater
mussel assemblages in the Gulf Coastal Plains of Alabama and Florida. Annual Meeting
of the Association of Southeastern Biologists, March 29-31, 2006. Gatlinburg, TN.
Southeastern Biology 53(2): 155-156.
Stewart PM, Pilarczyk MM. 2006. Contemporary and recent historical freshwater
mussel assemblages in the Gulf Coastal Plains of Alabama and Florida. Annual Meeting
of the Alabama Crayfish/Mussel Interest Group, March 8-9, 2006. Troy, AL.
Pilarczyk MM. Blalock-Herod H, Stewart PM, Hamiter B. 2005. Host identification of
the tapered pigtoe mussel (Quincuncina burkei) and the fuzzy pigtoe mussel (Pleurobema
strodeanum) at Eightmile Creek in Walton County, Florida. Annual Meeting of the
Association of Southeastern Biologists, April 13-16, 2005. Florence, AL. Southeastern
Biology 52(2), 175.
Pilarczyk M, Collins C, Pisani K, Hamiter B, Miller J. 2004. The impact of urbanization
on fish assemblage diversity and biological integrity in the Southeastern Plains ecoregion,
Alabama. SE Biology 51(2): 171.
Hamiter B, Pisani K, Collins C, Pilarczyk M, Miller J. 2004. The effect of urbanization
on the diversity of fish assemblages and the biological integrity of impacted streams in
the Southeastern Plains ecoregion, Alabama. Annual Meeting of the Alabama Academy
of Sciences, March 18-20, 2004. Montevallo, AL.
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Teaching Experience
Program Coordinator
Project SEARCH Academy, Winston-Salem, NC (June 2010-present)
 Design, develop, implement, and assess a curriculum of inquiry-based labs promoting
health careers for high school freshmen.
 Lead a five-day program in the summer and a one-day supplemental program in the
fall.
 Supervise and coordinate activities of two teaching assistants and several counselors.
Biology Instructor
Guilford Technical Community College, Jamestown, NC (August 2010-May 2011)
 Taught Anatomy and Physiology I (BIO 165) lecture, focusing on the structure and
function of the human body.
 Facilitated student understanding of anatomical structures in Anatomy and
Physiology I (BIO 165) through laboratory study of the human skeleton and tissues
and the dissection and identification of muscles, arteries, veins, and organ systems of
the cat.
 Taught lecture and lab for Principles of Biology (BIO 110), a survey course for nonscience majors.
 Participated in the Faculty in Training program that includes a two-week pedagogy
workshop, full-time faculty mentoring and observation, classroom teaching
assessment, and other teaching development opportunities.
Science Adjunct Instructor
Kaplan University, Online, (April 2010-March 2011)
 Taught introduction to Chemistry (SC 155).
 Facilitated online discussion boards (asynchronous) and led weekly, audio-based
seminars (synchronous).
Graduate Teaching Assistant
Wake Forest University, Winston-Salem, NC (2005-2009)
 Taught Biology and the Human Condition (BIO 101), Biological Principles (BIO
111), and Cell Biology (BIO 214) laboratory sections.
 Facilitated student active learning using inquiry-based labs and employing both
informal (group discussions, mini presentations, etc.) and formal (quizzes, lab reports,
oral presentations, etc.) assessment strategies.
Guest Lecturer
Salem College, Winston-Salem, NC (Fall 2009)
 Presented an invited lecture on the methods used for RNA and protein analysis in my
research to an undergraduate research methods class.
 Explained the basics of RNA extraction, cDNA synthesis, PCR, gel electrophoresis,
and western blotting, and put these methods into context using my dissertation
research.
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Guest Lecturer
Wake Forest University, Winston-Salem, NC (2005-2009)
 Presented five invited lectures on freshwater mussel biology to the Invertebrate
Biology class.
 Presented two invited lectures, “Freshwater mussels: A case study in conservation” to
undergraduate students in Biology and the Human Condition course.
Guest Lecturer/Lab Instructor
Winston Salem State University, Winston-Salem, NC (Spring 2009)
 Prepared and presented two lectures on cell form and function to Anatomy and
Physiology (BIO 2311) undergraduate students.
 Designed and implemented an experiment-based lab that incorporated student peer
teaching techniques and writing activities.
 Utilized informal assessment methods, such as the “clicker system” during lecture
and lab as well as developed exams to formally assess mastery of learning objectives.
Graduate Student Peer Mentor
Wake Forest University, Winston-Salem, NC (2008-2009)
 Served as a resource and guide for new graduate students during their first semester in
the biology department as part of a peer-mentoring program.
Informal Teaching Assistant
Wake Forest University, Winston-Salem, NC (Summer 2006)
 Assisted with a tropical marine ecology field course in St. Ann’s Bay, Jamaica.
 Prepared and presented a lecture on coral-algal symbiosis and facilitated students’
learning of tropical marine ecosystems and associated biological communities.
Guest Lecturer
Troy University, Troy, AL (Spring 2005)
 Presented an invited lecture on freshwater mussel ecology to the aquatic ecology class.
Undergraduate Research Mentor
Troy University, Troy, AL (2003-2004)
 Guided and mentored students conducting laboratory and field-based research.
English as a Second Language (ESL) Instructor
Clio, AL (2004-2005)
 Taught English as a second language to non-native speakers through a volunteer
program.
Environmental Educator
Troy, AL (2004-2005)
 Communicated the importance of clean and stable freshwater ecosystems in local
elementary school students using hands-on learning activities as part of the Pike
County Groundwater Festival and the Living Streams Project.
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GENEius Program Facilitator
University of Alabama, Birmingham, AL (2000-2002)
 Taught high school students molecular biology labs through an outreach program of
the University of Alabama Birmingham and the McWane Science Center.
 Guided students as they performed molecular biology techniques including restriction
enzyme digestion, PCR, and DNA electrophoresis.

Grants, Scholarships, and Awards
Graduate Teaching Assistantship, Wake Forest University – 2005-2009
Tuttle-Newhall Travel Award, Wake Forest University – 2010
Alumni Student Travel Award, Wake Forest University – 2007, 2009
Elton C. Cocke Travel Award, Wake Forest University – 2007, 2009
Association of Southeastern Biologists Graduate Travel Grant – 2004, 2005, 2009, 2010
SICB Meeting Student Housing Support Award – 2008
Vecellio Research Grant, Wake Forest University – 2006
Grady Britt Travel Grant, Wake Forest University – 2006
ALFA Research Fellowship, Troy University – 2003-2005
Alabama Water Environment Association Graduate Scholarship – 2004

Memberships and Service
Reviewer for U.S. Fish and Wildlife Service – Southeast Region
Reviewer for the Journal of the Arkansas Academy of Science
WFU Biology Tutorial Committee – graduate student member
Association of Southeastern Biologists
National Science Teachers Association
The Society for College Science Teachers
Science Fair Judge – Forsyth County
The Samaritan’s Inn – Winston-Salem, NC
Tri-Beta National Biological Honor Society, Judson College – former vice president
Habitat for Humanity – Co-Founder, Judson College Campus Chapter, Marion, AL
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