
 

The Effects of Metals and Ocean Acidification on Marine Invertebrates 

 

 

A Thesis submitted 
to the Graduate School 

Valdosta State University 
 

 

 

in partial fulfilment of requirements 
for the degree of 

 

 

MASTER OF SCIENCE 

 

 

in Biology 

 

 

in the Department of Biology 
of the College of Arts and Sciences 

 
 
 
 

May 2015 

 

 

 

Samreen Siddiqui 

 

 

 

BS, G.B. Pant University of Agriculture and Technology, India, 2009 



 

 

 

 

 

 

 

 

© Copyright 2015 Samreen Siddiqui 

All Rights Reserved 

  







i 
 

 

ABSTRACT 
 

Increasing use of metal oxide nanoparticles (NP) by various industries has resulted 

in substantial contributions of NP in aquatic systems.  Additionally, ocean acidification (OA) 

is a growing concern due to its deleterious effects on aquatic organisms.  The effects of OA 

and metal pollution on non-calcifying marine organisms are largely unknown.  This 

research investigated the effects of copper oxide (CuO) NP on the sea anemone, Exaiptasia 

pallida, for 21 days.  Sea anemones were measured for tissue copper accumulation as well 

as the activity of the enzymes: catalase (CAT), glutathione peroxidase (GPx), glutathione 

reductase (GR), and carbonic anhydrase (CA).  This study is useful in discerning the 

differences between CuO NP and dissolved copper exposure to sea anemones, as 

differences in copper accumulation pattern and enzymatic response were observed.  In 

addition, we examined physiological effects of the sea anemone, Exaiptasia pallida after 

exposure to a global stressor, CO2, and a local stressor, Cu, over 7 days.  Cu accumulated in 

E. pallida in a concentration-dependent manner and activities of all anti-oxidant enzymes 

measured (CAT, GPx, GR) increased, with increasing Cu exposure.  However, clear 

differences in only GR and to some degree GPx activity were observed due to increasing 

CO2 exposure alone.  Interactions between the two independent variables were also 

observed.  Activity of the enzyme, CA, was significantly decreased with increasing Cu and 

the extent of CA inhibition was lessened with increasing CO2.  These results provide insight 

into toxic mechanisms of CuCl2, CuO NP and CO2 exposure to E. pallida. 
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Chapter I 

COMPARATIVE EFFECTS OF DISSOLVED COPPER AND COPPER OXIDE NANOPARTICLE 
EXPOSURE TO THE SEA ANEMONE, EXAIPTASIA PALLIDA 

 
Introduction 

In recent years, the use of nanoparticles (NP) in various industries has increased 

substantially, thereby increasing the input of NP into aquatic systems (Service, 2004; 

Moore, 2006).  Copper oxide (CuO) NP, in particular, have biocidal, antibacterial, antiviral 

and anti-fungal properties, and are thus utilized in many fields (Srivastava, 2009; Grass et 

al., 2011; Santo et al., 2012).  CuO NP are commonly used in antimicrobial drugs as well as 

in industrial applications like conductive films, lubrication, nanofluids, catalysis, and 

electronic devices, such as inkjet printing (Tilaki et al., 2007; Mitsudome et al., 2008; Jong 

& Borm, 2008; Raffi et al., 2010; Cady et al.,  2011; Cheon et al., 2012; Longano et al., 2012; 

Chatterjee et al., 2012).  At elevated concentrations, NP may interact with and potentially 

cause adverse effects to aquatic organisms (Griffitt et al., 2007).  However, the 

environmental implications of increased NP use are largely unknown, particularly in marine 

systems.   

NP are classified as less than 100 nm dimension in size (EPA, 2007), and their shape 

can vary among spherical, tubular, and irregular (Kelly et al., 2003).  They can be found in 

fused, aggregated and agglomerated forms in the environment (Nowack & Bucheli, 2007).  

The surface properties of metal oxide NP are determined by their acidity constants and 

zero point of charge (Schindler & Stumm, 1987; Kormann et al., 1991; Hristovski et al., 
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2007; Giammar et al., 2007), which in turn influences their interaction within aquatic 

systems. 

The predicted risks of NP in aquatic environments can be better assessed by having 

an understanding of their mobility, bioavalability and toxicity to organisms (Nowack & 

Bucheli, 2007).  The nano-size particles can cross biological cell membranes through 

diffusion, endocytosis and phagocytosis depending upon the cell type (Limbach et al., 

2005; Lynch et al., 2006; Rothen-Rutishauser et al., 2006; Smart et al., 2006).  NP can be 

stored inside vesicles, mitochondria and various other locations within the cell.  Due to 

their smaller size, NP can generate reactive oxygen species (ROS), which in turn may result 

in denatured proteins, mutated DNA and lipid peroxidation (Klaassen, 1996; Richier et al., 

2005) ultimately leading to  cytotoxicity (Oberdörster et al., 2005; Nel et al., 2006).  As a 

defence mechanism organisms can produce enzymes such as catalase (CAT) and 

glutathione peroxidase (GPx), oxidize monomeric glutathione, to convert harmful ROS, 

such as hydrogen peroxide (H2O2), to water (Forman et al., 1990; Asada 1992; Noctor & 

Foyer 1998; Sies, 1999).  A subsequent reaction then uses glutathione reductase (GR) as a 

catalyst to reduce glutathione so that it can be recycled and used again in the previous 

reaction (Forman et al., 1990).    

The sea anemone, Exaiptasia pallida, is indigenous to south-eastern United States 

and has been found to occupy near-shore rocky surfaces, mangrove roots, and coral reefs 

habitats (Voss 1976; Kaplan, 1988; Shick, 1991).  E. pallida is a cnidarian which lives in a 

symbiotic relationship with dinoflagellate algae (Symbiodinium sp.), known as 

zooxanthellae (Ruppert & Fox, 1988).  The zooxanthellae provide photosynthate to support 

the maintenance and growth of the host organisms (Falkowski et al., 1984).  The algal 

pigments in zooxanthellae also give the host a golden-brown color.  Their proximity to 
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anthropogenic disturbance and sensitivity to metal pollutants makes sea anemones ideally 

suited as bioindicators of stress in marine systems (Main et al., 2010; Brock & Bielmyer, 

2013).  Dissolved copper has been shown to cause toxicity to sea anemones (Mitchelmore 

et al., 2003a; Aruoja et al., 2009; Main et al., 2010; Brock & Bielmyer, 2013); however, 

fewer studies have assessed the toxicity of CuO NP to marine organisms, although its 

importance has been recognized (Griffitt et al., 2007, 2009; Gomes et al., 2011, 2012, 

2013).  The objectives of this study were to quantify tissue copper accumulation and 

compare sublethal effects in E. pallida exposed to CuO NP and dissolved copper in the 

form of copper chloride (CuCl2).   

Materials and Methods  

Animal Culture 

Over the last several years, E. pallida have been maintained in holding tanks at 

Valdosta State University at a temperature of 26.1 ± 0.4 °C and in 30 ppt synthetic 

saltwater, prepared by mixing Instant Ocean salt and reverse osmosis (RO) water.  The 

anemones were fed brine shrimp (Artemia sp.) and libitum daily.  A YSI meter (YSI® model 

85, yellow springs, OH, USA) was used to measure salinity, temperature, and dissolved 

oxygen (DO) daily.  Nitrite, nitrate and ammonia levels were measured weekly using a Red 

Sea Marine and Freshwater Test Kit® (detection limits = 2.5 ppm nitrate, 0.05 ppm nitrite 

and 0.25 ppm ammonia).  Water quality parameters (mean ± standard error) were 6.75 ± 

0.29 mg/L DO, 7.89 ± 0.5 pH, 29.5 ± 0.5 ppt salinity, 4.0 ± 1.5 ppm nitrate, 0.1 ± 0.1 ppm 

nitrite, and 0.33 ± 0.5 ppm ammonia. 

Nanoparticle Basic Properties and Preparation 

CuO NP were obtained from Nanophase Technologies Corporation (Romeoville, IL). 

The nano-crystalline metal oxides were chemically pure, less than 100 nm in size, non-
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porous single crystals with a defined surface chemistry.  They were prepared by vapor-

phase coating and liquid phase processing techniques in Nanophase. 

The CuO NP stock solution was observed under the Scanning Electron Microscope 

(SEM; JEOL-6480_LV) (Figure 1A).  The slide was prepared by water film, dried in air for 1 

hour, and high pressure mode with secondary electrons at 100,000 x magnification was 

used to observe particle shape. Then they were photographed and size was measured 

using analySIS imaging system GmbH® and the presence of copper was confirmed by 

energy dispersive spectroscopy systems (EDS) (oxford Aztec®, Inca; X-ford X-max 50 mm) 

(Figure 1B). 

Solution Preparation 

CuO stock solutions were prepared by adding 10 mg of CuO NP to 10 ml of ultra-

pure 18 mΩ Milli-Q® water, vortexing for 30 s, sonicating for 30 min, dilution (1:10) with 30 

ppt synthetic water containing 10 mg/L alginate (previously made in a 1 g/L stock in 18 mΩ 

Milli-Q® water) and vortexing again for 30 s.  A 10 g/L copper, as CuCl2, stock solution was 

prepared by adding CuCl2 salt to 18 mΩ Milli-Q® water at least 24 h prior to use.  Copper 

experimental solutions (1g/L) were prepared by mixing a 10 g/L copper stock solution with 

30 ppt synthetic saltwater, 24 h prior to the start of experiment and 24 h prior to each 

water change to allow for equilibration (Bielmyer et al., 2004).  Synthetic saltwater was 

made by mixing Instant Ocean salt and 18 mΩ Milli-Q® water 24 h before the copper 

solutions were prepared. 

Experimental Design 

E. pallida were exposed to a control, 10, 50, and 100 μg/L CuO NP in 2 L glass dishes 

for 21 days.  On 0, 3, 7, 14 and 21 days, one sea anemones per replicate (n = 4) was 

removed, anaesthetised with Tricaine Methanesulfonate (MS-222), and cut in half through 
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the midsagittal plane with a scalpel.  Half of the anemone was used for metal analysis and 

half for protein and enzyme analyses.   Photosynthetic parameters were also measured in 

the zooxanthellae of the anemones prior to sampling using imaging pulse amplitude 

modulated (PAM) fluorometry. On each sampling day, water samples were collected for 

copper analysis. Every two days, 80% of the test solution was renewed in each replicate 

dish.  A YSI meter (YSI® model 85, yellow springs, OH, USA) was used to measure salinity, 

temperature, and DO daily, and nitrite, nitrate and ammonia concentrations were 

measured weekly using a LaMotte salt water aquaculture test kit®, model AQ-4 (code 3635-

03) (detection limits = 0.05 ppm nitrite, 0.25 ppm nitrate and 0.2 ppm ammonia).  The pH 

of the saltwater was measured using a calibrated pH meter (Radiometer analytical 

meterLab®, PHM201) at every water change.  Mean values ± standard deviations were 30.0 

± 0.5 ppt salinity, 24.3 ± 0.3 °C temperature, 7.8 ± 0.35 mg/L DO, 4.0 ± 1.3 mg/L nitrate, 0.1 

± 0.05 mg/L nitrite, and 0.43 ± 0.6 mg/L ammonia. The light cycle was maintained at 12 h 

light: 12 h dark and the light intensity was 36 μmol photons/m2/s.   

In a subsequent experiment, E. pallida were exposed to a control (salt water only), 

50, and 100 μg/L copper, as CuCl2 in 2 L glass dishes for 14 days.  On 0, 5, and 14 days one 

sea anemones per replicate (n = 3) were removed, anaesthetised with MS-222 and cut in 

half through the midsagittal plane with a scalpel.  The experiment was then performed as 

described above. 

Metal Analysis 

Water samples were filtered using 0.45 μm nylon filter, (Fisher Scientific, Pittsburg, 

PA), acidified with trace metal grade nitric acid (Fisher Scientific), diluted with 18 mΩ Milli-

Q® water to minimize salt interference, and analyzed for copper using atomic absorption 

spectrophotometry with graphite furnace detection (AAS; Perkin Elmer AAnalyst 800; 
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detection limit = 1 μg/L).  Sea anemone tissue samples were dried in an oven at 60 °C for 3-

4 h, weighed using a microbalance, and then digested in a water bath at 80 oC for 12-14 h, 

by addition of trace metal grade nitric acid.  After the tissues were digested fully, they 

were diluted with 18 mΩ Milli-Q® water and then measured for copper using AAS. 

Protein Quantification and Enzyme Assays 

The other half of the anemone tissue sample was homogenized using 5 ml of 50 

mM KH2PO4/K2HPO4 buffer (pH of 7.0 and temperature of 25 °C) using a mortar and pestle 

on ice.  The homogenate was centrifuged (Thermo IEC MultiRF) at 300 rpm for 10 min, and 

the supernatant was preserved at -80 oC for protein quantification.  A Bradford assay 

(Bradford, 1976) was performed for each sample using BIO-RAD quick start kit.  Total 

soluble protein was calculated using Bovine serum albumin (BSA) Bradford reagent, and a 

buffer.  The absorbance was recorded for each sample and standard using a PerkinElmer 

Lamda 35 UV/vis spectrophotometer at a wavelength of 595 nm.  All enzyme activity was 

expressed per mg holobiont protein.  Positive controls were provided by Sigma® and the 

negative control was made from boiling the anemone tissue lysate for 1 h prior to use.  

CAT, GR, and GPx assays were performed following modified Sigma protocols (EC 

1.11.1.6, Sigma, 1994a; EC 1.6.4.2, Sigma, 1994b; EC 1.11.1.9; Sigma, 1994c) and 

spectrophotometric methods, previously described (Patel & Bielmyer-Fraser, 2015).  CA 

activity in anemone supernatant was calculated using the delta pH method of Henry 

(1991).   Briefly, the rate of change in pH was measured using CyberComm Pro Data 

Acquisition Software for Accumet basic Ab 15 Plus with a sensitive recording pH meter 

(Accumet® Basic, AB15 Plus pH meter, Fischer Scientific).  CA activity in the sample was 

expressed as mmol/min/mg protein.   

Zooxanthellae Photosynthetic Parameters 
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Every sampling day, PAM fluorometry (Imaging-PAM, M-Series, Walz, Germany) 

was utilized to determine the following parameters in one sea anemone from each 

treatment:  effective quantum yield of photosystem II (YPSII), the relative electron 

transport rate (rETR), nonphotochemical quenching (YNPQ) of photosystem II, and the 

quantum yield of nonregulated energy dissipation (YNO).  The YPSII provides an indication 

of the amount of energy used in photochemistry (photosynthesis).  The rETR is closely 

related to the photosynthetic activity and is an approximation of the rate of electrons 

pumped through the photosynthetic chain.  The YNPQ refers to the amount energy 

dissipated in the form of heat and the YNO is a measurement of the fraction of energy that 

is passively dissipated in the form of heat and fluorescence; indicative of inefficiency of 

both photochemical energy conversion and protective regulatory mechanisms (Schreiber, 

2004; Klughammer & Schreiber, 2008).  

Statistical Analysis 

Statistical differences between treatments (p < 0.05; n = 3) were calculated using 

analysis of variance (ANOVA) followed by a post-hoc Tukey’s test to determine differences 

between treatments with the software Sigma-plot 11.0.  Data were assessed for normality 

and homogeneity of variances using the Shapiro-Wilk test and Bartlett’s test, respectively. 

Results 

Copper Concentrations 

The measured copper concentrations in each of the CuCl2 treatments were similar 

to nominal values (Table 1).  Alternatively, the copper concentrations in each of the CuO 

NP treatments were approximately 50% of the corresponding CuCl2 concentrations.  This 

suggests that leaching occurred from the CuO NP and that the CuO NP treatments were 

actually a mixture of dissolved and NP copper (Table 1).  The presence of CuO NP was 
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verified using SEM and our results demonstrate that they were spherical in their shape and 

ranged from 40 nm to 100 nm (Figure 1A).  EDS confirmed the presence of NP copper 

(Figure 1B). 

Copper Accumulation  

Copper accumulated in E. pallida in a concentration-dependent manner (Figure 2).  

Anemones exposed to 10 μg/L CuO NP demonstrated significantly increased tissue copper 

at 3 days, with a return to control levels by 7 days, followed by a significant increase in 

tissue copper at 14 days and 21 days.  Anemones exposed to 50 and 100 μg/L CuO NP 

demonstrated a significant increase in tissue copper throughout the first 14 days, with 

concentrations leveling by 21- 37 days and 5 μg/g, respectively (Figure 2A).  Anemones 

exposed to CuCl2 accumulated higher copper concentrations than those exposed to the 

same concentrations of CuO NP (Figure 2).  E. pallida exposed to 50 and 100 μg/L CuCl2 had 

significantly higher tissue copper concentrations than controls with values reaching 65 and 

93 μg/g, respectively, by 14 days (Figure 2B).   

Anti-oxidant Enzyme Activity  

In general, activity of the measured anti-oxidant enzymes in the anemones exposed 

to 50 and 100 μg Cu/L increased with increasing exposure of copper over 14 days, both as 

CuO NP and CuCl2 with levels remaining elevated upto 21 days after exposure to CuO NP 

with one exception (GR activity, 50 μg/L CuO) (Figure 3).  CAT activity in anemones 

exposed to 50 and 100 μg/L CuO NP or CuCl2 increased over time; however, anemones 

exposed to 50 μg/L were significantly elevated within the first 4 days of exposure, while in 

those exposed to 100 μg/L were not significantly elevated until 14 days of exposure, as 

compared to controls (Figures 3A and D).  Catalase activity in anemones exposed to 10 

μg/L CuO NP increased over time with significant elevations observed at 7 and 14 days; 



9 
 

and then decreased back to control levels by 21 days (Figure 3A).  E. pallida exposed to 

CuO NP generally had higher CAT activity (up to 50 units/mg protein) than those exposed 

to the same concentrations of CuCl2 (up to 30 units/mg protein) (Figures 3A and D).  

GPx activity in E. pallida generally followed a similar pattern as CAT activity, 

increased with increasing exposure to copper, as CuO NP or CuCl2.  Unlike the pattern of 

CAT activity observed, E. pallida exposed to all three CuO NP concentrations had 

significantly elevated GPx activity by 7 days (Figures 3B and E).  After 7 days, GPx activity of 

anemones exposed to 10 μg/L returned to control levels, the GPx activity of those exposed 

to 50 μg Cu/L increased and then stabilized, and the GPx activity of anemones exposed to 

100 μg/L CuO NP continued to increase over the 21 days (Figure 3B).  Similarly, anemones 

exposed to 50 and 100 μg/L CuCl2 demonstrated an increase in GPx activity over the 14 

days exposure; however, the GPx activity was 2 and 1.6 times lower, respectively, than the 

GPx activity observed in anemones exposed to the same concentrations of CuO NP (Figures 

3 B and E).  

GR activity in the anemones exposed to CuO NP, followed a similar response 

pattern as CAT activity, with anemones exposed to the highest concentration of 100 μg/L 

CuO NP, only demonstrating a significant increase after 14 days of exposure (Figure 3C).  

The anemones exposed to the lower CuO NP concentrations, exhibited significantly 

elevated GR activity within the first three to seven days, both returning to control levels by 

21 days (Figure 3C).   

Carbonic Anhydrase Activity 

E. pallida CA activity was significantly elevated after 3 days of exposure to 10 μg/L 

CuO NP (Figure 4A).  At 7 days, E. pallida exposed to 50 μg/L CuO NP had significantly 

decreased CA and those exposed to 100 μg/L CuO NP had slightly (but not significantly) 
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reduced CA activity.  By 14 days, CA activity was decreased in all copper treatments as 

compared to concurrent controls (Figure 4A).  The decreased CA activity persisted 

throughout the 21 days exposure period. Anemones exposed to 50 and 100 μg/L CuCl2 had 

significantly decreased CA activity at 7 days and the inhibition continued through the 14 

days exposure period (Figure 4B).  The degree of CA inhibition was similar when exposed 

to CuO NP as compared to exposure of the anemones to CuCl2.  

Behavioral Observations 

Quantitatively, no bleaching was observed in any of the treatment; however, 

zooxanthllae density was not quantified.  E. pallida exposed to 50 and 100 μg/L CuO NP 

collapsed, became dark in colour, and curled their tentacles over the exposure period.  

Mucous release from the peduncle region of the anemone was also observed.  No marked 

bleaching was observed.  Anemones exposed to 10 μg/L did not visibly appear different 

from the controls.  E. pallida exposed to 50 and 100 μg/L CuCl2 were decreased in size and 

had loss of their tentacles.  Anemones exposed to CuCl2 appeared to be severely affected 

by 14 days. Due to the severity of the anemones’ response to CuCl2, the anemones were all 

euthanized and sampled at 14 days.  It did not appear that the aenmones would survive 

through 21 days of exposure. 

Zooxanthellae Photosynthetic Parameters 

 Over the course of the experiment the average ± standard deviation for YPSII, rETR, 

YNPQ, or YNO from all treatments was 0.56 ± 0.02, 26.24 ± 3.70, 0.39 ± 0.04 and 0.52 ± 

0.04, respectively. No significant differences (p ≤ 0.05) were detected between treatments 

for any of the parameters in either experiment. 
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Discussion and Conclusion 

Anemones exposed to CuCl2 seemed severely stressed by 14 days of exposure; 

therefore, we were unable to carry out the experiment for 21 days, as we did the CuO NP 

experiment.  In a previous study in our laboratory, a 96-h LC50 value for E. pallida exposed 

to copper was determined to be 148 μg/L (95% confidence interval = 126.4, 173.8).  After 

14 days of 50 and 100 μg Cu/L exposure, the visible stress and behavioural responses of 

the anemones indicated a poor likelihood for survival throughout 21 days of exposure. 

The tissue copper concentrations observed in E. pallida in this study are similar to 

those reported in other studies (Harland & Ngarno, 1990; Mitchelmore et al. 2003a; Brock 

& Bielmyer, 2013; Patel & Bielmyer-Fraser, 2015).  The control tissue copper values ranged 

from 4.94 μg/g in the CuCl2 experiment to 9.56 μg/g in the CuO NP experiment.  These 

levels are within the normal range of tissue copper concentrations reported in un-exposed 

(control) anemones from other studies (Brock & Bielmyer, 2013; Patel & Bielmyer-Fraser, 

2015).  E. pallida in this study accumulated 40 μg Cu/g and 50 μg Cu/g after 7 days 

exposure to 100 μg/L copper, as CuO NP and CuCl2, respectively.  The sea anemone 

Anthopleura elegantissima accumulated 20 and 40 μg Cu/g dw when exposed to 100 μg/L 

copper for 7 and 42 days, respectively (Mitchelmore et al., 2003a).  Similarly, Harland & 

Ngarno (1990) reported tissue copper concentrations of 50 μg Cu/g dw in the anemone 

Anemonia viridis after exposure to 200 μg/L copper.  Brock & Bielmyer (2013) reported a 

tissue copper concentration of 50 μg Cu/g dw in A. palllida after 7 days of combined 

exposure of copper, zinc (Zn), cadmium (Cd), and nickel (Ni), which is somewhat higher 

than the tissue copper concentrations of 24 μg Cu/g dw and 35 μg Cu/g dw observed in 

this study after 7 days exposure of the anemones to 50 μg/L copper, as CuO NP and CuCl2, 

respectively. 
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In this study, the anemones exposed to 10 μg/L CuO NP had an initial increase in 

tissue copper at 3 days, followed by a return to control levels by 7 days, and then another 

increase in tissue copper at 14 and 21 days.  Other studies from our laboratory have 

reported an initial increase in tissue copper after exposure to 10 μg/L dissolved copper 

followed by a return of tissue copper to control level by 7 days (Main et al., 2010; Brock & 

Bielmyer, 2013).  The subsequent elevation in tissue copper after exposure to CuO NP 

could have resulted from changes in dissolution of copper into the exposure media from 

the NP over the course of the experiment. Gradual dissolution of metal oxide NP has been 

observed in other studies in our laboratory (Jarvis et al., 2013; Bielmyer-Fraser et al., 

2014).  Alternatively, there could be difference in copper uptake rate, dependent on the 

form of copper. The CuO NP exposure media has combination of dissolved copper and CuO 

NP and uptake of copper into the anemone could occur through different modes. 

An increase in tissue copper in E. pallida generally coincided with increased activity 

of the enzymes, CAT, GPx, and GR, after exposure to both CuO NP and CuCl2, although 

there were differences in the pattern of responses based on exposure concentrations.  

Additionally, the anemones exposed to CuCl2 accumulated higher tissue copper 

concentrations, whereas, those exposed to CuO NP had a greater oxidative stress 

response.  Oxidative stress and altered physiological responses has been a reported 

consequence of metal exposure to anemones (Gilbert & Guzman, 2001; Mitchelmore et 

al., 2003b, 2007; Main et al., 2010; Brock & Bielmyer, 2013; Mosleh et al., 2006); as well as 

corals (Grant e al., 2003; Smith et al., 2003; Morgan et al., 2005; Venn et al., 2009; 

Bielmyer et al., 2010; Downs et al., 2010; Negri & Hoogenboom, 2011; Schwarz et al., 

2013).  Increased CAT activity has been reported in E. pallida exposed to 50 μg/L copper 

for 7 days (Main et al., 2010).  Likewise, Patel & Bielmyer-Fraser (2015) reported an 
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increase in CAT activity in E. pallida exposed to 5, 10, and 50 μg/L copper for 7 days; 

however, CAT activity returned to control levels by 21 days, a finding which differs from 

the anemones exposed to 10, 50, and 100 μg/L CuO NP in this study.  The importance of 

CAT as a protective antioxidant in aquatic invertebrates, even after low metal exposure 

levels, has been demonstrated in several previous studies (Livingstone et al., 1992; Regoli 

et al., 2002; Anjos et al., 2014).  In this study, CAT activity in E. pallida was approximately 

two fold higher after 14 days of exposure to 50 μg/L CuO NP, as compared to anemones 

exposed to 50 μg/L CuCl2.  Exposure of the anemones to 100 μg/L of either CuO NP or 

CuCl2; however, resulted in similar CAT activities at 14 days, suggesting that the oxidative 

stress response is dependent on the form of copper, as well as, concentration and perhaps 

exposure time.   

Glutathione is utilized for intracellular protection against metals using the enzymes 

glutathione S-transferase, GPx and GR (Valko et al., 2005; Buffet et al., 2011).  The cysteine 

residues in glutathione tightly bind to metals as a means for detoxification (Meister & 

Anderson, 1983).  Patel & Bielmyer-Fraser (2015) reported an increase in both GPx and GR 

activity in anemones exposed to 50 μg/L copper for 7 days in 25 ppt salinity water, with 

enzyme activity returning to control levels by 14 days.  Similarly, GR activity reportedly 

increased in E. pallida exposed to 50 μg/L of Cu, Zn, Cd, and Ni for 7 days.  With levels 

returning to control values by 14 days; whereas, the GR activity remained significantly 

elevated in anemones exposed to 100 μg/L of the mixture for up to 14 days (Brock & 

Bielmyer, 2013).  Alternatively, in this study, both the GPx and GR activities remained 

significantly elevated in the anemones exposed to 50 μg/L CuO NP for 14 days, again 

suggesting that CuO NP (likely a combination of dissolved and NP copper) may cause more 

severe oxidative stress than solely dissolved copper. 
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To date, no CuO NP toxicity study using cnidarians has been reported (Baker et al., 

2014).  Gomes et al. (2012) reported oxidative stress, indicated by activity of SOD, CAT and 

GPx, in the mussel Mytilus galloprovincialis when exposed to 10 μg/L CuO NP for 15 days.  

CuO NP induced oxidative stress was also reported in the blue mussel, Mytilus edulis (Hu et 

al., 2014), marine invertebrates, Scrobicularia plana, Hediste diversicolor, (Buffet et al., 

2011) and juvenile fish, Epinephelus coioides (Wang et al., 2014).  Genotoxic effects of CuO 

NP in M. galloprovincialis have also been reported (Gomes et al., 2013). 

In addition to oxidative stress enzymes, CA was also altered in this study.  CA is 

considered as one of the most ubiquitous enzymes within living organisms, and primarily 

functions to catalyze the inter-conversion of CO2 and water to bicarbonate and protons 

(Badger & Price, 1994).  CA mainly helps in maintaining acid-base balance in the tissues 

and blood of organisms (Gilmour, 2010); however, CA may also play an important role in 

the detoxification process by scavenging ROS (Roesijadi & Robinson, 1994).  In this study 

CA activity decreased when exposed to both forms of copper.  Similarly, another study 

reported decreased CA activity in the sea anemone Condylactis gigantea (Weinland) and 

Stichodactyla helianthus  after exposure to 10 μg/L copper for 48 h (Gilbert & Guzman, 

2001).  Bielmyer et al. (2010) reported a decreased CA activity in the corals Acropora 

cervicornis and Montastraea faveolata after exposure to 4-20 μg/L copper for five weeks.  

CA is a metalloprotein, and uses zinc as a co-factor on its active site (Vitale et al., 1999).  

Copper has been shown to bind to the enzyme at the zinc binding site, thus causing change 

in the conformation of the protein structure (Sun et al., 2011).  Unlike the other enzymes 

measured, E. pallida exposed to CuO NP did not have a higher CA activity as compared to 

those anemones exposed to CuCl2.  These results suggest that NP may have a greater 

effect on primarily oxidative stress pathways.   
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The behavioural changes observed in this study are similar to those reported 

previously.  Brown & Howard (1985) reported mucus secretion in cnidarians when exposed 

to metal concentration, consistent with the observations in this study.  Loss of tentacles 

was another prominent observation in E. pallida exposed to CuCl2, which is similar to the 

finding of Main et al. (2010) and Brock & Bielmyer (2013) in E. pallida exposed to dissolved 

copper.  Alternatively, curling and retracting tentacles were observed in E. pallida exposed 

to CuO NP.  The different responses of the anemones may have been due to the different 

forms of copper used.  In both cases, it is clear that the anemone is trying to reduce 

contact with copper by reducing its surface area with surrounding environment.  PAM 

fluorometry in this study indicated no significant photosynthetic impairment in the 

zooxanthellae after exposure to either form of copper, as compared to the controls.  The 

oxidative stress responses observed in the holobiont after exposure to both forms of 

copper were more likely due to toxicity in the anemone than toxicity to the zooxanthellae. 

The different forms of copper used in this study did lead to some different 

responses of the exposed anemones.  Specifically, increased activity of anti-oxidant 

enzymes was observed in CuO NP-exposed anemones, as compared to those exposed to 

dissolved Cu.  Bielmyer-Fraser et al. (2014) recently reported marked differences in cellular 

metal distribution in the marine diatom, Thalassiosira weissflogii, exposed to nano-metal 

oxides versus those exposed to dissolved metals.  Metal concentrations were highest in 

the algal cell wall when cells were exposed to metal oxide NP, whereas algae exposed to 

dissolved metals had higher proportions of metal in the organelle and endoplasmic 

reticulum fractions (Bielmyer-Fraser et al., 2014).  In this study, copper maybe distributing 

differently in E. pallida when exposed to CuO NP as compared to solely dissolved copper, 

although this has not been measured.  Differences in distribution could cause differences 
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in toxic responses; however, more research is needed to elucidate this issue.  In this study, 

copper may be distributing differently in E. pallida when exposed to CuO NP as compared 

to solely dissolved copper.  These differences in distribution may contribute to the 

observed differences in toxic responses; however, more research is needed. 

Copper accumulation in E. pallida was concentration-dependent after exposure to 

both forms of copper.  However, the sea anemones exposed to CuCl2 accumulated 

comparatively higher copper tissue burdens than those exposed to CuO NP, likely because 

copper was more available as CuCl2 than as CuO NP.  Alternatively, the oxidative stress 

response, as demonstrated by the activities of CAT, GPx, and GR, was observed to a 

greater degree in sea anemones exposed to CuO NP (actually a combination of dissolved 

and CuO NP) indicating clear differences in the toxicity of the two forms of copper.  

Independent of the form of copper exposed to the holobiont, the anemones appeared to 

be more susceptible to copper toxicity than their symbiotic zooxanthellae.  This study 

presents new data concerning the toxicity of CuO NP in a symbiotic cnidarian and may 

have implications for NP exposure and toxicity in the environment.   
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Table 1: Dissolved Copper Concentrations  
Treatment  (μg/L) CuCl2 (μg/L) CuO NP (μg/L) 
Control 0.80 ± 0.09 0.10 ± 0.01 
10 NT 4.43 ±  0.95 
50 41.9 ± 0.14 14.3 ± 1.66 
100 89.6 ± 0.21 39.6 ± 1.81 

Note: All the values are reported as Mean ± Standard Error in testing waters over 14 and 
21 days of exposure to CuCl2 and CuO NP and NT indicates no treatment 
 
 
 
 
 
 
 

    

 

           

 

 

 

 

Figure 1.  A) Scanning Electron Microscope (SEM) Image of CuO NP with their respective (i) shapes 
and size and B) Energy Dispersive Spectroscopy Systems (EDS) layered image. 
 
Note: EDS layered image confirming copper with the green colour. 
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Figure 2.  Tissue Copper Accumulation  
 
Notes:  All the values are reported as Mean ± Standard Error in Exaiptasia pallida after exposure 
to (A) Control, 10, 50 and 100 μg/L CuO NP for 21 days and (B) Control, 50 and 100 μg/L CuCl2 
for 14 days. * indicates a significant difference from concurrent control (p ≤ 0.05; n = 4).   
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Figure 3.  A and D Catalase (CAT), B and E Glutathione Peroxidase (GPx) and C Glutathione  
Reductase (GR) Activity in after exposure to CuO NP (A-C) and CuCl2 (D-E).   
 
Notes: :  All the values are reported as Mean ± Standard Error in Exaiptasia pallida after  
exposure to (A) Control, 10, 50 and 100 μg/L CuO NP for 21 days and (B) Control, 50 and  
100 μg/L CuCl2 for 14 days in synthetic sea water. * indicates a significant difference  
from concurrent control (p ≤ 0.05; n = 4).   
 

 

   

Figure 4.  Carbonic Anhydrase (CA) Activity  
 
Notes:  All the values are reported as Mean ± Standard Error in Exaiptasia pallida  
after exposure to (A) Control, 10, 50 and 100 μg/L CuO NP for 21 days and (B) Control,  
50 and 100 μg/L CuCl2 for 14 days.  * indicates a significant difference from concurrent  
control (p ≤ 0.05; n = 4).   
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Chapter II 

RESPONSES OF THE SEA ANEMONE, EXAIPTASIA PALLIDA, TO OCEAN 
ACIDIFICATION CONDITIONS AND COPPER EXPOSURE 

Introduction 

Advancing technology and industrial applications have resulted in increased metal 

inputs into aquatic ecosystems (Zhou et al., 2008; Luoma & Rainbow, 2008).  At elevated 

concentrations, metals may cause toxicity to aquatic organisms (Bielmyer et al., 2010; 

2012; Brock & Bielmyer, 2013; Patel & Bielmyer, 2015).  The effects of these local 

stressors, in combination with global climate changes, such as ocean acidification (OA), are 

to a great extent unknown.  Carbon dioxide (CO2) levels have substantially increased since 

the industrial revolution (280 ppm to 400 ppm) mainly due to anthropogenic activities like 

fossil fuel combustion, cement production and deforestation (Canadell et al., 2007; Yool et 

al., 2013).  In the next couple of decades CO2 concentrations are predicted to increase to 

1000 ppm (IPCC, 2001).  Increased CO2 in the ocean decreases the pH by increasing 

hydrogen ion concentration in water.  With increasing CO2 levels or concentrations  in 

marine water, the pH has decreased by more than 0.1 units from the preindustrial era (Orr 

et al., 2005) and is predicted to decrease by another 0.14 to 0.35 units by the end of 21st 

Century (Caldeira & Wickett, 2005).  At lower pH levels, metal speciation favors the metal 

ion, which has been shown to be the most bioavailable and toxic form (Tatara et al., 1997; 

Adamu et al., 2013).  The fate of metals in the aquatic environment is altered by the 

presence and absence of hydroxyl (OH-) and carbonate ions (CO32-) (Millero et al., 2009).  

The combined effects from both stressors (CO2 and metals), as well as the increased 

bioavailability of metals at lower pH levels, may have substantial biological effects at the 
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physiological level, which may in turn have repercussions for populations and perhaps 

even ecosystems (Agegian, 1985; Langdon et al., 2000; Leclercq et al., 2000; Le Quesne & 

Pinnegar, 2012). 

Change in ocean pH can affect the efficiency of biological enzymes (Yamada & 

Suzumura, 2010) and the degradation of polysaccharides, which are a major component of 

marine organic matter (Piontek et al., 2010).  Altered ocean chemistry can threaten many 

marine organisms, such as algae and protozoans.  A study on a common crustose coralline 

alga in Hawaii demonstrated both declined calcification rates and recruitment rates at 

lower carbonate saturation state (Kuffner et al., 2008).  Photosynthesis, calcification, acid-

base homeostasis, respiration/gas exchange, and metabolic rate are some of the 

physiological processes in marine organisms that can be affected due to altered ocean 

chemistry by OA (Gattuso et al., 1999; Seibel & Walsh, 2003; Melzner et al., 2009).  OA has 

been found to affect fishes like Opsanus beta resulting in intestinal base loss (Heuer et al., 

2012) and disruption of respiratory gas exchange and acid-base balance (Esbaugh et al., 

2012) after exposure to 1000 μatm CO2.  Behavioral responses to auditory stimuli, based 

on directional responses in juvenile clownfish have also been documented after exposure 

to 600 μatm CO2 (Simpson et al., 2011). 

  Cu is a commonly used metal that can enter into marine systems through 

construction applications (Sundberg, 1998), heavy metal mining (Bryan, 1974), sewage 

treatment discharge, industrial effluent, leaching of anti-fouling paints, and copper 

refineries (Guzmán & Jiménez, 1992; Jones, 1997; Mitchelmore et al., 2003a).  Relatively 

low levels of Cu have been shown to cause oxidative stress in marine cnidarians (Bielmyer 

et al, 2010; Brock & Bielmyer, 2013; Patel & Bielmyer-Fraser, 2015).  Changes in ocean pH 

can affect Cu speciation, behavior and fate by changing Cu thermodynamics as well as 
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kinetics (Millero et al., 2009).  According to some studies, the free-ion concentration of Cu 

may increase by 115% in coastal waters by the next 100 years as a result of decreased pH 

by OA (Pascal et al., 2010; Richards et al., 2011).  However, the combined effects of 

altering CO2 with Cu on marine organisms are to a large degree unknown (Roberts et al., 

2013).  

Many physiological effects have been well documented in marine cnidarians as a 

consequence of Cu exposure (Bielmyer et al., 2010; Main et al., 2010; Brock & Bielmyer, 

2013; Patel & Bielmyer-Fraser, 2015).  In particular, Cu has been shown to cause the 

generation of reactive oxygen species (ROS), which can lead to degradation of 

macromolecules like proteins, lipids and DNA (Chang et al., 1996; Luschak, 2011).  Several 

anti-oxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione 

reductase (GR), and glutathione peroxidase (GPx) (Luschak, 2011) are used to combat the 

harmful effects of ROS.  The activity of these enzymes as well as carbonic anhydrase (CA), 

responsible for acid/base balance, were altered in cnidarians exposed to Cu in previous 

studies (Bielmyer et al., 2010; Main et al., 2010; Brock & Bielmyer, 2013; Siddiqui et al., 

2015).  In this study we examined the effects of Cu, a local stressor, and OA, a more global 

stressor, to determine their effects on cnidarian physiology.  The sea anemone, Exaiptasia 

pallida, has been used in several past studies and has been shown to be sensitive to metals 

(Main et al., 2010; Patel & Bielmyer-Fraser, 2015; Siddiqui et al., 2015); therefore, it was 

chosen for this study.  The objective of this research was to assess the combined effects of 

OA and Cu exposure on Cu accumulation as well as enzyme activity in E. pallida in a 

laboratory study using a pH/pCO2 stat system. 

Materials and Methods 

Animal Culture 
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E. pallida was maintained in 30 L tanks with continuous filtration and aeration, in 

synthetic saltwater, prepared by mixing Instant Ocean salt and reverse osmosis (RO) water.  

A YSI meter (YSI® model 85, yellow springs, OH, USA) was used to measure salinity, 

temperature, and dissolved oxygen (DO) daily.  Nitrite, nitrate, and ammonia levels were 

measured weekly using a Red Sea Marine and Freshwater Test Kit®.  Water quality 

parameters in the culture tanks were (mean values ± standard error) were 6.72 ± 0.25 

mg/L DO, 8.01 ± 0.4 pH, 29.3 ± 0.6 ppt salinity, 26.3 ± 0.5 °C, 4.0 ± 1.5 ppm nitrate,  0.1 ± 

0.05 ppm nitrite, and 0.23 ± 0.5 ppm ammonia.   

Experimental System 

Because of the well understood relationship with the climate, partial pressure of 

CO2 (pCO2) has been considered a reliable method to calculate CO2 levels by various 

scientists (Petit et al., 1999).  This has widely been used in computer models like GEOCARB, 

PAL (Berner & Kothavala, 2001; Berner, 2006), COPSE (Bergman et al., 2004) and many 

others (Guttuso & Hansson, 2011).  The pH/pCO2 stat system used for this experiment is 

from Lolligo system with CAPCTRL software and set up by manual instruction.  A standard 

curve for the calibration was prepared using a known CO2/O2 gas mixture of 2250 ppm.  An 

automated negative feedback system was used to maintain the required amount of pCO2 

in the water of different tanks.  The nominal pCO2 values used in these experiments were 

400 ppm and 1000 ppm, maintained through the system by continuously regulating the 

required pH over a 7 day experimental period using pure CO2 gas.  Each tank was also 

continuously aerated.  Measured pCO2 and Cu values are presented in Table 2. 

Experimental Solutions 

Synthetic saltwater was prepared by mixing Instant Ocean salt with 18 mΩ Milli-Q® 

water 24 h before experimental solutions were made.  A 10 g/L Cu, as CuCl2, stock solution 
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was prepared by adding CuCl2 salt to 18 mΩ Milli-Q® water 24 h prior to use.  Cu 

experimental solutions (10, 50 and 100 μg/L) were prepared by mixing a 10 g/L Cu stock 

with 30 ppt synthetic saltwater 24 h prior to the start of experiment and 24 h prior to each 

water change to allow for equilibration (Bielmyer et al., 2004).   

Experimental Design 

Three sequential experiments were performed.  In each experiment there were 

eight tanks each with 12 L water.  The CO2 concentration has ranged from 180 to 300 ppm 

over the last 650,000 years, as measured at Dome Concordia ice core (Siegenthaler et al., 

2005); and the  CO2 concentration in our culture tanks (290 ppm) was within this range.  

Since the recent global mean was 398 ppm CO2 (Dlugokencky & Tans, 2014), we chose 

400 ppm CO2 as the concentration for the control treatment in the experiments.  The other 

CO2 concentration (1000 ppm) used in these experiments was chosen based on the 

predicted increase in future pCO2 in the next couple of decades (IPCC, 2001).  There were 

four tanks at each CO2 concentration, two without copper and two with copper (10 μg/L 

Cu in the first experiment).  Each tank contained eight anemones, and two from each tank 

were used at each sampling period.  Immediately following the preparation of the Cu 

solutions, the two pCO2 concentrations (400 and 1000 ppm) were prepared and 

maintained in each tank 24 h prior to the start of the experiment.  Sea anemones from the 

culture tanks were then transferred to the experimental tanks. 

At the start of the experiment, five sea anemones from the culture tanks were 

selected randomly, anaesthetised with tricaine methanesulfonate (MS-222), and cut in half 

through the midsagittal plane with a scalpel.  Half of the anemone was used for metal 

analysis and half for protein and enzyme analyses.  For each treatment, two sea anemones 

per replicate tank (n = 2) were removed on 2, 5, and 7 days.  The above method was 
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followed to sample anemones for metal analysis, protein, and enzyme assays.  On 2, 5, and 

7 days water samples were collected from each experimental tank for Cu analysis.  A YSI 

meter (YSI® model 85, yellow springs, OH, USA) was used to measure salinity, temperature, 

and DO daily.  Nitrite, nitrate, and ammonia concentrations were measured daily from 

each individual tank using a Red Sea Marine and Freshwater Test Kit®.  Mean values ± 

standard deviations of all water quality parameters are provided in Table 3.  The 

photoperiod for all the experiments was 12h light:12h dark with an average light intensity 

of 33.4 μmol photons m-2 s-1.  This experiment was repeated with 50 μg/L Cu, and then 

again using 100 μg/L Cu.  In the 100 μg/L Cu experiment, after the start of the experiment, 

the sampling days were 2, 4, and 5 days (n =2) in the Cu treatments because of severe 

stress; and 2, 4, 5, and 7 days in the control treatments (n = 2) at each CO2 level.   

Metal Analysis 

Tissue metal concentration and water concentration were analysed using the 

atomic absorption spectrophotometer with graphite furnace detection (AAS, detection 

limit 1 μg/L; Perkin Elmer AAnalyst 800).  Sea anemone tissue samples were dried in an 

oven at 60 °C for 3-4 h, weighed using a microbalance, and then digested by addition of 

trace metal grade nitric acid followed by heating in a water bath at 80 oC for 12-14 h.  After 

the tissues were digested fully, they were diluted with 18 mΩ Milli-Q® water and then 

measured for Cu using AAS. 

Protein Quantification and Enzyme Assays 

Protein was quantified in each sample using a BIO-RAD quick start kit following a 

Bradford assay (Bradford, 1976).  Total soluble protein was calculated using bovine serum 

albumin (BSA) standards, Bradford reagent, and a 50 mM KH2PO4/K2HPO4 buffer (pH of 7.0 

at 25 °C) (Siddiqui et al., 2015). 
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CAT, GR, and GPx assays were performed following modified Sigma protocols (EC 

1.11.1.6, Sigma, 1994a; EC 1.6.4.2, Sigma, 1994b; EC 1.11.1.9; Sigma, 1994c) and 

spectrophotometric methods, as previously described (Patel & Bielmyer-Fraser, 2015; 

Siddiqui et al., 2015).  Activity of these enzymes was normalized for protein content of the 

sample.  CA activity in anemone supernatant was calculated using the delta pH method of 

Henry (1991).  Briefly, the rate of change in pH was measured using CyberComm Pro Data 

Acquisition Software for Accumet basic Ab 15 Plus with a sensitive recording pH meter 

(Accumet® Basic, AB15 Plus pH meter, Fisher Scientific).  CA activity in the sample was 

expressed as μmol/min/mg protein.   

Statistical Analysis 

Data were tested for normality and equal variance using Shapiro-Wilk’s test and 

Bartlett’s test.  To identify interactions between the two independent variables and 

statistical significance between treatments, a 2-way ANOVA was performed using Sigma 

Plot 11.0 followed by a post-hoc Tukey’s test, Holm-Sidak and Student-Newman-Keuls 

Method. 

Results 

Cu concentration and pCO2 levels in all the treatment tanks were similar to the 

nominal values (Table 2).  The pCO2 levels were similar across the three experiments (Table 

2). 

Copper Accumulation 

Cu accumulated in the sea anemones in a concentration dependent manner (Figure 

5).  Anemones exposed to 10 μg/L Cu at both CO2 levels demonstrated significantly higher 

tissue Cu by 2 days, which persisted throughout the exposure (Figure 5A).  Additionally, 

those anemones exposed to 10 μg/L Cu at 1000 ppm CO2 had higher tissue Cu levels than 
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those at 400 ppm CO2 at 2 days of exposure, after which time no significant differences 

were observed between the two treatments (Figure 5A).  Anemones exposed to both 50 

μg/L Cu and 100 μg/L Cu at both CO2 levels demonstrated significantly increased tissue Cu 

throughout the exposure periods (Figures 5B, C).  Those anemones exposed to 100 μg/L Cu 

at 1000 ppm CO2 accumulated higher tissue Cu levels than those at 400 ppm CO2 by 4 days 

of exposure; however, no differences in Cu accumulation were observed as a consequence 

of CO2 level after exposure to 50 μg/L Cu (Figures 5B, C).  There were statistically 

significant interactions between CO2 and 10 μg/L Cu at 2 days and after 4 days in 

anemones exposed to 100 μg/L Cu. 

Anti-oxidant Enzyme Activity  

In general, activity of the anti-oxidant enzymes increased with increasing Cu 

exposure over 7 days (Figures 6-8).  At the lowest Cu exposure concentration of 10 μg/L, 

CAT activity was significantly lower; whereas exposure levels of 50 and 100 μg/L generally 

resulted in increased CAT activity (Figure 6).  There was a statistically significant interaction 

between CO2 and Cu on CAT activity when anemones were exposed to10 μg/L Cu at 2, 5 

and 7 days (Figure 6A).  However there was only a statistically significant interaction 

between Cu and CO2 on CAT activity at 2 days, when anemones were exposed to 50 and 

100 μg/L Cu treatment (Figures 6 B, C).  No significant differences in CAT activity were 

observed between the control groups at the two different CO2 levels in the first two 

experiments; however, a slightly increased CAT activity was observed in the 1000 ppm CO2 

group as compared to the 400 ppm CO2 group.  

GPx activity in E. pallida increased in 50 and 100 μg/L Cu treatment at 1000 ppm 

CO2 levels (Figures 7 B, C).  A significant difference in anemone GPx activity was observed 

due to CO2 alone (considering CO2 treatments from all three experiments) at 7 d (Table 4; 
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Figure 7).  Alternatively, anemones exposed to both Cu and CO2 generally had at least 

slightly higher GPx levels than those exposed solely to Cu (Figure 7).  There was a 

statistically significant interaction observed between CO2 and Cu at 2, 5, and 7 days in the 

10 μg/L Cu treatment (Figure 7 A), however in the 100 μg/L Cu treatment a significant 

interaction was only observed at 5 days. 

GR activity generally increased with increased Cu exposure (Figure 8), with a few 

exceptions where a decrease in GPx activity was observed at 2 days of exposure (Figure 8A, 

C).  Unlike the CAT and GPx activity responses, anemones in the 1000 ppm CO2 control had 

significantly higher GPx activity than those in the 400 ppm CO2 control at 2, 5, and 7 d 

(Table 4; Figure 8).  Additionally, those anemones exposed to Cu and 1000 ppm CO2 had 

the highest GPx activity of any of the treatments (Figure 8).  There was a statistically 

significant interaction between CO2 and 10 μg/L Cu at 2, 5 and 7 days and between CO2 

and 100 μg/L Cu at 4 and 5 days (Figure 8A).   

Carbonic Anhydrase Activity 

CA activity was significantly inhibited by Cu in all the treatments compared to the 

controls (Figures 9 A-C).  CA activity did not significantly differ between the groups as a 

consequence of CO2 alone (Table 4; Figure 9).  CA activity in the sea anemones was 

significantly affected by interactions between 10 μg/L Cu and CO2 at 2 and 5 days and 

between 50 μg/L Cu and CO2 at 2 days.  In the 10 and 50 μg/L Cu treatments at 1000 ppm 

CO2, CA activity was generally higher (less inhibited) than in anemones exposed to Cu 

alone at 2 days; however, no differences were observed between the 100 μg/L Cu groups 

at the two CO2 levels when compared to control (Figures 9).   
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Discussion and Conclusion 

Cu has been shown to accumulate in the tissues of cnidarians as a consequence of 

Cu exposure (Brock & Bielmyer, 2013; Patel & Bielmyer-Fraser, 2015; Siddiqui et al., 2015).  

Harland & Ngarno (1990) exposed the anemone, Anemonia viridis, to 200 μg/L Cu and 

reported a tissue Cu concentration of 50 μg Cu/g dw.  When the anemone, Anthopleura 

elegantissima, was exposed to 100 μg/L Cu for 7 and 42 days, 20 and 40 μg Cu/g dw tissue 

copper was accumulated, respectively (Mitchelmore et al., 2003a).  Siddiqui et al. (2015) 

reported Cu accumulation of 40 and 50 μg/g dw in E. pallida after 7 days exposure to 100 

μg/L Cu as CuO NP or CuCl2, respectively.  Similarly in present study, sea anemones 

accumulated 50-60 and 100-110 μg/g dw Cu as CuCl2 after 5 days exposure to 100 μg/L Cu 

at 400 ppm and 1000 ppm CO2, respectively.  Brock & Bielmyer (2013) reported a tissue Cu 

concentration of 52 μg Cu/g dw in A. pallida after 7 days of combined exposure to 50 μg/L 

combined exposure of Cu, zinc (Zn), cadmium (Cd), and nickel (Ni), which is similar to the 

anemones in this study, exposed to 50 μg/L Cu.  In a recent study, Patel & Bielmyer-Fraser 

(2015) reported a higher tissue Cu accumulation (52 μg/g dw) in E. pallida exposed to 50 

μg/L Cu for 7 days in 20 ppt salinity saltwater (pH 7.7 ± 0.16) as compared to the tissue Cu 

(19 μg/g dw ) in 25 ppt salinity (pH 8.07 ± 0.08) saltwater.  In this study, the decrease in pH 

from 8.11 ± 0.12 to 7.81 ± 0.15, with the increase from 400 to 1000 ppm CO2, also resulted 

in a higher tissue Cu accumulation in E. pallida.  With increasing pCO2 and lower pH, Cu can 

become more bioavailable due to speciation favouring the Cu ion (Richards et al., 2011; 

Roberts et al., 2013).  At a lower pH, a greater degree of metal adsorption to aquatic 

organisms has been shown to occur in various aquatic systems (Graney et al., 1984; Albers 

& Camardese, 1993; Atkinson et al., 2007).  Cu accumulation was increased with 
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decreasing pH in Rainbow trout (Lauren & Mc Donald, 2011), the marine algae, Durvillaea 

potatorum and Ecklonia radiate, (Matheickal & Yu, 1999) and Cod (Larsen et al., 1997). 

Cu is known to cause oxidative stress and toxicity in cnidarians (Bielmyer et al., 

2010; Main et al., 2010; Brock & Bielmyer, 2013; Anjos et al., 2014; Patel & Bielmyer-

Fraser, 2015, Siddiqui et al., 2015).  An increase in CAT, GPx, and GR activity, was observed 

with increasing tissue Cu in E. pallida, after exposure to CuCl2 (at both CO2 concentrations) 

consistent with other studies (Brock & Bielmyer, 2013, Patel & Bielmyer-Fraser, 2015; 

Siddiqui et al., 2015).  Also, the increased Cu bioavailability at the higher CO2 concentration 

(lower pH) resulted in a greater oxidative stress response.  Earlier studies have reported 

oxidative stress and altered physiological responses as a result of metal exposure in 

anemones (Gilbert & Guzman, 2001; Mitchelmore et al., 2003b, Mosleh et al., 2006; Main 

et al., 2010; Brock & Bielmyer, 2013; Patel & Bielmyer- Fraser, 2015; Siddiqui et al., 2015); 

and corals (Grant et al., 2003; Smith et al., 2003; Morgan et al., 2005; Venn et al., 2009; 

Bielmyer et al., 2010; Downs et al., 2010; Negri & Hoogenboom, 2011; Schwarz et al., 

2013).   

Increased CAT activity has been reported in E. pallida exposed to 50 μg/L Cu for 7 

days (Main et al., 2010); E. pallida exposed to 5, 10, and 50 μg/L Cu for 7 days (Patel & 

Bielmyer-Fraser, 2015); and E. pallida exposed to 10, 50, and 100 μg/L Cu, as CuCl2 or CuO 

NP for 14 and 21 days, respectively (Siddiqui et al., 2015), comparable to this study.  CAT is 

used to catalyze the conversion of H2O2 to H2O and O2 thus preventing the formation of 

hydroxyl ions (Chelikani et al., 2004).  Increased CO2 alone made very little difference in 

anemone CAT activity, but when increased CO2 was combined with Cu (at the lowest 

exposure level in particular), a greater CAT activity was observed.   
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To recover from oxidative stress, living organisms develop nonenzymatic 

antioxidant GSH, which plays a key role in the intracellular protection against heavy metals 

using the enzymes glutathione S-transferase, GPx and GR (Valko et al., 2005; Buffet et al., 

2011). Patel & Bielmyer-Fraser (2015), reported an increase in both GPx and GR activity in 

anemones exposed to 50 μg/L Cu for 7 days in 25 ppt salinity water, with enzyme activity 

returning to control levels by 14 days.  Similarly, GR activity reportedly increased in E. 

pallida exposed to 50 μg/L of Cu, Zn, Cd, and Ni for 7 days with levels returning to control 

values by 14 days; whereas, the GR activity remained significantly elevated in anemones 

exposed to 100 μg/L of the mixture for up to 14 days (Brock & Bielmyer, 2013).  Similarly, 

Siddiqui et al. (2015) reported significantly elevated GPx and GR activities in anemones 

exposed to 50 μg/L CuO NP and CuCl2 for 14 days.  Multiple studies in our laboratory have 

demonstrated that decreased salinity (from 35 to 20 ppt) and as a result decreased pH, 

caused an increase of all of these anti-oxidant enzymes to an extent greater than due to Cu 

(Brock & Bielmyer, 2013; Patel & Bielmyer-Fraser, 2015; Siddiqui et al., 2015).  In the 

present study, GPx and GR activity increased with both Cu and CO2 (Table 3); however, Cu 

elicited more of a response than did CO2.  The addition of the higher CO2 level (1000 ppm) 

with Cu resulted in even greater activities of GPx (Figure 3) and GR (Figure 4) than either 

variable independently.  Increasing pCO2 (395 μatm – 3000 μatm) resulted in increased Cu 

toxicity by increasing the cellular stress responses in the marine bivalves, Crassostrea 

virginica and Mercenaria mercenaria, (Götze et al., 2014), and by decreasing early larval 

survivorship in the polychaete, Arenicola marina (Campbell et al., 2014).  

The importance of the antioxidant enzymes measured in this study is very well 

documented (Livingstone et al., 1992; Regoli et al., 2002).  At elevated levels, metal like Cu 

can overwhelm antioxidant defence mechanisms of an organism and can cause oxidative 
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damage to the cellular components such as proteins, lipids, and DNA (Krumschnabel et al., 

2005; Luschak, 2011) or directly through the covalent binding of free ionic copper to 

macromolecules (Campbell et al., 2014).  Acidification of seawater (pH 7.8 to 7.6) has been 

shown to affect SOD, CAT, peroxidase, alkaline phosphatase, and acid phosphatase in the 

brine shrimp, Artemia sinica (Zheng et al., 2015).  In this study, GPx and GR played a 

greater role in the anti-oxidant response in E. pallida than CAT as a consequence of 

increasing CO2 concentration, suggesting that pathway for conversion of peroxide to water 

is of greater importance in intracellular protection.   

CA participates in the transport of inorganic carbon to actively photosynthesizing 

cells or away from actively respiring cells (Henry, 1996).  Physiological functions involving 

carboxylation or decarboxylation reactions, including both photosynthesis and respiration 

require CA (Moroney et al., 2001).  CA is also heavily involved in acid/base balance in many 

organisms (Gilmour, 2010).  In this study, CA decreased with increasing Cu concentration, 

similar to that reported by Gilbert & Guzman (2001) in the sea anemones, Condylactis 

gigantea (Weinland) and Stichodactyla helianthus after exposure to 10 μg/L Cu for 48 h.  

CA activity also decreased in the corals Acropora cervicornis and Montastraea faveolata 

after exposure to 4-20 μg/L Cu for five weeks (Bielmyer et al., 2010).  Increasing CO2 

generally lessened the degree of CA inhibition (increased CA) due to Cu exposure in this 

study; however, no significant differences between treatments were observed due to CO2 

alone.  

Sea anemones live in a symbiotic relationship with dinoflagellate algae, which could 

influence the level of CO2 in the holobiont (Weis, 1993).  Zooxanthellae require CO2 in 

higher quantity to maintain high rates of photosynthesis in their intracellular environment 

(Weis & Raynolds, 1999) and CA can facilitate this requirement by catalysing the 
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conversion of bicarbonate (HCO3-) to CO2  (Weis et al., 1989).  It has been suggested that 

efficient utilization of dissolved inorganic carbon under CO2-limited conditions involves CA 

and biological adaptation to low CO2 concentrations in the environment (Satoh et al., 

2001).  The average pH in the ocean is 8.2, where the majority of dissolved inorganic 

carbon (DIC) exists in the form of HCO3-.  To complete photosynthesis external HCO3- must 

be converted into CO2 (Bertucci et al., 2013).  This may be the reason, in part, that the 

lower CO2 treatments (400 ppm CO2) in this study had comparatively lower CA activity, in 

the presence of Cu.  Alternatively, the higher CO2 treatments (1000 ppm CO2) could have 

provided the necessary CO2 even with minimal CA activity, which offset the CA inhibition 

caused by Cu alone (Main et al., 2012; Brock & Bielmyer, 2013; Patel & Bielmyer-Fraser, 

2015; Siddiqui et al., 2015).    

If acid-base compensation is not achieved by the organism, the pH in blood could 

be reduced, resulting in depressed metabolism (Hand, 1991; Pörtner & Reipschläger, 1996; 

Guppy & Withers, 1999) and disruption of both acid-base balance and respiratory gas 

exchange (Esbaugh et al., 2012).  Some other physiological processes which may be 

affected by acidification include otolith development in seabass (Atractoscion nobilis) 

(Checkley et al., 2009), basal metabolic costs in Adult cardinalfish, Ostorhinchus doederleini 

and O. cyanosoma (Munday et al., 2009a), gamete maturation in the fat inkeeper worm, 

Urechis caupo (Holland et al., 1984), sperm activation in the polychaete Arenicola marina 

(Pacey et al., 1994), egg hatching in planktonic copepods (Kurihara et al., 2004), and 

olfactory behavioural responses in the orange clownfish, Amphiprion percula (Munday et 

al., 2009b). 

In this study, physiological effects were observed in the symbiotic anemone, E. 

pallida, as a consequence of Cu and OA, both individually and in combination.  Cu exposure 
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alone elicited more observed effects than did OA alone, but in combination, these 

stressors caused the most severe anti-oxidant enzyme responses measured in E. pallida.  

The Cu-induced inhibition of CA activity in E. pallida, however, was lessened by the 

increase in CO2 level in some cases.  Cu concentrations range from 1.1 to 50 μg/L in the 

polluted surface waters of marinas (Scarano et al., 1990; Hall et al., 1988; Sadiq, 1992; 

Eisler, 1998), 1 to 100 μg/L of Cu in storm water runoff (Georgopoulos et al. 2001), and 10 

to 1800 μg/L in the water column of coral reef ecosystems (Peters et al., 1997).  The Cu 

concentrations used, 10-100 μg/L, are within the range of those reported in more 

contaminated marine environments.  OA is a growing concern and, as such, global CO2 and 

ocean pH is being very well documented (Caldeira & Wickett, 2003).  At the present rate of 

CO2 increase, models predict that CO2 will reach 1000 ppm by the end of this century.  The 

results of this study demonstrate interactions between the two stressors and the findings 

have implications for aquatic environments with increasing metal pollution and a changing 

climate. 
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Table 2.  Measured Dissolved Copper and pCO2 Concentrations.  

Treatment  (μg/L) pCO2 (ppm) CuCl2 (μg/L) 

Control 466.2 ± 33.8 0 
1198.1 ± 239.6 0 

10 448.5 ± 67.2 9.3 ± 0.4 
1074.7 ± 241.5 9.5 ± 2.4 

50 462.5 ± 79.2 46.8 ± 1.9 
1058.9 ± 221.1 47.9 ± 2.4 

100 470 ± 65.2 94.6 ± 2.1 
1166.6 ± 228.5 95.9 ± 2.5 

 

Note: All the concentrations are in Mean ± Standard Deviation over 7 days exposure period 
in Testing Solutions. 

 

 

Table 3.  Water Quality Parameters  

Treatment  
(μg/L) 

CO2 
(ppm) 

Salinity 
(ppt) 

Temp. 
(oC) 

DO 
(mg/L) 

Nitrate 
(mg/L) 

Nitrite 
(mg/L) 

Ammonia 
(mg/L) 

pH 

Control 400  30.0 
± 0.9 

26.3 
± 0.5 

7.8 
± 0.65 

4.0 
± 1.3 

0.1 
± 0.05 

0.43 
± 0.06 

8.17 
± 0.11 

1000 30.0 
± 0.6 

26.3 
± 0.5 

7.7 
± 1.05 

4.0 
± 1.2 

0.1 
± 0.03 

0.41 
± 0.04 

7.81 
± 0.14 

10 400  30.0 
± 0.5 

26.3 
± 0.5 

7.5 
± 1.03 

4.0 
± 0.9 

0.1 
± 0.05 

0.39 
± 0.06 

8.15  
± 0.14 

1000 30.0 
± 0.3 

26.3 
± 0.5 

7.8 
± 0.45 

4.0 
± 1.0 

0.1 
± 0.02 

0.42 
± 0.03 

7.85 
± 0.14 

50 400 30.0 
± 0.5 

26.3 
± 0.5 

7.7 
± 0.92 

4.0 
± 1.1 

0.1 
± 0.07 

0.41 
± 0.05 

8.09 
± 0.11 

1000 30.0 
± 0.4 

26.3 
± 0.5 

7.7 
± 0.84 

4.0 
± 1.4 

0.1 
± 0.04 

0.38 
± 0.09 

7.76 
± 0.18 

100 400 30.0 
± 0.5 

26.3 
± 0.5 

7.8 
± 0.66 

4.0 
± 0.9 

0.1 
± 0.05 

0.45 
± 0.08 

8.06 
± 0.15 

1000 30.0 
± 0.5 

26.3 
± 0.5 

7.8 
± 0.64 

4.0 
± 0.8 

0.1 
± 0.03 

0.39 
± 0.07 

7.82 
± 0.07 

 Note: All the concentrations are in Mean ± Standard Deviation over 7 days exposure 
period at 400 and 1000 ppm pCO2 in testing solutions. 
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Table 4.  Measured Catalase (CAT); Glutathione Peroxidase (Gpx); Glutathione Reductase 
(GR) and Carbonic Anhydrase (CA) in the Control Groups (From all Three Experiments). 

Measurement CO2 (ppm) 0 d 2 d 5 d 7 d 
CAT 

(unit/mg Protein) 
400 12.6 ± 0.44 10.18 ± 0.26 7.99 ± 0.36 9.14 ± 0.76 

1000 12.6 ± 0.44 10.73 ± 0.56 8.99 ± 1.05 10.34 ± 1.09 
GPx 

(unit/mg Protein) 
400 0.27 ± 0.02 0.24 ± 0.01 0.23 ± 0.03 0.29 ± 0.05 * 

1000 0.27 ± 0.02 0.28 ± 0.03 0.26 ± 0.01 0.22 ± 0.05 * 
GR 

(unit/mg Protein) 
400 0.25 ± 0.01 0.29 ± 0.01* 0.22 ± 0.02* 0.24 ± 0.03* 

1000 0.25 ± 0.01 0.35 ± 0.35* 0.41 ± 0.84* 0.41 ± 0.04* 
CA 

(μmol H+/min/mg 
Protein) 

400 8.13 ± 1.33 6.31 ± 1 6.45 ± 0.53 5.63 ± 0.8 
1000 8.13 ± 1.33 6.11 ± 0.59 5.59 ± 0.52 5.23 ± 0.52 

 

Note:   CAT activity (unit/mg Protein); GPx (unit/mg Protein); GR (unit/mg Protein) and CA 
activity (μmol H+/min/mg Protein) activities are reported as Mean ± Standard Error 
exposed to 400 and 1000 ppm pCO2 Over 7 Days.  * indicates a significant difference 
between the two pCO2 treatments at a particular time point (p < 0.05; n = 4). 
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Figure 5.  Tissue Copper Accumulation  
 
Note: All the values are reported as Mean ± Standard Error with 400 ppm and 1000 ppm 
pCO2 in Exaiptasia pallida After 7 Days Exposure to a Control, and A) 10, B) 50, And C) 
100 μg/L Cu, As Cucl2 at Two Different pCO2 Values.  * indicates a significant difference 
from the concurrent control at a particular pCO2 level (p < 0.05; n = 4).  # indicates a 
significant difference between pCO2 level at a particular Cu concentration. 
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Figure 6.  Catalase (CAT) Activity 
 
Note: All the values are reported as Mean ± standard error in Exaiptasia pallida After 7 
days exposure to a control, and A) 10, B) 50, and C) 100 μg/L Cu, as CuCl2 at two 
different pCO2 concentrations. 400 ppm and 1000 ppm pCO2.  * indicates a significant 
difference from the concurrent control at a particular pCO2 level (p < 0.05; n = 4).  # 
indicates a significant difference between pCO2 level at a particular Cu concentration. 
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Figure 7.  Glutathione Peroxidase (GPx) Activity. 
 
Note: All the values are reported as Mean ± Standard Error in Exaiptasia pallida after 7 
days exposure to a control, and A) 10, B) 50, and C) 100 μg/L Cu, as CuCl2 at two 
different pCO2 Concentrations 400 ppm and 1000 ppm pCO2.  * indicates a significant 
difference from the concurrent control at a particular pCO2 level (p < 0.05; n = 4).  # 
indicates a significant difference between pCO2 level at a particular Cu concentration. 
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Figure 8. Glutathione Reductase (GR) Activity 
 
Note: All the values are reported as mean ± standard error in Exaiptasia pallida after 7 
says Exposure to a control, and A) 10, B) 50, and C) 100 μg/L Cu, as CuCl2 at two different 
pCO2 concentrations 400 ppm and 1000 ppm pCO2.  * indicates a significant difference 
from the concurrent control at a particular pCO2 level (p < 0.05; n = 4).  # indicates a 
significant difference between pCO2 level at a particular Cu concentration. 
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Figure 9.  Carbonic Anhydrase (CA) Activity 
 
Note: All the values are reported as mean ± standard error in Exaiptasia pallida after 7 
days exposure to a control, and A) 10, B) 50, and C) 100 μg/L Cu, as CuCl2 at two 
different pCO2 concentrations (400 ppm and 1000 ppm pCO2).  * indicates a significant 
difference from the concurrent control at a particular pCO2 level (p < 0.05; n = 4).  # 
indicates a significant difference between pCO2 level at a particular Cu concentration. 
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Chapter III 
 

CONCLUSION AND OVERALL IMPLICATION 
 

Metals are frequently used in various sectors of modern society, and as such, metal 

pollution is a common problem in many marine environments.  The results from these 

studies demonstrated differences in metal accumulation and toxicity in marine organisms, 

dependent on the form of metal (dissolved versus nanoparticulate) exposed and 

dependent on other external variables, such as the global issue of increasing CO2.  Data on 

NP toxicity in marine organisms is scarce; therefore, new insight into mechanisms of NP 

toxicity to sea anemones should prove useful to both scientists and government 

regulators.  Additionally, ocean acidification, caused by increasing CO2, has been shown to 

substantially affect calcifying marine organisms; however, fewer studies have focussed on 

the effects of increasing CO2 on non-calcifying organisms.  This research provides new 

insight into the physiological effects of increasing CO2 alone, and in combination with 

metal pollution, on sea anemones.  Enzyme responses were detected which could be used 

as bioindicators for these stressors in the environment.   
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