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Abstract 

The Southeastern coastal plain is the most rapidly urbanizing region in the United 

States. Associated landscape changes which increase imperviousness lead to hydrological 

cycle alterations, increasing runoff of nonpoint source (NPS) pollution. Urban and 

agricultural NPS runoff is generally discharged into stormwater ponds, which sequester 

chemical contaminants, nutrients, and microbes to reduce loading into coastal ecosystems. 

Studies of these ponds have indicated elevated levels of trace metals, antimicrobial 

compounds, and bacterial contamination (SCSGC 2018). 

Interactions of aquatic pathogens Vibrio vulnificus and Enterococcus faecium with 

trace metals (arsenic, copper, zinc) and clinically relevant antimicrobials (triclosan, 

ciprofloxacin, oxytetracycline) commonly found in coastal ponds and estuaries were 

examined to determine how they may affect growth and impact antimicrobial resistance. 

Both species have significant environmental and public health significance in terms of 

water quality, seafood safety and contact recreation. Experimental data indicate that binary 

mixtures of environmentally relevant concentrations of some antimicrobials and metals 

inhibit growth in V. vulnificus and E. faecium. A mixture of copper and oxytetracycline is 

of note due to a biostimulatory effect at levels a dose 60% lower than the copper Effects 

Range Low (ERL) sediment quality guideline and at the Probable No-Effect Concentration 

(PNEC) of oxytetracycline. This dose combination also resulted in susceptibility changes 

to three clinically relevant antibiotics of different classes.  
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Chapter 1: Background and Significance

Runoff Pollution and Urbanization 

The coastal zone of South Carolina, comprising Horry, Georgetown, Charleston, 

Berkeley, Dorchester, Colleton, Beaufort, and Jasper counties, is currently experiencing 

extremely high rates of population growth and urbanization: The population of this region 

is expected to exceed 1.5 million by 2030 (SCSGC 2018). Population data from the 2020 

census indicate that the Charleston Tri-County (Charleston, Berkeley, and Dorchester 

counties) area alone experienced a 20.32% growth in population over the past ten years, 

compared to 10.65% for the state of South Carolina and 7.35% overall growth across the 

United States (Bureau 2020). This indicates that the Charleston metro area alone is growing 

at a rate nearly twice that of South Carolina overall, and nearly three times that of the 

United States as a whole. 

Urbanization results in significant landscape ecology changes which increase 

imperviousness and cause alterations in the hydrological cycle, increasing runoff of 

nonpoint source (NPS) pollution including heightened levels of nutrients, microbes, and 

chemical contaminants. These contaminants may include legacy pollutants such as trace 

metals (Scott et al. 2006; Baalousha et al. 2015) in addition to contaminants of emerging 

concern (CECs), such as pharmaceuticals and personal care products (PPCPs) (Uyaguari 

et al. 2013; Maruya et al. 2014; Scott 2017; Apeti et al. 2018). 

Associated hardscaping has caused an increase in the flashiness – the likelihood of 

a body of running water to flood during rainstorms, as defined by the American 
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Meteorological Society (AMS 2012) – of Southeastern urban drainage systems, and when 

coupled with more extreme weather associated with climate change has led to the 

construction of an extensive network of surface impoundments for managing stormwater 

runoff. Increasing sea level rise may result in more frequent flooding of these stormwater 

ponds, adding to their ecological complexity and management. Within the state of South 

Carolina alone there are more than 21,500 retention/detention ponds along the coastal zone, 

which are increasing at a rate of approximately 4% per year (SCSGC 2018). 

Stormwater ponds collect runoff from a variety of land uses, including agricultural, 

recreational, residential, and industrial areas. Agricultural ponds collect runoff from farms, 

which carries pesticides and fertilizers from crop application and manure from livestock 

operations. Additionally, lagoons are used in aquaculture and confined animal feeding 

operations (CAFOs) to contain rainwater that washes away fecal bacteria, metals, 

antimicrobial products, and other pharmaceutical and chemical contaminants used as feed 

additives for tens of thousands of fish and livestock annually (Bradford et al. 2008; 

Kitiyodom et al. 2010; Landers et al. 2012). Stormwater ponds in recreational areas may 

be affected by fertilizer and pesticide runoff from sports fields and golf courses as well as 

increased petroleum hydrocarbons emissions from automobiles along roadways and in 

parking lots. Likewise, fertilizer and pesticides from home yard care, increased petroleum 

hydrocarbons from roadways, and bacteria from pet and wildlife waste inevitably wash 

into the stormwater ponds scattered throughout residential urban and suburban 

communities to mitigate flooding and surface discharges. 

Ideally, detained stormwater is remediated of contaminants by a combination of 

physical settlement, microbial remediation, photodegradation, and dilution by precipitation 
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(Booth et al. 2002; Vezzaro et al. 2011; Borne et al. 2014) before discharging into adjacent 

natural waters. Assessment of pollutant levels in SC stormwater ponds indicates that such 

remediation is, to a large extent, successful, as sediment concentrations of several trace 

metals (Cd, Cu, and Zn) and petroleum hydrocarbons (fluoranthene, phenanthrene, and 

pyrene) were higher in ponds than in adjoining tidal creeks (SCSGC 2018). As most ponds 

are very effective at pollutant retention, greatly reducing pollution in adjoining surface 

waters, many pollutants have been measured in stormwater ponds, including pesticides, 

polycyclic aromatic hydrocarbons, and trace metals. 

Levels of trace metals (As, Cu, and Zn) exceeding sediment quality guidelines 

(Long and Morgan Lee G 1991; Macdonald et al. 1996) have been measured in coastal 

stormwater ponds, often considerably higher than those measured in downstream estuaries 

into which they drain (Baalousha et al. 2015). In theory, stormwater impoundments would 

also serve as protected environments for local flora and fauna. However, high nutrient and 

chemical contaminant loads alter the growth of eukaryotic and prokaryotic microbes, 

which in turn impact water quality (SCSGC 2018). This is evidenced by harmful algal 

blooms and high levels of fecal coliform and Vibrio bacteria that have been measured in 

stormwater ponds. The high levels of trace metals and bacteria in ponds pose a significant 

risk for inducement of highly antibiotic resistant pathogens; several studies (Baker-Austin 

et al. 2006; Stepanauskas et al. 2006; Seiler and Berendonk 2012; Xu et al. 2017) have 

found significant statistical associations between trace metals concentrations in surface 

waters and sediments and increased rates of antimicrobial resistance (AMR). 



 

4 

 

Antimicrobials as Contaminants of Emerging Concern 

There are many anthropogenic sources of antibiotic resistance which end up in the 

environment. Agricultural runoff, particularly from poultry and swine farms, comprises a 

major source of antibiotic inputs into aquatic ecosystems. An estimated 61% of U.S. 

antibiotics sold annually are for agricultural purposes (FDA 2014). Approximately 88% of 

pigs raised in the United States are fed antibiotics daily for disease prevention and growth 

promotion, most commonly tetracyclines, aminoglycosides, and sulfonamides (Landers et 

al. 2012; FDA 2014). These antibiotics are then excreted from the animals and washed into 

adjacent catchment lagoons and water systems (Bradford et al. 2008). 

Recreational areas are also of concern; golf courses are of particular interest due to 

their land application of biosolids from wastewater treatment plants (WWTPs) as fertilizer 

and spray irrigation of treated wastewater (National Research Council 2002; Stacey et al. 

2019), which may still contain trace amounts of pharmaceutical contaminants (Edwards et 

al. 2009). WWTPs are yet another potential source. Their pre- and post-treatment 

containment ponds as well as final effluent can contain pharmaceutical products generally 

unaffected by the treatment process, including antimicrobials like triclosan (Cooper et al. 

2008; Uyaguari et al. 2011; Hedgespeth et al. 2012). 

Once trace amounts of antimicrobials reach natural aquatic ecosystems, they are 

not generally a point of concern from a toxicological standpoint. Despite the frequency of 

detection, the levels at which they are present in the environment are so low they are not 

considered to be a toxicological threat to aquatic organisms (Kolpin et al. 2002). However, 

studies have not traditionally included microbes as organisms of interest when compiling 

risk assessments. With that in mind, it must be noted that the harmful effect of antibiotics 
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in the environment tends to be opposite that of other chemical contaminants. While most 

chemicals are more harmful at higher concentrations, low concentrations of antibiotics 

serve as a sub-lethal dose to the natural bacterial components of aquatic ecosystems (Carey 

and McNamara 2014; DeLorenzo et al. 2016; Scott et al. 2016). This, in turn, fosters 

selection of resistant bacteria and propagation of resistance genes through a variety of 

horizontal gene transfer mechanisms (Aminov 2010; McDaniel et al. 2010). For example, 

a study of the gut microbiota of the grass shrimp Palaemonetes pugio showed a significant 

change in resistance profiles after exposure to oxytetracycline in sub-lethal doses 

(Uyaguari et al. 2009). Another study indicated that acclimation to levels of triclosan found 

in a variety of natural and man-made environments increases antimicrobial resistance 

(AMR) in several human pathogens (Carey and McNamara 2014).  

Aquatic Pathogens 

Enterococci are Gram-positive coccus-shaped bacteria ubiquitous to the 

gastrointestinal tract (GI) of most animals. The opportunistic pathogens E. faecium and E. 

faecalis are among the most common causes of GI illness; vancomycin-resistant E. faecium 

(VRE), in fact, is one of the most concerning sources of nosocomial infection worldwide 

(Willems et al. 2005). Enterococcal illness can be contracted from contact recreation, 

ingestion of contaminated water, or contact with improperly sanitized hospital equipment. 

Outside of clinical settings, enterococci are the standard indicator bacteria for fecal 

contamination of recreational waters in coastal ecosystems (US EPA; Byappanahalli et al. 

2012; Boehm and Sassoubre 2014). This is due to their near-ubiquitous presence in fecal 

samples as well as a well-defined correlation between enterococcal presence and human 

health impacts. Due to these associations, it has been suggested that E. faecium carrying 
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the esp surface protein can be used as a human-specific indicator of human fecal 

contamination, though E. faecium in other mammals may also express esp (Boehm and 

Sassoubre 2014). 

Environmental sources of enterococci include runoff from agricultural areas, 

sewage overflow during flood events, and pet or wildlife waste (Bradford et al. 2008; 

Boehm and Sassoubre 2014). These same sources may also introduce enterococcal bacteria 

to stormwater ponds. Concentrations of fecal enterococci up to 13.13x105 colony forming 

units (CFU) per 100 milliliters (mL) have been measured in agricultural lagoons, and a 

2014 report described levels of fecal enterococci in urban stormwater systems up to 2.4x103 

CFU/mL (Clary et al. 2014). 

E. faecium is an opportunistic pathogen; that is, they will generally only infect hosts 

with immune systems that are compromised in some way. Several virulence genes that 

have been noted to enhance disease-causing abilities of E. faecium include gelE, a 

gelatinase which hydrolyzes gelatin and collagen and exacerbates endocarditis 

(Vankerckhoven et al. 2004; Van Wamel et al. 2007; Al-Talib et al. 2015); aggregation 

substance as1, which both enables conjugative transfer of plasmids by clumping bacterial 

cells together and increases adherence to internal host cells (Vankerckhoven et al. 2004); 

and esp, the enterococcal surface protein. Esp is extremely important in cell adherence and 

biofilm formation (Vankerckhoven et al. 2004; Al-Talib et al. 2015) and increases 

conjugation frequency. Notably, expression of esp is increased when cultured at 

physiological temperature (37°C) compared to an approximated ambient temperature of 

21°C, as well as in anaerobic conditions like those found in the gastrointestinal tract 

(Vankerckhoven et al. 2004; Lund et al. 2006; Van Wamel et al. 2007; Al-Talib et al. 2015). 
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Vibrio vulnificus is a gram-negative, halophilic, rod-shaped saltwater bacterium. 

An opportunistic pathogen, V. vulnificus is often found in warm coastal and estuarine 

waters. It can be transmitted by ingestion of contaminated seafood, such as oysters, causing 

severe gastrointestinal illness. V. vulnificus can also enter the body directly through broken 

skin, leading to necrotizing fasciitis and septicemia (Jones and Oliver 2009; CDC 2019b). 

Vibrio bacteria are the main source of human illness and death from shellfish (Jones and 

Oliver 2009) and Vibrio also have immense ability to develop resistance to a broad range 

of antibiotic agents. It is estimated that V. vulnificus accounts for about a third of the total 

seafood-borne illness costs in the U.S. (Ralston et al. 2011) and has a 51% mortality rate 

(Jones and Oliver 2009).  

Seafood like shrimp and oysters are of particular concern. Resistant bacteria can 

not only be present in seafood sold in stores but are pathogenic to the shrimp themselves 

as well (Kitiyodom et al. 2010; Dash et al. 2017). Vibriosis can affect both larval and adult 

shrimp, causing decreases in growth rate, lethargy, and discolored tissue. Infections can 

cause widespread mortality in mariculture systems (Dash et al. 2017). Oysters, meanwhile, 

ingest Vibrio bacteria while filter feeding, sometimes accumulating the bacteria to over 

100 times the concentration in the water from which they were harvested (Froelich and 

Noble 2016). Consumption of raw or undercooked oysters can therefore be a significant 

source of Vibrio illness.  

There are two main established subtypes of V. vulnificus, differentiated by the 

virulence correlated gene vcg and categorized based on specific sequence variations which 

are generally correlated with environmental (vcgE) or clinical (vcgC) isolation (Jones and 

Oliver 2009). Both subtypes, however, can possess genes which cause illness in humans 
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(Bier et al. 2013). Genes which confer increased ability for cell-to-cell contact—including 

flagellar structural proteins like flgC and flgE, and pilus formation and structural proteins 

(pilA, pilD, and pilF)—are vital for cytotoxicity in wound infections (Jones and Oliver 

2009; Roig et al. 2010; Yamazaki et al. 2019). PilF has been used to determine potential 

pathogenicity of V. vulnificus (Roig et al. 2010; Baker-Austin et al. 2012). Capsular 

polysaccharide (cps) is also essential in evading the host defenses. Additionally, toxin-

producing genes like vvhA enhance virulence, but are not necessary to induce lethality 

(Jones and Oliver 2009). A recent study from the University of South Carolian (Correa 

Velez and Norman 2021) found that exposure to WWTP effluent resulted in increased 

upregulation of genes involved in biofilm formation and downregulation of genes 

associated with motility in V. vulnificus; increased biofilm formation is associated with 

increased antibiotic resistance in Vibrios. 

Isolates of V. vulnificus from coastal Georgia and South Carolina were noted to 

express resistance to an enormous range of antibiotics.  Of 151 V. vulnificus isolates, 45% 

were resistant to three or more of eleven tested classes of antibiotics, indicating widespread 

multidrug resistance (Figure 1.1). This impressive ability to display resistance to so many 

different types of antimicrobials is especially concerning when the pathogenicity of the 

bacteria is considered. Not only does V. vulnificus cause serious and deadly foodborne 

illness, but it is associated with serious wound infections after exposure to affected water, 

quickly leading to necrotizing fasciitis, septicemia, and death. Skin infections tend to be 

acquired by swimming or wading in warm, coastal waters (Koh et al. 2017; CDC 2019b) 

Once these infections reach the bloodstream, the considerable virulence of this pathogen
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Figure 1.1: Resistance response for V. vulnificus (Baker-Austin et al. 2008, 2009) from the Atlantic coast in South Carolina 

and Georgia. 
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becomes especially apparent: If V. vulnificus septicemia is not diagnosed and treated within 

72 hours of onset, the mortality rate jumps to 100% (Baker-Austin et al. 2009). As climate 

change expands the geographic and temporal range of the pathogens due to increased 

salinity (Jones et al. 2008; Deeb et al. 2018) and temperature (Muhling et al. 2017), cases 

of Vibrio infections are on the rise (King et al. 2019). 

With this increasing frequency of cases, news organizations have sensationalized 

the microbe as a “flesh-eating bacterium” (Woosten Jr. 2016; Loria 2018; Baer 2019; 

O’Kane 2019; Shamard 2019). Though awareness of these illnesses is vital in getting 

infected people treated in a timely manner, such alarmism could potentially affect 

mariculture, the seafood industry, and tourism economies which rely on seafood and 

contact recreation activities. The more researchers and medical professionals understand 

about these bacteria and how they interact with humans within coastal environments, the 

better we can alert the public and prepare these industries to deal with this rising infectious 

disease threat. 

Rise of Antimicrobial Resistance 

Following Alexander Fleming’s discovery of penicillin in 1928, fewer than twenty 

years passed before the first cases of penicillin-resistant infections were noted in a clinical 

setting (Ventola 2015). Since then, the phenomenon has accelerated at an unprecedented 

rate, hurried along by human activities. The Centers for Disease Control and Prevention 

(CDC) estimate that there are 2.8 million illnesses and 35,000 deaths each year from drug-

resistant bacteria in the U.S. alone (CDC 2019a), with an estimated health care cost of $21-

34 billion (WHO 2014).  
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A more worrisome number is the future predictions. A report from the United 

Kingdom’s National Health Service (NHS) estimates that by 2050, there will be ten million 

deaths attributable to antimicrobial resistance globally each year, compared with 

approximately 700,000 deaths observed today (O ’Neill 2016). In 2014, the World Health 

Organization (WHO) warned that if antimicrobial resistance continued to trend upwards, 

“A post-antibiotic era – in which common infections and minor injuries can kill--is a very 

real possibility for the 21st century,” (WHO 2014). Despite preventive measures helping 

to decrease the number of annual deaths from AMR infections, a similar report from the 

CDC in 2019 insists that it is already here (CDC 2019a). 

A global epidemiological study from Murray et al. at the University of Washington 

paints a bleak portrait of the current burden imposed by AMR infections. The predictive 

models utilized in this study estimate 1.27 million deaths in 2019 to have been directly 

attributable to antimicrobial-resistant bacteria. By these estimates, AMR is, “a leading 

cause of death around the world, with the highest burdens in low-resource settings” 

(Murray et al. 2022).  

A truly post-antibiotic era will have far-reaching consequences beyond untreatable 

foodborne and skin infections: Our entire modern medical system hinges on antibiotic use. 

Common, easily treated childhood illnesses like strep throat will be life-threatening again. 

Young adults having their wisdom teeth removed will have more to worry about than the 

anesthesia, as the infection risk will jump dramatically. Surgeries which already carry high 

infection risk—from orthopedic implants and pacemakers to organ transplants and cardiac 

bypasses—will become too risky to perform as readily as they are now. In short, increasing 

antimicrobial resistance is, arguably, the greatest public health threat facing current 
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generations. In order to combat it, closer study is required of often-overlooked 

environmental causes and mechanisms that may cause AMR. 

As concerning as the role of pharmaceuticals in the environment is, antimicrobial 

contamination is not the only stressor in aquatic environments noted to induce bacterial 

AMR. There is a growing body of evidence indicating that metals contamination plays a 

role in bacteria developing multidrug resistance, even if those bacteria are in areas in which 

antimicrobial contamination has never been detected (Baker-Austin et al. 2006; 

Stepanauskas et al. 2006; Seiler and Berendonk 2012; Xu et al. 2017). A number of 

different bacterial species have been found to develop high levels of AMR, including 

pathogens (e.g., Vibrio species), indicator bacteria (e.g., Escherichia coli and Enterococcus 

species), and bacterial fauna in microbial loop communities (e.g., Pseudomonas species). 

Co-resistance mechanisms for metals and antimicrobial resistance have also been noted 

(Table 1.1). However, most of this research has been performed with field studies, with 

which come a myriad of potential confounding factors. Additional laboratory studies are 

needed to definitively link bacterial exposure to metals with development of antimicrobial 

resistance. 

As indicated in Table 1.1, bacterial exposure to trace metals may cause cross resistance 

with these five different classes of antibiotics. This is a significant finding as trace metal 

pollution is highly pervasive in coastal regions of the US, including Superfund Sites (Cr, 

Hg, and Zn), stormwater ponds (Cd, Cu, and Zn) and coastal tidal creeks (As, Cd, Cr, Cu, 

Hg, Ni, Pb, and Zn). Potentially toxic levels of these trace metals have been reported by 

the National Oceanic and Atmospheric Administration (NOAA) throughout SC and the 

southeastern U.S. at pervasively high levels (e.g., 8.7-85% prevalence in SC sites (Sanger 
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et al. 1999). Of additional concern are the distributions of low-level trace metals in coastal 

waters which may induce antimicrobial resistance 

Antimicrobial Mechanisms of Action 

Antibiotics are chemical substances either synthesized or produced by living 

organisms, such as bacteria and fungi, which kill or prevent growth of bacterial pathogens. 

They can be either bacteriostatic (preventing growth) or bactericidal (killing the bacteria 

outright). There are several classes of antibiotics with varying mechanisms of action, 

including disruption of cell wall synthesis, DNA synthesis inhibition, and prevention of 

ribosomal translation. What follows is a discussion of several major classes of antibiotics 

used in this study.  

(a) Tetracyclines 

Tetracyclines are a class of bacteriostatic antibiotics which inhibit bacterial growth 

by preventing protein synthesis. More specifically, they competitively bind to the 30S 

ribosomal subunit, effectively impeding translation of tRNA into proteins.  They are 

generally considered to be broad-spectrum antibiotics, but are frequently found to be 

ineffective against enteric, gram-negative bacilli and staphylococci (Papich 2016). 

Oxytetracycline (Figure 1.2) is a common treatment for many human illnesses but is also 

often used in agricultural and veterinary practices. As such, it is often found in the soil of 

large-scale farming operations like CAFOs and washes into catchment lagoons with 

stormwater runoff (Bradford et al. 2008). It can also be directly introduced to waterways 

through mariculture and aquaculture practices (Thurman 2003; Burridge et al. 2010). 
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Table 1.1: Examples of cross-resistance between heavy metals and antibiotics (Baker-Austin et al. 2006).  
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Figure 1.2: Chemical structure of Oxytetracycline (PubChem 2011 Dec 26).  
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(b) Fluoroquinolones 

Fluoroquinolones are broad-spectrum antibiotics which exhibit bactericidal 

properties in both gram-negative and gram-positive bacteria. They are highly effective in  

preventing DNA replication, transcription, and repair by inhibiting the activity of DNA 

topoisomerases. Fluoroquinolones are often used as alternative treatment for bacteria 

resistant to cell wall inhibiting antibiotics such as penicillins, as the mechanisms of action 

are so vastly different (Bayer Pharmaceuticals 2004; Silva et al. 2011). 

The fluoroquinolone, ciprofloxacin (Figure 1.3), is of special interest in 

antimicrobial resistance studies due to its wide-ranging effectiveness. It has long been 

included on the WHO’s Essential Medicines List and is on their Watch Group of 

antimicrobials with a higher potential for development of antimicrobial resistance (WHO 

2021). It is especially relevant to this study in that it is found in sublethal concentrations in 

a growing number of aquatic systems worldwide (Kelly and Brooks 2018). Kolpin et al. 

(2002) reported maximum surface water concentrations of 30 ng/L in watersheds across 

the US.  

(c) Cephalosporins 

Cephalosporins are bactericidal ꞵ-lactam antibiotics arranged into five generations, with 

efficacy against aerobic Gram-positive and Gram-negative microbes varying depending on 

the generation (Merck/Werth 2020). During peptidoglycan synthesis, ꞵ-lactam antibiotics 

replace a key component in peptidoglycan with an unstable ꞵ-lactam ring. As these altered 

peptidoglycans are incorporated into the cell wall, they cause overall instability and 

eventual collapse of the cell. The class in general is very commonly used in clinical   
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Figure 1.3: Chemical structure of ciprofloxacin (PubChem 2005a Mar 25).  
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settings, due to wide-ranging effectiveness and high patient tolerance (Chaudhry et al. 

2019). 

 Cefotaxime (Figure 1.4) is a third generation, extended-spectrum cephalosporin 

with widespread uses, from severe rhinosinusitis and pneumonia to bacteremia and  

bacterial meningitis (Chaudhry et al. 2019). Third generation cephalosporins are often used 

as first-line therapy against necrotizing fasciitis, a condition often associated with Vibrio 

vulnificus infections, especially in conjunction with a fluoroquinolone like doxycycline 

(CDC 2019b). 

(d) Glycopeptides 

Glycopeptide antibiotics are bactericidal, preventing construction of the cell wall 

by inhibiting peptidoglycan synthesis. Contrary to ꞵ-lactams, however, they achieve this 

by competitively binding cell wall proteins and preventing addition of new subunits to the 

peptidoglycan layer. Glycopeptides are narrow spectrum and only indicated for use in 

Gram-positive infections, especially enterococcal infections that exhibit resistance to a 

wide range of other antimicrobials. As such, glycopeptides are, “drug[s] of last resort for 

treatment of life-threatening infections caused by Gram-positive bacteria” (Donadio and 

Sosio 2009 Jan 1). 

 In recent years, vancomycin (Figure 1.5) resistance has come to the forefront of 

clinical use of glycopeptides. Vancomycin-resistant Enterococcus (VRE) is considered by 

the CDC as a serious concern in nosocomial infections in the U.S., accounting for an 

estimated 54,000 cases in hospitalized patients, 5,400 deaths, and $539M in attributable  
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Figure 1.4: Chemical structure of cefotaxime (PubChem 2005 Aug 1).  
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Figure 1.5: Chemical structure of vancomycin (PubChem 2005 Jun 24). 
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healthcare costs in 2017 (CDC 2019a). A major concern with VRE is that, given the broad 

distribution of enterococci in healthcare settings, resistance to vancomycin – a drug of last  

resort – may be conferred to other multidrug-resistant bacterial pathogens. 

(e) Biocides 

Biocides are generally synthetic in origin and are readily used for surface 

disinfection in many settings, including healthcare and household uses. Contrary to  

antibiotics, instead of only targeting bacteria, biocides are effective against microbes such 

as fungi and viruses as well. There are a great variety of effective biocides, each with their 

own specific mechanism of action, and all of which may be contributing significantly to 

the increase in antimicrobial resistant infections (Jones and Joshi 2021). 

 Triclosan (Figure 1.6) is one of the most important biocides used in healthcare 

today. It features heavily in hand washes and surface disinfectants in hospitals, and until 

2017 was approved for household products such as hand soap and toothpaste (FDA 2017). 

The 2017 ban on domestic triclosan use came in response to increasing evidence of a 

relationship between sublethal triclosan exposure and multidrug resistance in bacterial 

pathogens. Beyond the excessive use of triclosan in products outside of healthcare settings, 

triclosan is often found in WWTP effluent from populated areas, particularly in effluent 

affected by large medical communities (Diamond et al. 2011). Once in the aquatic 

ecosystem, triclosan is highly persistent in sediments and may expose aquatic bacteria to 

constant sublethal doses. Vibrio bacteria may be especially vulnerable to this exposure, as 

sediments tend to be seasonal reservoirs of Vibrio species in marine environments (Chase 

et al. 2015).  
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Figure 1.6: Chemical structure of triclosan (PubChem 2005b Mar 25).  
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(f) Arsenicals  

Arsenic has long been known to possess antimicrobial properties. In 1908, the 

Nobel Prize was awarded to Paul Erlich for his work on an arsenic-based treatment for  

syphilis (Satter 2022). In 1944, shortly after the discovery of penicillin as an antibiotic, 

organic arsenic compounds were found to have antimicrobial activity nearly to the level of 

penicillin and contemporary mercury-based antimicrobials  

(Albert et al. 1944). Despite a long-established use of arsenic as an antimicrobial, however, 

the mechanism of action for its antimicrobial activity in prokaryotes is not well understood. 

 The first arsenic-containing product to be approved by the Food and Drug 

Administration for use in animal drug products was 3-Nitro, or roxarsone (Figure 1.7), in 

1944 (U.S. FDA 2021 Apr 30). It remained a common additive in animal feed until its ban 

in 2013 (Dunham 2013); while it was actively available as animal feed, livestock 

byproducts like poultry litter were often used as fertilizers in food crops (Garbarino et al. 

2003; Rutherford et al. 2003). A study from the U.S. Geological Survey (USGS) in 2003 

examining the “Environmental Fate of Roxarsone in Poultry Litter,” found that while stable 

in dry litter, roxarsone degrades to arsenate (Figure 1.8) in approximately 30 days if water 

is added and the mixture allowed to compost (Garbarino et al. 2003). This degradation time 

decreased as the amount of water added increased. A related study of soils from agricultural 

fields indicated that long-term application of poultry litter strongly correlated with elevated 

levels of arsenic in the surrounding soils (Rutherford et al. 2003). Arsenate is highly 

persistent in the environment, as it binds strongly to soils and sediments (Panagiotaras and 

Nikolopoulos 2015).  
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Figure 1.7: Chemical structure of roxarsone (PubChem 2005c Mar 25).  
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Figure 1.8: Chemical structure of sodium arsenate (PubChem 2013 May 27).
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(g) Copper 

Copper surfaces and nanoparticles are popular emerging potential solutions for 

multidrug resistance in nosocomial infections (Benhalima et al. 2019; Montero et al. 2019; 

Ermini and Voliani 2021). Though the antimicrobial activity of copper surfaces is well 

established, the specific mechanism of action is not, although studies suggest involvement 

of dissolved copper ions (Grass et al. 2011) or membrane damage (Santo et al. 2011). 

Additionally, studies indicate that copper ions and nanoparticles may induce oxidative 

stress in bacterial cells due to the production of reactive oxygen species (Applerot et al. 

2012; Ermini and Voliani 2021). Copper is also frequently used as a feed additive in fish 

farms (Burridge et al. 2010) and often found in the sediments of aquaculture operations 

(Seiler and Berendonk 2012).  

In addition to potential use in healthcare settings (Benhalima et al. 2019), copper 

sulfate (Figure 1.9) has been long recommended for prevention and remediation of algal 

blooms in lakes and stormwater ponds, especially in residential neighborhoods and 

recreational settings like golf courses (SC DNR 2020). In this context, copper sulfate is 

applied directly to the aquatic environment, where it will quickly be diluted by rainfall 

and tidal changes.  

(h) Zinc 

 During the search for alternatives to antibiotic use on multidrug resistant pathogens, 

zinc oxide – especially in nanoparticle form – has been posed as a possible way to get 

around the multitude of resistance genes exhibited by the bacteria (Sirelkhatim et al. 2015). 

The antimicrobial activity of zinc ions is thought to be related to reactive oxygen species 

causing oxidative stress or direct disruption of the bacterial cell wall (Pasquet et al. 2014).   
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Figure 1.9: Chemical structure of copper sulfate (PubChem 2004a Sep 16).   
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 Like copper, aquaculture sediments are often enriched with zinc, likely due to 

runoff from terrestrial agriculture operations (Seiler and Berendonk 2012) as well as its use 

as a feed additive (Burridge et al. 2010). 

The antimicrobial activity of zinc sulfate (Figure 1.10) against a wide range of 

microbes is well established (Abdalkader and Al-Saedi). Outside of antimicrobial uses, 

zinc sulfate is a common additive to fertilizers in agricultural practices (UMN-Extension 

2016). As with copper sulfate, agricultural use often results in zinc sulfate being carried 

away with stormwater runoff, to be sequestered in catchment ponds and lagoons. 

Summary 

 Antimicrobial resistance is among the most pressing of modern public health 

concerns. Bacteria such as Enterococci and Vibrios are pathogens which may greatly affect 

healthcare as well as coastal mariculture and tourism industries. Meanwhile, a wide variety 

of human activities may introduce contaminants like heavy metals and antimicrobial 

compounds to the waterways in which such pathogens are ubiquitous. 

While some studies have examined the abilities of individual chemical 

contaminants to affect the AMR of Vibrios and other microbes (e.g., Uyaguari et al, 2009), 

very few studies have examined the effects of chemical mixtures on antimicrobial 

resistance. This issue is further complicated by the abilities of microbes to adapt to a 

changing environment: Often, AMR may be increased at lower doses of chemical exposure 

to antibiotics, altering the prevailing and conventional risk assessment norm that, “the 

higher the dose, the greater the effect,” (Scott et al. 2016). This conundrum is a major 

impediment to better understanding AMR and how to manage it more effectively from an 

environmental perspective.  
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Figure 1.10: Chemical structure of zinc sulfate (PubChem 2004b Sep 16).  
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This study represents an effort to better understand the interactions of aquatic 

microbes to legacy pollutants (e.g., trace metals) and CECs (e.g., pharmaceutical products 

like antimicrobials). How these interactions affect the progression of AMR from a public 

health outlook will be explored and is the focus of this research. The importance of dose 

dependency and individual contaminant versus mixture exposures will be examined in both 

Gram-negative (e.g., Vibrio species) and Gram-positive microbes (e.g., Enterococcus 

species). Both microbes are important indicator bacteria, having environmental and public 

health significance in terms of water quality, seafood safety and wound infections. Their 

abilities to develop AMR in a changing coastal environment pose significant public health 

threats to individuals with underlying health issues including diabetes, autoimmune 

diseases, obesity, and liver and kidney disease, especially in children and senior citizens.
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Chapter 2: Aims and Approach

Problem Statement 

The short-term goal of this study is to determine whether the presence of trace 

metals and clinically relevant antimicrobial products found in coastal waters exerts a 

significant effect on the growth and development of antimicrobial resistance (AMR) in the 

aquatic pathogenic bacteria, Vibrio vulnificus and Enterococcus faecium. Both species 

were selected due to their impact on healthcare, including the problems presented by 

multidrug-resistant strains of each, and their ubiquitous presence in coastal waterways. 

Long-term, this project serves to establish a baseline for predicting the growth of these 

pathogens in the presence of metal and antimicrobial toxicants. This research will establish 

the foundational relationship between trace metals and antimicrobial products in enhancing 

AMR. 

Experimental Design 

The study consists of a series of high-throughput analyses of bacterial growth under 

a variety of exposure conditions to metals and antimicrobials, followed by phenotypic 

resistance profiles. The antimicrobials which will be used (triclosan [TCS], oxytetracycline 

[OTC], and ciprofloxacin [CIP]) are all frequently found in coastal aquatic systems (Kolpin 

et al. 2002; Thurman 2003; Hedgespeth et al. 2012; Kelly and Brooks 2018) and are also 

important in clinical settings. Triclosan is frequently used for decontaminating skin and 

surfaces in hospital settings, and until 2017 was allowed by the Food and Drug 

Administration (FDA) for use in household soaps and antiseptics (FDA 2017). Due to this 
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widespread use, TCS is commonly found in both natural aquatic environments and man-

made water systems (i.e., WWTP holding ponds) (Carey and McNamara 2014). 

Ciprofloxacin is included on the WHO’s list of essential medicines (WHO 2019). Although 

oxytetracycline is no longer used in clinical settings, it is in the same class as doxycycline, 

another antibiotic on the WHO’s essential medicines list and a component of the first-line 

treatment against Vibrio septicemia (WHO 2019; CDC 2019b). OTC is used frequently as 

a feed additive in CAFOs (Bradford et al. 2008) and aquaculture (Uyaguari et al. 2009).  

Additional antibiotics selected for building resistance profiles are applicable for 

each of these microbial organisms of interest. Cefotaxime (CTX) is commonly used in 

conjunction with doxycycline, a tetracycline antibiotic, as the first-line treatment against 

Vibrio septicemia (CDC 2019b). Vancomycin (VAN), meanwhile, is relevant in that 

vancomycin-resistant Enterococci are among the most important nosocomial infections 

(Willems et al. 2005; Al-Talib et al. 2015; Ventola 2015) and are considered a serious 

public health threat by the CDC (CDC 2019a). 

Meanwhile, the metals selected (arsenic [As], copper [Cu], and zinc [Zn]) have 

been found to have a high potential for increasing antibiotic resistance and exhibit co-

resistance mechanisms with several classes of antibiotics (Baker-Austin et al. 2006; Seiler 

and Berendonk 2012; Xu et al. 2017). Elevated levels of As, Cu, and Zn have also been 

measured in agricultural, industrial, and residential stormwater ponds (Bradford et al. 2008; 

Cooper et al. 2008), while Cu and Zn are frequent contaminants of aquaculture sediments 

(Burridge et al. 2010; Seiler and Berendonk 2012). 

In this study, a varied range of concentrations of each metal and antimicrobial 
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was selected rather than simply using the minimal inhibitory concentration (MIC) as do a 

large contingent of toxicology studies investigating antimicrobial properties of various 

compounds. Specifically, the probable no effects concentration (PNEC) and other sub-

lethal levels of the toxicants were tested, as these levels are both more environmentally 

relevant as well as more likely to induce changes in gene expression related to bacterial 

survival in the presence of those toxicants (Aminov 2010; McDaniel et al. 2010; Carey and 

McNamara 2014; DeLorenzo et al. 2016). 

Specific Goals 

Goal 1: Determine baseline growth curves and resistance for V. vulnificus and E. 

faecium exposure to three individual antimicrobials (CIP, OTC, TCS) and three individual 

trace metals (As, Cu, Zn) as compared to control. 

Goal 2: Compare growth effects of nine binary antimicrobial + metal mixtures to 

control and individual exposures of V. vulnificus and E. faecium. 

Goal 3: Compare phenotypic changes in resistance profiles for nine binary 

antimicrobial + metal mixtures to control and individual exposures of V. vulnificus and E. 

faecium. 

Hypotheses 

This research specifically tested the hypothesis that exposure to varying 

concentrations of trace metal and antimicrobial agents, both individually and in mixture, 

will adversely affect the survival, growth and development of Vibrio and Enterococcus 

bacteria. Specific sub-hypotheses tested included: 

H0: Antimicrobial products and trace metals will not significantly alter microbial 

growth patterns.  
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Ha: Antimicrobial products and trace metals will significantly alter microbial 

growth patterns. 

H0: Co-exposure of metals and antimicrobials will have no significant effect on 

either the growth or the development of antimicrobial resistance for either test organism as 

compared to exposure to individual toxicants. 

Ha1: Co-exposure of metals and antimicrobials is expected to alter the microbial 

growth patterns compared to the individual compound growth patterns.  

Ha2: Co-exposure of metals and antimicrobials is expected to alter the development 

of antimicrobial resistance compared to either class of contaminant alone. 
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Chapter 3: Vibrio vulnificus

Materials 

(a) Microbial Organisms 

V. vulnificus (ATCC 27562) was grown in Marine Agar/Broth 2216 (BD Difco). 

Kirby-Bauer assays were performed on Mueller-Hinton Agar (BD Difco). All cultures 

were grown at 30°C, while the Kirby-Bauer agar plates were incubated at 35°C, per the 

protocol instructions (Hudzicki 2009). 

A clinical lab strain from American Type Culture Company (ATCC) was selected 

rather than using an environmental isolate. As the strain was clinically isolated, it is known 

to cause disease without the need for genotyping and therefore clearly relevant to the public 

health application of this experiment. Lab-kept strains are also further ecologically 

removed from environmental stressors which may influence initial growth. 

(b) Antimicrobials 

Analytical grade antimicrobial compounds were obtained as follows: Triclosan 

(TCS) (Irgasan, Fluka, 97.0 to 103.0%), oxytetracycline dihydrate (OTC) (Sigma 

LifeSciences, 94.5 to 102.0%), and ciprofloxacin hydrochloride monohydrate (CIP) (Alfa 

Aesar, 98.0 to 102.0%).Antimicrobial stocks were created in acetone (TCS and OTC) or 

deionized water (CIP) and kept in opaque containers in the dark at 4°C. CIP stocks were 

remade on a biweekly basis to avoid degradation (Eghianruwa 2014). 
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Antimicrobial diffusion discs were used at the following concentrations: CIP 5μg, 

Cefotaxime (CTX) 30μg, and OTC 30μg (BD BBL™ SensiDiscs™). These are 6-mm 

filter-paper discs impregnated with a standard concentration of antimicrobials, as listed. 

(c) Metals 

Analytical grade metal compounds were obtained as follows: Sodium hydrogen 

arsenate heptahydrate (As) (Alfa Aesar, ≥97.5 to ≤102.5%), cupric sulfate pentahydrate 

(Cu) (Sigma CellCulture, ≥98%), and zinc sulfate heptahydrate (Zn) (Sigma CellCulture, 

≥99.0%). Metals stocks were made up in deionized water, wrapped in aluminum foil, and 

kept at 4℃. 

(d) Toxicity Tests with Antibiotics, Biocides, and Trace Metals 

V. vulnificus (ATCC 27562) bacteria were exposed for 24 hours to each 

antimicrobial agent (TCS, OTC, and CIP), and trace metal (As, Cu, and Zn), individually 

and in binary mixtures and % survival and growth of the bacterial cultures were measured 

spectrophotometrically using optical density at a wavelength of 608 nm. 

(e) Statistical Analysis 

Data from the range finding and binary exposure experiments were blanked against 

the growth medium using MARS Data Analysis software before exporting to Microsoft 

Excel, from which these data were reformatted and transferred to SAS®. All statistical 

analyses were performed using SAS® University Edition software, replaced in August 2021 

by the manufacturer with SAS® OnDemand for Academics. 

(f) Instruments and Software 

● Spectrophotometer: BMG LabTech NOVOstar Microplate Reader running MARS 

Data Analysis Software 
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● Data Visualization: Microsoft Excel and SigmaPlot v. 12.5 

● Statistical Analysis: SAS® University Edition (later SAS® OnDemand for Academics) 

Methods 

(a) Protocol 1: Single Exposure Experiments 

The first phase of the study was a range-finding project, which doubled as single-

exposure assays of V. vulnificus (Vv) to antimicrobial products (triclosan [TCS], 

oxytetracycline [OTC], or ciprofloxacin [CIP]) and/or trace metals (arsenic [As], copper 

[Cu], or zinc [Zn]). Glycerol stocks of the microbes were plated on agar and grown 

overnight at 30°C. After 24 hours, an isolated colony was selected at random and 

inoculated into broth media. This was again incubated overnight at 30°C with orbital 

shaking to discourage biofilm formation. 

After 24 hours, the overnight suspension was diluted to an optical density of 

approximately 0.02 at 608 nm (OD608 ≈ 0.02). The diluted suspension was divided into 

individual conical tubes. One tube was spiked with the toxicant, after which serial dilutions 

were performed to achieve the desired exposure concentrations (Table 3.1, Table 3.2).  

Environmental concentrations of antimicrobials (e.g., low dose) were selected 

based on published Probable No-Effects Level (PNEC) (Table 3.1) and correspond to 

levels measured in coastal waters impacted by human activity. Triclosan, for example, was 

measured in wastewater effluent discharging into Charleston Harbor, Charleston, SC, at a 

concentration of 0.3 ppb (Hedgespeth et al. 2012). Oxytetracycline has been found in 

effluent from mariculture operations at levels measuring up to 2.3 ppb (Thurman 2003), 

and a U.S. Geological Survey study on streams susceptible to contamination by human 

sources measured levels of ciprofloxacin up to 0.03 ppb (Kolpin et al. 2002). Clinical levels 
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of ciprofloxacin and oxytetracycline were selected from the maximum serum concentration 

of an adult oral dose (Table 3.1). Clinical triclosan levels were  

based on the concentration found in antimicrobial hand soap (Table 3.1). 

Environmental metals concentrations were based on the Environmental Protection 

Agency’s (EPA’s) Criterion Continuous Concentration (CCC) for saltwater exposure 

(Table 3.2). Levels selected to ensure a toxicological response in the microbes were chosen 

using the published 20th-percentile effect concentration (EC20) values for Vibrio fischerii 

(Table 3.2) as well as published minimum inhibitory concentrations (MIC) for 

Enterococcus species (Table 3.2). The Enterococcus MIC range encompasses the effects 

range median (ERM) sediment quality guideline (Long and Morgan,1990)for both copper 

and zinc, while the Vibrio EC20 range roughly corresponds to the arsenic Effects Range 

Low (ERL) sediment quality guideline (Table 3.3). These are similar to concentrations 

measured in sites like agricultural lagoons and commercial stormwater ponds (Bradford et 

al. 2008; Baalousha et al. 2015), where copper and zinc were both measured in excess of 

the ERM and arsenic in excess of the ERL. 

For those antimicrobials whose stocks were made in acetone due to solubility limits 

(TCS and OTC), an equivalent amount of acetone was added to all samples containing 

lower concentrations of the antimicrobial so that all samples contained 0.3% acetone, and 

a carrier control was also tested. An early pilot test indicated no significant difference in 

growth patterns of V. vulnificus between a diluent control and a carrier control containing 

0.3% acetone, thus the 0.3% acetone levels assured optimum antimicrobial agent 

dissolution into solution without affecting survival and growth.  
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Table 3.1: Nominal concentrations of 

antimicrobials upon which range finding 

assay exposures were based (Bayer 

Pharmaceuticals 2004; Agwuh and 

MacGowan 2006; Rodricks et al. 2010; 

Nietch et al. 2013; Bengtsson-Palme and 

Larsson 2016). 

Antimicrobial
PNEC 

(ppb) 

Clinical 

(ppb)

Triclosan 0.5 4.50E+06

Oxytetracycline 0.5 4.00E+03

Ciprofloxacin 6.40E-02 5.40E+03
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Table 3.2: Nominal concentrations of metals upon 

which range finding assay exposures were based 

(Aarestrup and Hasman 2004; EPA 2004; 

Fulladosa et al. 2005; Rebelo et al. 2012). 

Metal
CCC 

(ppb) 

Vibrio 

EC20 (ppb)

Enterococcus MIC 

(ppb)

Arsenic 36 2.54E+03 5.98E+05

Copper 3.1 60 9.73E+05

Zinc 81 460 2.48E+05
 

  



 

41 

Table 3.3: Sediment Quality Guidelines 

for Arsenic, Copper, and Zinc (Long 

1995). 

  

Metal ERL (ppb) ERM (ppb)

Arsenic 8.20E+03 7.00E+04

Copper 3.40E+04 2.70E+05

Zinc 1.50E+05 4.10E+05
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Diluted and spiked bacterial suspensions were added in triplicate to a 96-well plate 

at 200 μL per well, along with media blanks, a control containing only bacteria, and a 

carrier control (acetone or water). This plate was read in a NOVOstar Microplate Reader  

(BMG LabTech), with a pre-programmed protocol which takes OD608 absorption 

measurements every 15 minutes for 24 hours, maintained at 30°C with dual orbital shaking 

for 0.2 seconds before each read. The growth rate of Vibrio vulnificus is approximately 

3.05 generations per hour at optimal conditions of 30℃ and 20% salinity, meaning the 

culture doubles in density every 19.7 minutes (Chase and Harwood 2011), so taking 

measurements every 15 minutes ensures that these data will capture logarithmic phase 

growth. Meanwhile, plate shaking prevents bacterial settling and biofilm formation, which 

can interfere with optical density readings.  

MARS data analysis software was then used to compile and blank these data using 

the media control wells before exporting to SAS for analysis. This process was repeated 

three times, for a total of four replicates in triplicate within each exposure condition. In 

total, nine data points were obtained for each concentration of antimicrobial agent or trace 

metal tested. The blanked data was exported into Microsoft Excel to obtain these data in a 

format readable by most computers without the proprietary MARS software. From there, 

it was organized and compiled into SAS OnDemand for Academics, where the statistical 

analysis proceeded as described below in Section 2(d). 

(b) Protocol 2: Binary Exposure Experiments 

Binary exposure experiments were conducted to examine the potential interactive 

toxicity (e.g., joint toxicity) between two individual compounds, between different classes 

of chemicals (e.g., antimicrobials and metals). Using data obtained during the first group 
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of experiments, the same general protocol was used to obtain binary exposure data. This 

time, instead of spiking the diluted bacterial suspensions with a single toxicant, this set of 

experiments used one of two conditions. The first was a single concentration of 

antimicrobial (TCS, OTC, or CIP) which was shown to have a sublethal toxicological effect 

– the Minimum Effective Concentration, or MEC (Table 3.4) – on bacterial growth in 

combination with a range of metal (As, Cu, or Zn) concentrations at environmentally-

relevant levels based on the CCC. A second set of experiments was performed using the 

MEC of trace metals (As, Cu, or Zn) in combination with a range of environmentally 

relevant antimicrobial (TCS, OTC, or CIP) levels based on the PNEC. Culture, dilution, 

microbial measurements, and statistical analysis methods remained the same as for the 

single-exposure experiments, culminating in eight individual replicates. In total, twenty-

four individual data points were obtained for each treatment group. 

(c) Protocol 3: Phenotypic Analysis for Antimicrobial Resistance 

To determine a phenotypic resistance profile of V. vulnificus, a set of Kirby-Bauer 

assays (Hudzicki 2009) were performed using a modified inoculum preparation. First, a 

frozen glycerol stock of V. vulnificus was streaked on agar plates and incubated overnight 

in order to obtain isolated colonies. A single colony was then inoculated into broth medium 

and incubated overnight at 30°C. This overnight culture was split into a series of tubes 

containing broth spiked with treatment groups corresponding to those from the binary 

exposure experiments. To prepare the inocula, these acclimated cultures were diluted in 

sterile phosphate-buffered saline until they corresponded with the 0.5 McFarland Standard, 

and the assay proceeded using the standard protocol (Figure 3.1). Antimicrobial challenge 

discs included OTC and CIP, in addition to clinically important cefotaxime to assess effects  
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Table 3.4: Minimum Effective Concentration (MEC) of each 

toxicant used as a constant in binary exposure experiments, as 

determined in Protocol 1 experiments. 

Treatment
Minimum Effective 

Concentration (ppb)

Percent Inhibition 

(%)

Arsenic 510 7.28

Copper 1.39E+04 14.84

Zinc 1.15E+04 -1.07

Triclosan 3.60E+04 6.56

Oxytetracycline 500 4.71

Ciprofloxacin 338 24.41
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Figure 3.1: Kirby-Bauer procedure, adapted from Hudzicki 2009. 
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of the cephalosporins. Three discs of each antimicrobial plus three blank controls were 

placed in triplicate in each of three replicated experiments. Additionally, several 0.5 mL 

aliquots of acclimated bacterial culture from each exposure criterion (antimicrobial alone, 

metal alone, combination antimicrobial + metal, or control) were added to cryovials 

containing 0.5 mL 50% glycerol solution, resulting in a final concentration of 25% 

glycerol, and frozen at -80°C to save for future studies. The inoculated plates were 

incubated at 30℃ for 18 hours, then the Zones of Inhibition (ZOI) were measured 

(Hudzicki 2009; CLSI 2016) using a digital caliper, recorded, and analyzed using a nested 

ANOVA with Dunnett’s test. Resistance levels (Susceptible, Intermediate, or Resistant) 

were determined using breakpoint guidelines published by the Clinical and Laboratory 

Standards Institute (CLSI) (CLSI 2016) (Table 3.5). On Figure 3.1, please note that the 

Inhibition Zones and disc placement are for demonstration only and do not represent actual 

results. A smaller diameter inhibition zone is indicative of more resistant strains while 

larger diameter inhibition zones indicate sensitive isolates. 

(d) Statistical Analysis 

 As each experimental stage consisted of four to eight replicated experiments in 

which each exposure group was examined in triplicate, a one-way nested Analysis of 

Variance (ANOVA) with post-hoc Dunnett’s test was performed to account for these 

triplicate subgroups when comparing treatment results to the control. Studentized Residual 

and Cook’s Distance statistics were used to identify outliers. Those data points for which 

both the 𝑆𝑡𝑢𝑑𝑒𝑛𝑡𝑖𝑧𝑒𝑑 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 >  |3| and 𝐶𝑜𝑜𝑘′𝑠 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 >  4/𝑁 were then 

removed from the ANOVA.  
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Table 3.5: V. vulnificus Inhibition Zone Breakpoints (CLSI 2016). 

Antimicrobial Challenge

Legend ~    Susceptible −   Intermediate    Resistant

Ciprofloxacin (5 µg) ≥21 16-20 ≤15

Cefotaxime (30 µg) ≥15 12-14 ≤11

(Oxy)tetracycline (30 µg) ≥26 23-25 ≤22

Breakpoints

Zone of Inhibition (ZOI) [mm]
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Results 

Percent inhibition (% I) was calculated using the mean OD608 and the following  

formula: 

%𝐼 = [(
𝐴 − 𝐵) 

𝐴
] ∗ 100 

where A = Control OD608 at stationary phase and B = Treatment OD608 at stationary phase. 

For each figure below in Chapter 3, an asterisk (*) indicates exposures which were 

significantly different from the controls (Dunnett’s test p ≤ 0.05). Negative inhibition 

indicates growth exceeding that of the control. For both the Shapiro-Wilk test for normality 

and Levene’s test for homogeneity of variance, these data sets were classified as “meets 

assumptions” if p ≥ 0.05, “minor departure from assumptions” if p 0.05 ≥ 0.02, “moderate 

departure from assumptions” if 0.02 ≥ 0.005, and “fails to meet assumptions” if p < 0.005 

(Zar 1999; Pennington 2022). A data set met assumptions for computed power if p ≥ 0.8, 

and “failed to meet assumptions” if p < 0.8.  

(a) Single Exposure Experiments 

The first set of experiments involved exposure of V. vulnificus individually to 

triclosan, oxytetracycline, and ciprofloxacin. The second set was nearly identical, using 

arsenic, copper, and zinc instead of antimicrobials as the exposure agents. These assays 

were set up as a range-finding pilot studies, as they served to both determine the exposure 

range at which binary exposure experiments would be run as well as to determine a baseline 

growth curve against which to compare the binary exposure study. “Difference in growth” 

is defined as change in OD608 from t=0 until the onset of stationary phase. For V. vulnificus, 

this metric occurred at approximately t=24 hours. Difference in growth was used instead 

of growth rate because pilot experiments of these exposures reached log phase growth at 
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nearly the same time as control for most experiments. Thus, the difference in total growth 

observed was used instead. For all of the figures below, a dagger (†) denotes published 

PNEC value for antimicrobials or CCC value for metals, asterisk (*) indicates statistical 

significance (Dunnett’s test p ≤ 0.05), positive (+) inhibition values were indicative of 

reduced growth, and negative (-) suggest growth stimulation.  

In the Probable No-Effects level range, nested ANOVA results indicated that, for 

all of the antimicrobials tested, there were only slight differences in growth when compared 

to control (Figure 3.2). Though Vibrio vulnificus showed a response to all three 

antimicrobials, it was only a slight difference and was not different enough from controls 

to be considered statistically significant (Table 3.7). Interestingly, treated V. vulnificus 

slightly outgrew the control under several low dose exposures: 0.25 ppb OTC (7.52%), 0.5 

ppb OTC (3.51%), 1.00 ppb OTC (0.91%), and 2.00 ppb TCS (0.81%). 

In the clinical exposure range (Figure 3.3), significant growth inhibition was 

observed in V. vulnificus for all exposures of CIP and the highest TCS concentration. CIP 

doses of 0.675, 1.35, 2.7, and 5.4 ppm all exceeded 95% inhibition, while 0.338 ppm CIP 

had 24.41% inhibition. TCS exposure experienced 93.95% inhibition at 4500 ppm, 77.12% 

at 900 ppm, and 29.75% at 180 ppm. While there was a slight, defined dose response to 

OTC, none of the exposure levels experienced statistically significant inhibition (Table 

3.8). 

Results for V. vulnificus exposure to Criterion Continuous Concentration ranges of two of 

the three metals (As and Zn) expressed similar variation between exposures as to the PNEC 

antimicrobials (Figure 3.4).  Arsenic treatment at a level exceeding the CCC by 800% (144 

ppb) caused growth inhibition of 6.2%, with the corresponding concentration of zinc (324   
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Table 3.6: ANOVA Assumptions Legend, as applied to results presented in tables that 

follow. 

Meets 

Assumptions

Minor 

Departure from 

Assumptions

Moderate Departure 

from Assumptions

Fails to Meet 

Assumptions
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Figure 3.2: Inhibition of V. vulnificus following exposure to the PNEC range of antimicrobials. 
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Table 3.7: ANOVA statistical analysis of results from the PNEC range of antimicrobials.

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 8 0.0589 0.5135 0.999

0.032 9 0.2599

0.064† 9 0.2437

0.128 9 0.3803

0.256 9 0.8728

Negative Control 7 0.2466 0.1697 0.999

0.25 9 0.0972

0.50† 9 0.654

1 9 0.999

2 8 0.9994

Negative Control 9 0.1162 0.1857 0.763

0.25 9 0.9975

0.50† 9 0.9576

1 9 0.9974

2 9 0.9951

PNEC 

[Ciprofloxacin] 

(ppb)
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Figure 3.3: Inhibition of V. vulnificus following exposure to the clinical range of antimicrobials. 
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Table 3.8: ANOVA statistical analysis of results from the clinical range of antimicrobials.

Treatment 

Group
Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 6 0.0759 0.0186 0.999

169 6 0.6741

338 4 2.60E-03

675 6 1.00E-04

1,350 6 1.00E-04

2,700 6 1.00E-04

5,400.00† 6 1.00E-04

Negative Control 6 0.243 0.104 0.999

125 6 0.9996

250 6 0.9939

500 6 0.9961

1,000 6 0.9867

2,000 6 0.9907

4,000† 3 0.877

Negative Control 6 0.819 0.0599 0.999

1,440 6 1

7,200 6 0.9809

36,000 6 0.9844

180,000 6 0.9323

900,000 5 0.0785

4,500,000 6 3.00E-04

Clinical 

[Ciprofloxacin] 

(ppb)

Clinical 

[Oxytetracycline] 

(ppb)

Clinical [Triclosan] 

(ppb)
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Figure 3.4: Inhibition of V. vulnificus following exposure to the CCC range of metals. 



 

56 

ppb) reaching 7.3% inhibition. None of the arsenic or zinc treatments achieved statistical 

significance. Conversely, all four of the copper concentrations showed significant changes in 

growth inhibition as compared to control (Table 3.9). The highest copper concentration in this 

range, 12.4 ppb Cu, reached nearly 4.5% inhibition. Also note that at the lowest- tested 

concentration of copper (1.55 ppb), growth exceeded the control by a significant 8.7%.Results 

of exposures at the range based on V. fischerii EC20 values (Figure 3.5), V. vulnificus 

displayed a distinct and significant dose-response curve when exposed to arsenic, ranging from 

approximately 7.3% at 0.51 ppb As to 47.6% inhibition at 63.3 ppb As. Again, at two 

concentrations of copper (0.012 ppb and 0.060 ppb), V. vulnificus outgrew the control by 4.7% 

and 2.5%, respectively, but only the lowest dose was significantly different from the controls 

(Table 3.10). At higher Cu doses of 0.5 ppb and 1.5 ppb, the bacteria only experienced up to 

1% inhibition and were not significantly different from the controls. V. vulnificus exposures to 

Zn did not result in statistically significant inhibition or biostimulation, although the 11,500 

ppb Zn slightly outgrew the control by approximately 1%, while it was inhibited by up to 1.8% 

at the three lower concentrations. 

At the highest-tested concentration range -- based on the published Enterococcus 

minimum inhibitory concentrations (MIC) for each metal -- V. vulnificus growth was 

significantly inhibited compared to controls (Figure 3.6, Table 3.11). Both copper and zinc 

exposures exceeded 98% inhibition for all concentrations, and arsenic exposure ranged from 

~65-93% inhibition. 

As a secondary goal of the single-exposure study was to determine a sublethal yet effective 

concentration (between 10% and 20% inhibition) of the toxicants to use in a series of binary 

exposure experiments, a fourth range of copper concentrations was tested, at concentrations  
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Table 3.9: ANOVA statistical analysis of results from the CCC range of metals.

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 9 0.0674 0.2061 0.987

18 9 0.9995

36.0† 8 0.6761

72 9 0.997

144 8 0.7858

Negative Control 9 0.9105 0.1328 0.999

1.55 7 0.0189

3.10† 9 1

6.2 8 0.9954

12.4 8 0.1615

Negative Control 9 0.9289 0.045 0.997

40.5 7 0.8954

81 9 0.5822

162.0† 9 0.9447

324 9 0.3559

CCC [Zinc] (ppb)

CCC [Arsenic] 

(ppb)

CCC [Copper] 

(ppb)
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Figure 3.5: Inhibition of V. vulnificus following exposure to EC20 range of metals. 
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Table 3.10: ANOVA statistical analysis of results from the EC20 range of metals. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 9 0.3551 0.0472 0.999

510 9 0.0127

2,540† 9 1.00E-04

12,700 9 1.00E-04

63,300 6 1.00E-04

Negative Control 9 0.066 0.0478 0.999

12 9 0.0137

60† 8 0.2742

300 9 0.9994

1,500 9 0.8462

Negative Control 7 0.1294 0.0545 0.966

92 9 0.9413

460† 9 0.6547

2,300 9 0.8143

11,500 9 0.943

EC20 [Zinc] (ppb)

EC20 [Arsenic] 

(ppb)

EC20 [Copper] 

(ppb)
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Figure 3.6: Inhibition of V. vulnificus following exposure to MIC range of metals. 
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Table 3.11: ANOVA statistical analysis of results from the MIC range of metals. 

Treatment 

Group
Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 9 0.83 0.0869 0.999

298,800 9 1.00E-04

597,600† 7 1.00E-04

1,195,200 9 1.00E-04

2,390,400 9 1.00E-04

Negative Control 3 0.5856 0.2676 0.999

123,830 9 1.00E-04

247,650† 9 1.00E-04

495,300 9 1.00E-04

990,600 7 1.00E-04

Negative Control 7 0.8722 0.0462 0.999

123,750 9 1.00E-04

247,500† 9 1.00E-04

495,000 9 1.00E-04

990,000 8 1.00E-04

MIC [Zinc] (ppb)

MIC [Arsenic] 

(ppb)

MIC [Copper] 

(ppb)
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ranging between the CCC and EC20 exposure doses. This range of Cu exposures 

achieved that goal, as all doses were significantly inhibited compared to controls and the 

13,890 ppb Cu resulted in a 14.84% inhibition (Figure 3.7, Table 3.12). 

(b) Binary Exposure Experiments 

Following the conclusion of the single-compound exposure experiments, 

concentrations of the six toxicants which caused a sublethal toxicological effect at 

environmentally relevant levels were identified. These concentrations will be referred to as 

the minimum effective concentration (MEC). The MEC values for each compound (trace 

metals and antimicrobials) were used as constants and secondary controls in a series of 

experiments examining binary exposures of V. vulnificus to the sublethal toxicant in 

combination with the PNEC range of antimicrobials or CCC range of metals. 

For all of the figures below, a dagger (†) denotes published PNEC value for 

antimicrobials or CCC value for metals, asterisk (*) indicates statistical significance 

(Dunnett’s test p ≤ 0.05), positive (+) inhibition values were indicative of reduced growth, 

and negative (-) suggest growth stimulation compared to the negative control.  

The Binary Group 1 mixture consisted of 510 ppb As in combination with the PNEC ranges 

of TCS, OTC, or CIP (Figure 3.8). Most of the binary treatments were very similar to the 

arsenic control, with some notable exceptions. The combination of 510 ppb arsenic with 

2.0 ppb triclosan, instead of causing approximately 2% inhibition like arsenic alone, 

induced growth stimulation of 2.5%, while the 0.256 ppb CIP caused similar stimulation 

of 1.8%. The 510 ppb As with PNEC for OTC caused 5.6% growth stimulation, which was 

the only combination significantly different from the control (Table 3.13).  
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Figure 3.7: Inhibition of V. vulnificus 

following exposure to a range of copper 

concentrations falling between the CCC 

and EC20 concentration ranges.
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Table 3.12: ANOVA statistical analysis of results from the mid-range of copper concentrations. 

Treatment 

Group
Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 9 0.6117 0.0747 0.999

510 8 0.0105

1,540 9 2.00E-04

4,630 9 1.00E-04

13,890 7 1.00E-04

41,670 9 1.00E-04

Midrange [Copper] 

(ppb)
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Figure 3.8: Inhibition of V. vulnificus following exposure to the Binary Group 1 mixture of the As MEC with a PNEC range of (a) 

TCS, (b) OTC, or (c) CIP.  
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Table 3.13: ANOVA statistical analysis of results from the Binary Group 1 Mixtures of MEC As with PNEC ranges of 

TCS, OTC, or CIP. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 12 0.6321 0.0376 0.999

510 ppb As 12 0.3952

510 ppb As, 0.25 ppb 

TCS 12 0.1651

510 ppb As, 0.5 ppb 

TCS† 12 0.3443

510 ppb As, 1.0 ppb 

TCS 12 0.3944

510 ppb As, 2.0 ppb 

TCS 12 0.1756

Negative Control 12 0.6321 0.0376 0.999

510 ppb As 12 0.3246

510 ppb As, 0.25 ppb 

OTC 12 3.00E-04

510 ppb As, 0.5 ppb 

OTC† 12 0.9317

510 ppb As, 1.0 ppb 

OTC 12 0.1092

510 ppb As, 2.0 ppb 

OTC 12 0.0763

Negative Control 11 0.1157 0.0772 0.999

510 ppb As 11 0.1851

510 ppb As, 0.032 

ppb CIP 12 0.0532

510 ppb As, 0.064 

ppb CIP† 12 0.0777

510 ppb As, 0.128 

ppb CIP 12 0.2709

510 ppb As, 0.256 

ppb CIP 12 0.263

Binary 1.2: 510 ppb As, 

PNEC [OTC] (ppb)

Binary 1.1: 510 ppb As, 

PNEC [TCS] (ppb)

Binary 1.3: 510 ppb As, 

PNEC [CIP] (ppb)
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In contrast to Binary Group 1, the copper group did not experience any growth 

stimulation when combined with PNEC-level antimicrobials, and all treatment groups were 

statistically significant for increased growth inhibition compared to control (Table 3.14). 

The copper MEC control exposure (13,890 ppb Cu) exceeded the growth inhibition of all 

of the TCS treatment groups by approximately 1%, while in the MEC copper + CIP groups 

all exceeded the MEC copper control growth inhibition by between 0.3% and 1.2%. For 

both groups, growth inhibition in the binary exposures were either all significantly (p ≤ 

0.05) different from the negative control but were not significantly different from the MEC 

copper control. The copper + OTC group also mostly exceeded the copper control, by 

between 0.12% and 1.5%. A notable exception is 13,890 ppb Cu in combination with 0.25 

ppb OTC. This treatment group experienced 23-.63% lower growth inhibition than 13,890 

ppb Cu exposure alone, although this value was not statistically significant (Figure 3.9, 

Table 3.14). 

 Following co-exposure to 11,500 ppb MEC Zn exposure and TCS, there were only 

negligible reductions in growth inhibition for three of the four TCS PNEC concentrations 

tested (Figure 3.10). At the TCS concentration representing approximately 800 times the 

PNEC value, however, biostimulation was observed as the bacteria outgrew the MEC zinc 

exposure by 6.25%. Additionally, MEC Zn in combination with the PNEC of 

oxytetracycline experienced growth stimulation of 11.3% as compared to the MEC Zn 

exposure alone. Additionally, the combination of ciprofloxacin representing an 800% 

exceedance of the PNEC in combination with zinc experienced 6.3% growth stimulation, 



 

 

6
8
 

 

a. Binary Group 2.1

Neg
ati

ve
 C

ontr
ol

13,890 ppb C
u

13,890 ppb C
u, 

0.25 ppb T
CS

13,890 ppb C
u, 

0.5 ppb T
CS†

13,890 ppb C
u, 

1.0 ppb T
CS

13,890 ppb C
u, 

2.0 ppb T
CS

P
er

ce
nt

 I
nh

ib
iti

o
n 

(%
)

0

2

4

6

8

10

12

14

8.75%
8.16%

8.59%
8.11%

7.62%*
*

*
*

*

b. Binary Group 2.2

Neg
ati

ve
 C

ontr
ol

13,890 ppb C
u

13,890 ppb C
u, 

0.25 ppb O
TC

13,890 ppb C
u, 

0.5 ppb O
TC†

13,890 ppb C
u, 

1.0 ppb O
TC

13,890 ppb C
u, 

2.0 ppb O
TC

P
er

ce
nt

 I
nh

ib
iti

o
n 

(%
)

0

2

4

6

8

10

12

14

8.75%

6.12%

8.96%
8.87%

10.27%

*

*

*
*

*

c. Binary Group 2.3

Neg
ati

ve
 C

ontr
ol

13,890 ppb C
u

13,890 ppb C
u, 

0.032 ppb C
IP

13,890 ppb C
u, 

0.064 ppb C
IP

†

13,890 ppb C
u, 

0.128 ppb C
IP

13,890 ppb C
u 0

.256 ppb C
IP

P
er

ce
nt

 I
nh

ib
iti

o
n 

(%
)

0

2

4

6

8

10

12

14

8.75%
9.58%

9.95%

9.28%
9.10%

*
*

*
*

*

 

Figure 3.9: Inhibition of V. vulnificus following exposure to the Binary Group 2 mixture of the Cu MEC with a PNEC range of (a) 

TCS, (b) OTC, or (c) CIP. 
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Table 3.14: ANOVA statistical analysis of results from the Binary Group 2 Mixtures of MEC Cu with 

PNEC ranges of TCS, OTC, or CIP.  

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 11 0.9381 0.0222 0.999

13,890 ppb Cu 12 4.00E-04

13,890 ppb Cu, 0.25 

ppb TCS 12 8.00E-04

13,890 ppb Cu, 0.5 

ppb TCS† 11 5.00E-04

13,890 ppb Cu, 1.0 

ppb TCS 12 9.00E-04

13,890 ppb Cu, 2.0 

ppb TCS 12 2.20E-03

Negative Control 11 0.9202 0.0164 0.999

13,890 ppb Cu 12 3.00E-04

13,890 ppb Cu, 0.25 

ppb OTC 10 7.30E-03

13,890 ppb Cu, 0.5 

ppb OTC† 12 2.00E-04

13,890 ppb Cu, 1.0 

ppb OTC 11 3.00E-04

13,890 ppb Cu, 2.0 

ppb OTC 12 1.00E-04

Negative Control 11 0.6088 0.0206 0.999

13,890 ppb Cu 12 1.00E-04

13,890 ppb Cu, 0.032 

ppb CIP 11 1.00E-04

13,890 ppb Cu, 0.064 

ppb CIP† 12 1.00E-04

13,890 ppb Cu, 0.128 

ppb CIP 12 1.00E-04

13,890 ppb Cu 0.256 

ppb CIP 10 1.00E-04

Binary 2.2: 13,890 ppb Cu, 

PNEC [OTC] (ppb)

Binary 2.3: 13,890 ppb Cu, 

PNEC [CIP] (ppb)

Binary 2.1: 13,890 ppb Cu, 

PNEC [TCS] (ppb)
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Figure 3.10: Inhibition of V. vulnificus following exposure to the Binary Group 3 mixture of the Zn MEC with a PNEC range of (a) 

TCS, (b) OTC, or (c) CIP. 
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outgrowing the MEC Zn exposure by 8.4%. However, statistical analysis (Table 3.15) 

indicated that none of the PNEC TCS, OTC, or CIP and MEC Zn mixtures were 

significantly different from the negative controls or individual MEC Zn exposure alone 

(Table 3.15). 

 Exposure to binary mixtures of MEC TCS and all three CCC-range trace metal 

concentrations experienced significant growth inhibition (Table 3.16). Co-exposure to 

arsenic (18-172 ppb) and triclosan (36,000 ppb) resulted in slightly less inhibition in the 

two lowest arsenic exposures than the TCS MEC exposure alone, but the highest arsenic 

concentration tested (144 ppb) outgrew the TCS MEC exposure by 5.5% (Figure 3.11). 

The three highest arsenic and MEC TCS exposure group mixtures had significantly (p ≤ 

0.05) reduced growth compared to the negative control but were not significantly different 

from the TCS MEC exposure. Similarly, all of the co-exposures of TCS with Cu and TCS 

with Zn outgrew the TCS MEC by up to 9%, had significantly (p ≤ 0.05) reduced growth 

compared to the negative control, and were not significantly different from the TCS MEC 

exposure group. 

 The majority of co-exposures to OTC at the MEC concentration and CCC-level 

metals resulted in the binary mixtures having only slightly increased growth inhibition (< 

3.72%) when compared to the OTC MEC exposure and were not significantly different (p 

≤ 0.05) from the OTC MEC exposure or negative control alone (Table 3.17). Each metal, 

however, had one concentration which, in combination with oxytetracycline, had 

biostimulated growth and outgrew the OTC MEC exposure group alone (Figure 3.12). For 

example, the 144 ppb arsenic with oxytetracycline experienced 2.1% growth stimulation, 

outgrowing the triclosan control by nearly 3%; the 1.5 ppb copper experienced 
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Table 3.15: ANOVA statistical analysis of results from the Binary Group 3 Mixtures of MEC Zn with 

PNEC ranges of TCS, OTC, or CIP. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 10 0.0238 0.0104 0.999

11,500 ppb Zn 11 0.9995

11,500 ppb Zn, 0.25 

ppb TCS 11 0.9993

11,500 ppb Zn, 0.5 

ppb TCS† 11 0.9994

11,500 ppb Zn, 1.0 

ppb TCS 12 1

11,500 ppb Zn, 2.0 

ppb TCS 12 0.8954

Negative Control 10 0.902 0.0603 0.999

11,500 ppb Zn 10 0.9999

11,500 ppb Zn, 0.25 

ppb OTC 11 0.7899

11,500 ppb Zn, 0.5 

ppb OTC† 11 0.9997

11,500 ppb Zn, 1.0 

ppb OTC 11 1

11,500 ppb Zn, 2.0 

ppb OTC 11 0.9977

Negative Control 10 0.1704 0.0669 0.999

11,500 ppb Zn 10 0.9987

11,500 ppb Zn, 0.032 

ppb CIP 11 0.1651

11,500 ppb Zn, 0.064 

ppb CIP† 11 0.3443

11,500 ppb Zn, 0.128 

ppb CIP 11 0.3944

11,500 ppb Zn 0.256 

ppb CIP 12 0.1756

Binary 3.2: 11,500 ppb Zn, 

PNEC [OTC] (ppb)

Binary 3.3: 11,500 ppb Zn, 

PNEC [CIP] (ppb)

Binary 3.1: 11,500 ppb Zn, 

PNEC [TCS] (ppb)
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Figure 3.11: Inhibition of V. vulnificus following exposure to the Binary Group 4 mixture of the TCS MEC with a CCC range of (a) 

As, (b) Cu, or (c) Zn. 
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Table 3.16: ANOVA statistical analysis of results from the Binary Group 4 Mixtures of MEC TCS with CCC 

range of As, Cu, or Zn. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 10 0.0912 0.0426 0.999

36,000 ppb  TCS 11 0.0225

36,000 ppb TCS, 18 

ppb As 9 0.0603

36,000 ppb TCS, 36 

ppb As† 11 0.0372

36,000 ppb TCS, 72 

ppb As 12 0.0158

36,000 ppb TCS, 144 

ppb As 12 4.70E-03

Negative Control 10 0.493 0.0225 0.999

36,000 ppb TCS 11 2.60E-03

36,000 ppb TCS, 1.55 

ppb Cu 12 4.00E-04

36,000 ppb TCS, 3.1 

ppb Cu† 12 2.00E-04

36,000 ppb TCS, 6.2 

ppb Cu 12 1.00E-04

36,000 ppb TCS, 12.4 

ppb Cu 12 1.00E-04

Negative Control 10 0.6998 0.068 0.999

36,000 ppb TCS 11 2.40E-03

36,000 ppb TCS, 40.5 

ppb Zn 12 1.00E-03

36,000 ppb TCS, 81 

ppb Zn† 12 2.00E-04

36,000 ppb TCS, 162 

ppb Zn 12 2.00E-04

36,000 ppb TCS, 324 

ppb Zn 11 7.00E-04

Binary 4.1: 36,000 ppb  

TCS, CCC [As] (ppb)

Binary 4.3: 36,000 ppb  

TCS, CCC [Zn] (ppb)

Binary 4.2: 36,000 ppb  

TCS, CCC [Cu] (ppb)
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Figure 3.12: Inhibition of V. vulnificus following exposure to the Binary Group 5 mixture of the OTC MEC with a CCC range of 

(a) As, (b) Cu, or (c) Zn. 
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Table 3.17: ANOVA statistical analysis of results from the Binary Group 5 Mixtures of MEC OTC with 

CCC range of As, Cu, or Zn. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 10 0.0217 0.2034 0.999

500 ppb OTC 12 1

500 ppb OTC, 18 ppb 

As 12 0.9106

500 ppb OTC, 36 ppb 

As† 12 0.7859

500 ppb OTC, 72 ppb 

As 12 0.566

500 ppb OTC, 144 

ppb As 12 0.5467

Negative Control 10 0.0987 0.0356 0.999

500 ppb OTC 12 1

500 ppb OTC, 1.55 

ppb Cu 11 0.0236

500 ppb OTC, 3.1 

ppb Cu† 11 0.7554

500 ppb OTC, 6.2 

ppb Cu 12 0.9371

500 ppb OTC, 12.4 

ppb Cu 12 0.5477

Negative Control 10 0.4016 0.0231 0.999

500 ppb OTC 12 0.9999

500 ppb OTC, 40.5 

ppb Zn 12 0.5376

500 ppb OTC, 81 ppb 

Zn† 12 0.4539

500 ppb OTC, 162 

ppb Zn 12 0.35

500 ppb OTC, 324 

ppb Zn 12 0.3844

Binary 5.1: 500 ppb OTC, 

CCC [As] (ppb)

Binary 5.2: 500 ppb OTC, 

CCC [Cu] (ppb)

Binary 5.3: 500 ppb OTC, 

CCC [Zn] (ppb)
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6.3% growth stimulation and outgrew the OTC MEC exposure by 5.4%; and the 324 ppb 

zinc experienced 1.8% growth stimulation, outgrowing the OTC MEC by 2.7%. Statistical 

analysis revealed that none of these OTC and CCC trace metals mixtures causing 

biostimulated growth were statistically different (p ≤ 0.05) from the negative controls or 

the OTC MEC exposure alone (Table 3.17). 

 The ciprofloxacin-based binary exposure group was different from the rest of the 

binary mixture groups in that the CIP MEC exposure group caused much greater 

stimulation as opposed to growth inhibition. More importantly, biostimulation was 

observed across a broad range of exposures in each of the three trace metals tested and was 

not seen in the single-exposure experiments. Growth inhibition ranged from 0.5% - 11.95% 

across all three metals and varied with exposure levels for each trace metal. Regardless, 

slight differences were seen between the CIP MEC exposure and co-exposures to CIP and 

metals. Growth inhibition was observed in co-exposure to CIP and As at 36 ppb and 72 

ppb, up to 1.4% inhibition and a 2.3% change from the CIP MEC exposure group. 

Additionally, ciprofloxacin with 1.55 ppb copper experienced an additional 5.5% 

stimulation compared to growth in the CIP MEC exposure group, while at 12.4 Cu, 1.8% 

growth inhibition was observed. Finally, exposure to both CIP and Zn experienced growth 

inhibition up to 1.9% at 81 ppb zinc, and 3.3% stimulation at 324 ppb Zn exposure. None 

of these slight increases in biostimulation or growth inhibition in the Binary Group 6 metals 

were significantly (p ≤ 0.05) different when compared to the negative control or the CIP 

MEC exposure group (Figure 3.13; Table 3.18).
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Figure 3.13: Inhibition of V. vulnificus following exposure to the Binary Group 6 mixture of the CIP MEC with a CCC range of (a) 

As, (b) Cu, or (c) Zn. 

  



 

 

7
9
 

Table 3.18: ANOVA statistical analysis of results from the Binary Group 6 Mixtures of MEC CIP 

with CCC range of As, Cu, or Zn. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 11 0.2833 0.0185 0.999

338 ppb CIP 12 0.7297

338 ppb CIP, 18 ppb 

As 12 0.9812

338 ppb CIP, 36 ppb 

As† 12 1

338 ppb CIP, 72 ppb 

As 12 0.9994

338 ppb CIP, 144 

ppb As 12 0.0989

Negative Control 11 0.8003 0.0467 0.999

338 ppb CIP 12 0.7345

338 ppb CIP, 1.55 

ppb Cu 12 3.20E-03

338 ppb CIP, 3.1 ppb 

Cu† 12 0.2716

338 ppb CIP, 6.2 ppb 

Cu 12 0.9889

338 ppb CIP, 12.4 

ppb Cu 12 0.9557

Negative Control 10 0.8161 0.0541 0.999

338 ppb CIP 10 0.9117

338 ppb CIP, 40.5 

ppb Zn 12 0.9523

338 ppb CIP, 81 ppb 

Zn† 12 0.7792

338 ppb CIP 162 ppb 

Zn 12 0.9865

338 ppb CIP, 324 

ppb Zn 12 0.2316

Binary 6.1: 338 ppb CIP, 

CCC [As] (ppb)

Binary 6.2: 338 ppb CIP, 

CCC [Cu] (ppb)

Binary 6.3: 338 ppb CIP, 

CCC [Zn] (ppb)
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(c) Kirby-Bauer Assays 

For all of the figures below, an asterisk (*) indicates statistical significance 

(Dunnett’s test p ≤ 0.05). Positive (+) susceptibility values indicate that the antimicrobial 

challenge was more toxic to the exposure group than the negative control, and negative (-

) susceptibility values indicate that the antimicrobial challenge was less toxic for the 

exposure group than the negative control. No more than two data points (~22%) were 

removed as outliers from any given treatment group, and most had no data points removed. 

 When compared against the CLSI breakpoints for inhibition zones, all of the 

treatment groups were categorized as susceptible to both ciprofloxacin and cefotaxime 

(Table 3.19b). The negative control and all Low Dose Control treatments except 

ciprofloxacin were of intermediate susceptibility to oxytetracycline, as were the High Dose 

Controls for zinc, triclosan, and oxytetracycline. Binary groups of intermediate 

susceptibility to oxytetracycline included: 510 ppb As with 0.5 ppb OTC, 510 ppb As with 

0.064 ppb CIP, 11,500 ppb Zn with 0.5 ppb OTC and 11,500 ppb Zn with 0.064 ppb CIP, 

and 36,000 ppb TCS with 36 ppb As. There was only one treatment group with a small 

enough ZOI to be considered resistant, which was 11,500 ppb Zn with 0.5 ppb TCS. All 

other control and exposure groups were susceptible to oxytetracycline. 

 Controls for each of the concentrations used in binary mixture for the Kirby-Bauer 

assays were assessed alongside the binary mixture groups. The Low Dose group consisted 

of exposures to the published CCC for arsenic, copper, and zinc, and the published PNEC 

values of triclosan, oxytetracycline, and ciprofloxacin. Each treatment had at least slight 

non-statistically significant changes in susceptibility to both ciprofloxacin and 

oxytetracycline from the negative control. Only 6.2 ppb Cu resulted in a decrease in   
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Table 3.19(a): AMR breakpoints for V. vulnificus exposure to ciprofloxacin 

(CIP), cefotaxime (CTX), and oxytetracycline (OTC) (CLSI 2016).

Antimicrobial 

Challenge

Legend ~    Susceptible −   Intermediate    Resistant

Ciprofloxacin (5 µg) ≥21 16-20 ≤15

Cefotaxime (30 µg) ≥15 12-14 ≤11

(Oxy)tetracycline (30 µg) ≥26 23-25 ≤22

Breakpoints
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Table 3.19(b): V. vulnificus post-exposure Zones of Inhibition with susceptibility 

designations. 

Treatment Group Treatment CIP Challenge CTX Challenge OTC Challenge

Negative Control None 23.7 24.0 24.0

36 ppb As 25.3 25.0 24.8

6.2 ppb Cu 24.8 24.8 24.9

81 ppb Zn 25.3 25.3 25.1

0.5 ppb TCS 24.8 24.8 24.9

0.5 ppb OTC 25.1 25.1 24.2

0.064 ppb CIP 25.9 25.9 26.1

510 ppb As 29.2 27.6 26.9

13,890 ppb Cu 30.4 29.0 27.4

11,500 ppb Zn 29.4 25.7 24.5

36,000 ppb TCS 31.4 29.1 25.9

500 ppb OTC 29.2 26.3 25.4

338 ppb CIP 31.3 28.3 26.7

510 ppb As, 0.5 ppb TCS 29.7 25.0 26.1

510 ppb As, 0.5 ppb OTC 30.0 26.2 25.2

510 ppb As,0.064 ppb CIP 30.3 26.5 24.6

13,890 ppb Cu, 0.5 ppb TCS 31.1 30.9 26.3

13,890 ppb Cu, 0.5 ppb OTC 30.8 28.5 27.1

13,890 ppb Cu, 0.064 ppb CIP 31.4 29.4 27.3

11,500 ppb Zn, 0.5 ppb TCS 29.7 26.4 21.9

11,500 ppb Zn, 0.5 ppb OTC 29.6 26.3 25.9

11,500 ppb Zn, 0.064 ppb CIP 31.1 26.0 25.9

36,000 ppb TCS, 36 ppb As 30.5 27.3 26.0

36,000 ppb TCS, 3.1 ppb Cu 31.4 29.4 27.7

36,000 ppb TCS, 81 ppb Zn 31.9 28.8 27.8

500 ppb OTC, 36 ppb As 30.1 27.4 26.8

500 ppb OTC, 3.1 ppb Cu 30.7 27.6 26.5

500 ppb OTC, 81 ppb Zn 32.4 29.4 27.0

338 ppb CIP, 36 ppb As 28.2 28.2 27.3

338 ppb CIP, 3.1 ppb Cu 32.3 32.4 29.2

338 ppb CIP, 81 ppb Zn 28.0 28.0 27.9

Average Zone of Inhibition (mm)

Low Controls

High Controls

Binary Group 1

Binary Group 2

Binary Group 3

Binary Group 4

Binary Group 5

Binary Group 6
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susceptibility, though not enough to qualify it as “resistant.” The largest susceptibility 

changes were seen in those cultures acclimated to 0.064 ppb CIP, with a 7.17% increase in 

susceptibility to ciprofloxacin and 8.74% increase in susceptibility to oxytetracycline. 

None of these changes in susceptibility were significantly (p ≤ 0.05) different in 

comparison with the negative control (Figure 3.14; Table 3.20). 

The High Dose Group consisted of the toxicant concentrations used as constants in 

each binary treatment group. Changes in susceptibility to ciprofloxacin, cefotaxime, and 

oxytetracycline were varied, ranging from 1.27% increase in susceptibility to 

oxytetracycline after acclimation to 11,500 ppb Zn and 23.4% increase in susceptibility to 

cefotaxime following acclimation to 36 ppm triclosan. None induced a decrease in 

susceptibility, which would indicate increased resistance. None of these changes in 

susceptibility were significantly (p ≤ 0.05) different in comparison to the negative control 

(Figure 3.15; Table 3.21). 

 Binary Group 1 consisted of a constant 0.51 ppb arsenic exposure in combination 

with three treatment groups which combined 0.51 ppb arsenic with either 0.5 ppb TCS, 0.5 

ppb OTC, or 0.064 ppb CIP. In tandem with the arsenic, all three antimicrobials slightly 

increased V. vulnificus susceptibility to ciprofloxacin as compared to arsenic exposure 

alone, while all decreased susceptibility to oxytetracycline. The effect on cefotaxime 

susceptibility was mixed - co-exposure to triclosan and oxytetracycline slightly decreased 

susceptibility compared to the arsenic control, while co-exposure to ciprofloxacin slightly 

increased susceptibility. None of these changes in susceptibility were significantly (p ≤ 

0.05) different in comparison to the negative control (Figure 3.16; Table 3.22).
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Figure 3.14: V. vulnificus change in susceptibility to (a) ciprofloxacin (-0.7 - 7.17%), (b) cefotaxime (5.12 - 9.83%), and (c) 

oxytetracycline (1.89-8.74%) following 24-hour acclimation to the EPA Criterion Continuous Concentration of arsenic, copper, or 

zinc, or the Probable No Effects Concentration of triclosan, oxytetracycline, or ciprofloxacin. 
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Table 3.20: ANOVA statistical analysis of the results for Kirby-Bauer Low Dose Exposures to CCC doses of As, Cu, and Zn 

and PNEC doses of TCS, OTC, or CIP.

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 9 0.0661 0.0425 0.999

36 ppb As 9 0.9742

6.2 ppb Cu 9 1

81 ppb Zn 8 0.9888

0.5 ppb TCS 9 0.8782

0.5 ppb OTC 9 0.8875

0.064 ppb CIP 9 0.3371

Negative Control 8 0.4607 0.0296 0.998

36 ppb As 8 0.997

6.2 ppb Cu 7 0.9996

81 ppb Zn 9 0.9847

0.5 ppb TCS 9 0.9986

0.5 ppb OTC 9 0.9944

0.064 ppb CIP 9 0.9134

Negative Control 9 0.2231 0.01 0.999

36 ppb As 9 0.9841

6.2 ppb Cu 9 0.9794

81 ppb Zn 9 0.9422

0.5 ppb TCS 9 0.9818

0.5 ppb OTC 8 1

0.064 ppb CIP 9 0.5342

Low Doses:

CTX Challenge

Low Doses:

OTC Challenge

Low Doses:

CIP Challenge
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Figure 3.15: V. vulnificus change in susceptibility to (a) ciprofloxacin, (b) cefotaxime, and (c) oxytetracycline following 24-hour 

acclimation to MEC of arsenic, copper, zinc, triclosan, oxytetracycline, or ciprofloxacin. 
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Table 3.21: ANOVA statistical analysis of results for the Kirby-Bauer High Dose Exposures to MEC doses of As, Cu, Zn, TCS, OTC, 

or CIP.

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 9 0.7356 0.07 0.999

510 ppb As 9 0.9997

13,890 ppb Cu 0.8631

11,500 ppb Zn 0.9962

36,000 ppb TCS 0.5041

500 ppb OTC 9 0.9911

338 ppb CIP 9 0.5654

Negative Control 8 0.8707 0.0151 0.999

510 ppb As 9 0.5645

13,890 ppb Cu 9 0.2789

11,500 ppb Zn 8 0.9662

36,000 ppb TCS 9 0.2546

500 ppb OTC 9 0.8681

338 ppb CIP 9 0.4099

Negative Control 8 0.8986 0.1052 0.999

510 ppb As 9 0.3492

13,890 ppb Cu 9 0.236

11,500 ppb Zn 9 0.9968

36,000 ppb TCS 9 0.7066

500 ppb OTC 9 0.8639

338 ppb CIP 9 0.4025

High Doses:

OTC Challenge

High Doses:

CIP Challenge

High Doses:

CTX Challenge
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Figure 3.16: V. vulnificus change in susceptibility to (a) ciprofloxacin (1.98 - 4.00%), (b) cefotaxime (-9.58 - 1.56%), and (c) 

oxytetracycline (-7.84 - -3.01%) following 24-hour acclimation to the Binary Group 1 mixture of the As MEC with the PNEC of 

triclosan, oxytetracycline, or ciprofloxacin. 
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Table 3.22: ANOVA statistical analysis of results for Kirby-Bauer Assay Binary Group 1 Mixtures of MEC As with PNEC ranges of 

TCS, OTC, or CIP.

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

510 ppbAs 9 0.7841 0.0847 0.989

510 ppb As,

0.5 ppb TCS† 9 0.99

510 ppb As,

0.5 ppb OTC† 9 0.9662

510 ppb As,

0.064 ppb CIP† 9 0.9301

510 ppbAs 9 0.4075 0.0942 0.989

510 ppb As,

0.5 ppb TCS† 9 0.8619

510 ppb As,

0.5 ppb OTC† 9 0.9725

510 ppb As,

0.064 ppb CIP† 7 0.991

510 ppbAs 9 0.8403 0.0971 0.999

510 ppb As,

0.5 ppb TCS† 9 0.9448

510 ppb As,

0.5 ppb OTC† 9 0.6771

510 ppb As,

0.064 ppb CIP† 8 0.45

Binary Group 1

OTC Challenge

Binary Group 1:

CIP Challenge

Binary Group 1

CTX Challenge
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When compared back to the antimicrobial Low Dose groups, these reactions 

indicate that co-exposure to arsenic and antimicrobials reduces susceptibility to both 

ciprofloxacin and oxytetracycline when compared to the antimicrobials alone. Notably, co-

exposure of arsenic and ciprofloxacin increased susceptibility of V. vulnificus to 

oxytetracycline by a total of 16.58% when compared to ciprofloxacin alone. This is not, 

however, enough of a reduction in susceptibility to consider it to be resistant. 

 Binary Group 2 is a constant treatment of copper (13,890 ppb) with each of the 

three PNEC antimicrobials. Similar to Binary Group 1 results, all three antimicrobial 

treatments slightly increased susceptibility to ciprofloxacin when compared to the copper 

exposure alone, and all three decreased susceptibility to oxytetracycline. Cefotaxime 

susceptibility slightly increased compared to the copper exposure alone after exposure to 

triclosan and ciprofloxacin mixtures with copper, but slightly decreased following 

acclimation to oxytetracycline along with the copper. None of these changes in 

susceptibility were significantly (p ≤ 0.05) different in comparison to the negative control 

(Figure 3.17; Table 3.23). 

 Co-exposure of V. vulnificus to zinc and triclosan resulted in very little change in 

susceptibility to either ciprofloxacin or cefotaxime but induced nearly an 11% decrease in 

susceptibility to oxytetracycline. Likewise, a <1% change in susceptibility to either 

ciprofloxacin or cefotaxime was observed following exposure to zinc with oxytetracycline, 

but the susceptibility to oxytetracycline increased by 5.7%. Exposure to zinc in conjunction 

with ciprofloxacin resulted in a 5.6% increase in susceptibility to ciprofloxacin, 1.3% 

decrease in susceptibility to cefotaxime, and 5.4% increase in susceptibility to 
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Figure 3.17: V. vulnificus change in susceptibility to (a) ciprofloxacin (1.54 - 3.4%), (b) cefotaxime (-1.20 - 7.13%), and (c) 

oxytetracycline (-3.822 - -0.41%) following 24-hour acclimation to the Binary Group 2 mixture of the Cu MEC with the PNEC of 

triclosan, oxytetracycline, or ciprofloxacin.  
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Table 3.23: ANOVA statistical analysis of results for Kirby-Bauer Assay Binary Group 2 Mixtures of MEC Cu with PNEC ranges of 

TCS, OTC, or CIP. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

13,890 ppb Cu 9 0.2689 0.2294 0.9

13,890 ppb Cu,

0.5 ppb TCS† 8 0.9035

13,890 ppb Cu,

0.5 ppb OTC† 9 0.9897

13,890 ppb Cu,

0.064 ppb CIP† 9 0.9088

13,890 ppb Cu 8 0.3497 0.0382 0.999

13,890 ppb Cu,

0.5 ppb TCS† 9 0.8874

13,890 ppb Cu,

0.5 ppb OTC† 9 0.986

13,890 ppb Cu,

0.064 ppb CIP† 9 0.9999

13,890 ppb Cu 9 0.3008 0.1558 0.983

13,890 ppb Cu,

0.5 ppb TCS† 9 0.8878

13,890 ppb Cu,

0.5 ppb OTC† 9 0.9983

13,890 ppb Cu,

0.064 ppb CIP† 9 0.9998

Binary Group 2:

CTX Challenge

Binary Group 2:

CIP Challenge

Binary Group 2:

OTC Challenge
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oxytetracycline. None of these changes in susceptibility were significantly (p ≤ 0.05) 

different in comparison to the negative control (Figure 3.18; Table 3.24). 

 Binary Group 4 combined exposure to triclosan with exposure to CCC-level metals. 

A reduction in susceptibility to both ciprofloxacin and cefotaxime was observed following 

exposure to triclosan with arsenic, and very little increase in susceptibility to 

oxytetracycline. A <1.5% change in susceptibility to ciprofloxacin and cefotaxime was 

seen following co-exposures to triclosan with either copper or zinc, but both copper and 

zinc individually caused a slight increase in susceptibility to oxytetracycline of 

approximately 7% (Figure 3.19; Table 3.25). None of these changes in susceptibility were 

significantly (p ≤ 0.05) different in comparison to the negative control. 

 Increases in susceptibility to all three antimicrobial challenges was observed 

following co-exposure of oxytetracycline with each of the three metals. The largest changes 

in each challenge were in the oxytetracycline and zinc treatment group, leading to a 9.9% 

increase in susceptibility to ciprofloxacin, an 11.6% increase in susceptibility to 

cefotaxime, and a 6% increase in susceptibility to oxytetracycline. None of these slight 

changes in susceptibility were significantly (p ≤ 0.05) different in comparison to the 

negative control (Figure 3.20; Table 3.26). 

 Approximately 10% decrease in susceptibility to ciprofloxacin was observed in the 

treatment groups combining ciprofloxacin with arsenic and with zinc, though ciprofloxacin 

with copper led to a 3.3% increase in susceptibility. Neither arsenic nor zinc considerably 

affected susceptibility to cefotaxime, while copper increased cefotaxime by 15.2% when 

compared to the ciprofloxacin control. Oxytetracycline susceptibility was increased by 

approximately 2% when copper was added to the ciprofloxacin, 4.2% when zinc was 
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Figure 3.18: V. vulnificus change in susceptibility to (a) ciprofloxacin (-0.92 - 5.62%), (b) cefotaxime (-1.21 - 0.02%), and (c) 

oxytetracycline (-10.82 - 5.70%) following 24-hour acclimation to the Binary Group 3 mixture of the Zn MEC with the PNEC of 

TCS, OTC, or CIP.  
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Table 3.24: ANOVA statistical analysis of results for Kirby-Bauer Assay Binary Group 3 Mixtures of MEC Zn with PNEC ranges of 

TCS, OTC, or CIP. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

11,500 ppb Zn 9 0.2165 0.0662 0.999

11,500 ppb Zn,

0.5 ppb TCS† 9 0.9988

11,500 ppb Zn, 

0.5 ppb OTC† 8 1

11,500 ppb Zn, 

0.064 ppb CIP† 9 0.771

11,500 ppb Zn 8 0.9741 0.1021 0.44411,500 ppb Zn, 

0.5 ppb TCS† 9 0.9948

11,500 ppb Zn,

0.5 ppb OTC† 9 0.9969

11,500 ppb Zn,

0.064 ppb CIP† 9 0.9994

11,500 ppb Zn 9 0.346 0.0895 0.999

11,500 ppb Zn,

0.5 ppb TCS† 9 0.7379

11,500 ppb Zn,

0.5 ppb OTC† 9 0.942

11,500 ppb Zn,

0.064 ppb CIP† 9 0.9491

Binary Group 3:

OTC Challenge

Binary Group 3:

CTX Challenge

Binary Group 3:

CIP Challenge
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Figure 3.19: V. vulnificus change in susceptibility to (a) ciprofloxacin (-2.01 - 1.38%), (b) cefotaxime (-6.35 - 0.8%), and (c) 

oxytetracycline (0.26 - 7.25%) following 24-hour acclimation to the Binary Group 4 mixture of the TCS MEC with the CCC of As, 

Cu, or Zn.  
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Table 3.25: ANOVA statistical analysis of results for the Kirby-Bauer Assay Binary Group 4 Mixtures of MEC TCS with CCC 

of As, Cu, or Zn.

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

36,000 ppb TCS 9 0.2208 0.0213 0.999

36,000 ppb TCS,

36 ppb As† 7 0.9661

36,000 ppb TCS,

3.1 ppb Cu† 9 1

36,000 ppb TCS,

81 ppb Zn† 9 0.9936

36,000 ppb TCS 8 0.885 0.0649 0.999

36,000 ppb TCS,

36 ppb As† 9 0.9065

36,000 ppb TCS,

3.1 ppb Cu† 9 0.9952

36,000 ppb TCS,

81 ppb Zn† 9 0.9999

36,000 ppb TCS 9 0.8984 0.1422 0.999

36,000 ppb TCS,

36 ppb As† 9 1

36,000 ppb TCS,

3.1 ppb Cu† 9 0.6598

36,000 ppb TCS,

81 ppb Zn† 9 0.6294

Binary Group 4: 

OTC Challenge

Binary Group 4: 

CIP Challenge

Binary Group 4: 

CTX Challenge
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Figure 3.20: V. vulnificus change in susceptibility to (a) ciprofloxacin (0.17 - 9.91%), (b) cefotaxime (3.96 - 11.60%), and (c) 

oxytetracycline (4.06 - 5.99%) following 24-hour acclimation to the Binary Group 5 mixture of the OTC MEC with the CCC of As, 

Cu, or Zn.  
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Table 3.26: ANOVA statistical analysis of results for the Kirby-Bauer Assay Binary Group 5 Mixtures of MEC OTC with 

CCC range of As, Cu, or Zn. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

500 ppb OTC 8 0.1135 0.0409 0.999

500 ppb OTC, 36

ppb As† 8 0.9998

500 ppb OTC,

3.1 ppb Cu† 9 0.9021

500 ppb OTC,

81 ppb Zn† 9 0.4349

500 ppb OTC 9 0.0576 0.3974 0.999

500 ppb OTC, 36

ppb As† 9 0.9838

500 ppb OTC,

3.1 ppb Cu† 7 0.9804

500 ppb OTC,

81 ppb Zn† 9 0.7511

500 ppb OTC 9 0.8977 0.1391 0.999

500 ppb OTC, 36

ppb As† 9 0.9288

500 ppb OTC,

3.1 ppb Cu† 9 0.9647

500 ppb OTC,

81 ppb Zn† 9 0.9025

Binary Group 5:

OTC Challenge

Binary Group 5:

CTX Challenge

Binary Group 5:

CIP Challenge

 



 

100 

introduced, and 8.2% after co-exposure to ciprofloxacin and copper. None of these slight 

changes in susceptibility were significantly (p ≤ 0.05) different in comparison to the 

negative control (Figure 3.21; Table 3.27). 

Discussion 

(a) Key Points 

 Several binary mixture groups stood out as deserving of closer study. For example, 

Binary Group 2.2 (13,890 ppb Cu and 0.5 ppb OTC) exhibited a synergistic relationship - 

that is, bacterial growth inhibition in mixture was greater than the sum of the inhibition for 

both compounds individually, meaning the compounds amplify the effects of each other. 

In contrast, Binary Group 5.2, which contained the same compounds in different 

concentrations (500 ppb OTC and 3.1 ppb Cu) were antagonistic, having less toxic effect 

in combination than the sum of each alone, and ultimately resulted in 6.3% biostimulation 

as compared to the negative control (Table 3.28). These divergent results of two similar 

mixture treatment groups exemplify the importance of examining different concentrations 

of test compounds in microbial toxicology. That is, dose is very important in determining 

whether a compound is antagonistic or synergistic. OTC has been found in mariculture 

effluents at concentrations up to 2.3 ppb (Thurman 2003; Bradford et al. 2008) and will be 

quickly diluted during rainfall events and as it moves from catchments into larger 

waterways, while copper in the form of copper sulfate is a common algicide in stormwater 

ponds. It is also used to treat toxic cyanobacteria in drinking water plants to eliminate 

potential toxins along with taste and odor problems. In a risk assessment for OTC, 

Uyaguari et al. (2009) found that shrimp mariculture pond sediments and effluent may pose 

significant risk for an increased potential for antibiotic resistance. Results further 
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Figure 3.21: V. vulnificus change in susceptibility to (a) ciprofloxacin, (b) cefotaxime, and (c) oxytetracycline following 24-hour 

acclimation to the Binary Group 6 mixture of the CIP MEC with the CCC of As, Cu, or Zn.  
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Table 3.27: ANOVA statistical analysis of results for Kirby-Bauer Assay Binary Group 6 Mixtures of MEC CIP with CCC range of 

As, Cu, or Zn. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

338 ppb CIP 9 0.4242 0.1445 0.999

338 ppb CIP,

36 ppb As† 9 0.7388

338 ppb CIP,

3.1 ppb Cu† 9 0.9842

338 ppb CIP,

81 ppb Zn† 9 0.7067

338 ppb CIP 9 0.4242 0.1445 0.999338 ppb CIP,

36 ppb As† 9 1

338 ppb CIP,

3.1 ppb Cu† 8 0.5793

338 ppb CIP,

81 ppb Zn† 9 0.9995

338 ppb CIP 9 0.6008 0.0448 0.999

338 ppb CIP,

36 ppb As† 9 0.9925

338 ppb CIP,

3.1 ppb Cu† 8 0.702

338 ppb CIP,

81 ppb Zn† 9 0.9345

Binary Group 6: 

OTC Challenge

Binary Group 6: 

CIP Challenge

Binary Group 6: 

CTX Challenge
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Table 3.28: A comparison of the two binary mixture groups combining copper and oxytetracycline at different 

concentrations. 

Treatment Group Treatment %I Alone %I in Mixture
Toxicological 

Relationship

Susceptibility to 

OTC

13,890 ppb Cu 3.2

0.5 ppb OTC -3.5113

3.1 ppb Cu -0.0798

500 ppb OTC 4.3
ANTAGONISTIC

SYNERGISTIC*Binary Group 2.2

Binary Group 5.2

6

-6.3

S

S
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support these findings. The combination of copper and oxytetracycline led to considerable 

changes in susceptibility to all three antimicrobial challenges, including a slight decrease 

in susceptibility to both cefotaxime and oxytetracycline when in the configuration of 

Binary Group 2.2 (Figures 3.17 and 3.20), which uses concentrations of both toxicants 

which may be found in environmental settings. 

Another mixture of environmental relevance is zinc and triclosan (Binary Groups 

3.1 and 4.3) (Table 3.29). At 36,000 ppb triclosan and 162 ppb Zn, these two compounds 

are synergistic and susceptible to oxytetracycline. However, at 11,500 ppb Zn and 0.5 ppb 

TCS, these compounds are antagonistic and induce slight resistance to oxytetracycline. 

Given the prevalence of both these compounds at similar levels in stormwater ponds and 

estuarine systems, the interactions of these two toxicants should be closely monitored and 

further studied.  In terms of synergism, it appears high doses of each trace metals is a major 

driver producing synergisms (enhanced toxicity) while it appears high doses of each 

antimicrobial appeared to be a driver that reduced toxicity and produce antagonism 

 Triclosan in combination with copper also exhibits opposite toxicological 

relationships when the concentrations change, corresponding to varied reactions to the 

susceptibility tests (Table 3.30). More specifically, the antagonistic relationship 

corresponds to a slight increase in susceptibility to ciprofloxacin and a slight decrease in 

susceptibility to cefotaxime and oxytetracycline. Meanwhile, the synergistic relationship 

corresponds to no change in susceptibility to ciprofloxacin and slight increases in 

susceptibility to cefotaxime and oxytetracycline. These results suggest that antagonistic 

and synergistic responses correlate with opposite (increase versus decrease) susceptibility 
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Table 3.29: A comparison of the two binary mixture groups combining zinc and triclosan at different 

concentrations. 

Treatment 

Group
Treatment %I Alone %I in Mixture

Toxicological 

Relationship

Susceptibility to 

OTC

11,500 ppb Zn 0.5658

0.5ppb TCS 1.4756

162 ppb Zn 2.5283

36,000 ppb TCS 26.7593

R

S

ANTAGONISTIC

SYNERGISTIC*

Binary Group 3.1 0.6531

Binary Group 4.3 33.5273
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Table 3.30: A comparison of the two binary mixture groups combining copper and triclosan at different 

concentrations. 

Treatment Group Treatment %I Alone %I in Mixture
Toxicological 

Relationship

Susceptibility to 

OTC

13,890 ppb Cu 8.7534

0.5ppb TCS 1.4756

3.1 ppb Cu -0.0798

36,000 ppb TCS 26.7593
S

ANTAGONISTIC*

SYNERGISTIC*

Binary Group 2.1 8.5932

Binary Group 4.2 34.1681

S
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changes, but that whether those changes are positive or negative is dependent on the 

specific antimicrobial challenge itself. 

 Of a total of eighteen treatment groups, thirteen displayed antagonistic relationships 

while only five were synergistic. Of those five, three included the oxytetracycline PNEC 

and the other two were the triclosan MEC (combined with CCC copper or zinc). When the 

exposure groups are distilled down to the two overarching exposure types, the breakdown 

remains similar: The MEC of a metal combined with the PNEC of an antimicrobial resulted 

in three synergistic and six antagonistic relationships, while the MEC of an antimicrobial 

combined with the CCC of a metal included seven antagonistic relationships and two 

synergistic (Figure 3.22). These similar results emphasize the importance of toxic 

equivalency in looking at these two classes of compounds. Another factor may be the 

similarities or dissimilarities in the mechanisms of action between trace metals and 

antimicrobials tested.  

(b) Confounding Factors 

There are several potential confounding factors which may affect the statistical 

results in these data. As evidenced by some considerable variability between replicates in 

the single and binary exposure experiments, minute changes in treatment dilutions or 

inoculation density, likely stemming from material loss during pipetting, may exert an 

effect on overall responses to exposure. Smudges or minor scratches on polystyrene 96-

well plates may change the optical density recorded by the spectrophotometer, as can 

settling of dead bacterial cells. 

The Kirby-Bauer assay also has several points in the protocol which may introduce 

variability within and between replicates. Minor differences in the depth of Muller-Hinton   



 

108 

Metal MEC + Antimicrobial PNEC Antimicrobial MEC + Metal CCC

N
um

b
er

 o
f 
G

ro
up

s

0

2

4

6

8

10

Antagonistic 

Synergistic 

 

Figure 3.22: Comparison of antagonistic and synergistic relationship 

across exposure types. 
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agar from plate to plate will affect the diffusion of antibiotics through the media. 

Additionally, if the antimicrobial filter discs are not pressed onto the plate with the same 

pressure throughout, the antibiotic diffusion will again be affected. As with the prior set of 

experiments, slight changes in treatment dilutions or inoculation density may affect both 

the acclimation of the bacteria to the toxicants as well as the growth on the plate and 

interactions with the antimicrobial discs. Additionally, blurry margins on some inhibition 

zones made measurement difficult. If the protocol in this study is used for future work, the 

author recommends using a 150 mm susceptibility disc dispenser for more consistent 

application of discs and therefore more even diffusion of antimicrobials. 

 In two tests – the Triclosan PNEC-range single exposure treatment group and the 

cefotaxime challenge to the Zinc group in the antimicrobial resistance assay – the data set 

exhibited low computed power. This, again, is likely due to high variation within and 

between replicates. 

 Despite these limitations, these data are robust and clearly stand as a new major set 

of findings on AMR and the importance of two major pollutant classes – trace metals and 

antimicrobials – which often co-occur within the environment. These results clearly show 

that modeling potential toxicological interactions is difficult as the findings clearly show 

the importance of dose and mixture ratios within the environmental setting. 

(c) Conclusions 

 The most significant takeaway from this series of experiments is that the effect of 

co-exposure to antimicrobials and trace metals is both distinctly dose-dependent and 

compound dependent. Both high and low doses are important as is the specific mixture 

composition of trace metals and antibiotics/antimicrobial agents. Many mixture treatment 
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groups had an antagonistic relationship between the two toxicants when in one dose 

configuration yet a synergistic relationship when the exposure concentrations of each 

toxicant changed. Specifically, the combinations of oxytetracycline with copper and zinc 

should be the subject of more investigations due to the high prevalence of these compounds 

in wastewater treatment plants, stormwater ponds, estuaries, aquaculture, and aquatic 

ecosystems and the varied responses to antimicrobial susceptibility challenges which were 

observed. 

 From an AMR perspective, it is still unclear which toxicological interaction - 

antagonism or synergism is more important in enhancing AMR. Future genetic sequencing 

research should be focused on mixture combinations which are antagonistic or synergistic: 

This may help build models that can better predict AMR and better identify mixture 

combinations in the environment that may pose the greatest risk to the public. New research 

also needs to focus on risk factors as to whether increased AMR risk exists only in a select 

high risk exposure group or is more broadly distributed among the general public. This 

additional information may provide insight into modeling mixture effects on AMR and 

understanding their importance on ecosystem and human health. 
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Chapter 4: Enterococcus faecium

Materials 

(a) Microbial Organisms 

E. faecium (ATCC 6569) was grown in Brain-Heart Infusion Agar/Broth (BD 

Difco). Kirby-Bauer assays were performed on Mueller-Hinton Agar (BD Difco). All 

cultures were grown at 30°C, while the Mueller-Hinton Agar plates for the Kirby-Bauer 

assays were incubated at 35°C, per the protocol instructions (Hudzicki 2009). 

A clinical lab strain from American Type Culture Company (ATCC) was selected 

rather than using an environmental isolate. As the strain was clinically isolated, it is known 

to cause disease without the need for genotyping and therefore clearly relevant to the public 

health application of this experiment. In addition, laboratory strains are also further 

removed from environmental stressors which may influence initial growth. 

(b) Antimicrobials 

Analytical grade antimicrobial compounds were obtained as follows: Triclosan 

(TCS) (Irgasan, Fluka, 97.0 to 103.0%), oxytetracycline dihydrate (OTC) (Sigma 

LifeSciences, 94.5 to 102.0%), and ciprofloxacin hydrochloride monohydrate (CIP) (Alfa 

Aesar, 98.0 to 102.0%). 

Antimicrobial stocks were created in acetone (TCS and OTC) or deionized water 

(CIP) and kept in opaque containers in the dark inside a refrigerator at 4°C. CIP stocks 

were remade on a biweekly basis to avoid degradation (Eghianruwa 2014).  
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Antimicrobial diffusion discs were obtained at the following concentrations: CIP 

5μg, OTC 30μg, and Vancomycin (VAN) 30μg (BD BBL™ SensiDiscs™). These are 6-

mm filter-paper discs impregnated with the listed concentrations of antimicrobials. 

(c) Metals 

Analytical grade metal compounds were obtained as follows: Sodium hydrogen 

arsenate heptahydrate (As) (Alfa Aesar, ≥97.5 to ≤102.5%), cupric sulfate pentahydrate 

(Cu) (Sigma CellCulture, ≥98%), and zinc sulfate heptahydrate (Zn) (Sigma CellCulture, 

≥99.0%). Metals stocks were made up in deionized water in conical tubes, wrapped in 

aluminum foil, and kept at 4℃. 

(d) Toxicity Tests with Antibiotics, Biocides, and Trace Metals 

E. faecium (ATCC 6569) bacteria were exposed for 24 hours to each antimicrobial 

agent (TCS, OTC, and CIP), and trace metal (As, Cu, and Zn), individually and in binary 

mixtures, and percent survival and growth using the optical density of the bacterial cultures. 

(e) Statistical Analysis 

Data from the range finding and binary exposure experiments were blanked against 

the growth medium using MARS Data Analysis software, before exporting to Microsoft 

Excel, from which these data were reformatted and transferred to SAS®. All statistical 

analyses were performed using SAS® University Edition software, replaced in August 2021 

by the manufacturer with SAS® OnDemand for Academics.  

Methods 

(a) Protocol 1: Single Exposure Experiments 

The first phase of the study was a range-finding project, which doubled as single-

exposure assays of E. faecium (Efm) to antimicrobial products (triclosan [TCS], 
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oxytetracycline [OTC], or ciprofloxacin [CIP]) and/or trace metals (arsenic [As], copper 

[Cu], or zinc [Zn]). Glycerol stocks of the microbes were plated on agar and grown 

overnight at 30°C. After 24 hours, an isolated colony was selected at random and 

inoculated into broth media. This was again incubated overnight at 30°C with orbital 

shaking to discourage biofilm formation. 

After 24 hours, the overnight suspension was diluted to an optical density of 

approximately 0.02 at 608 nm (OD608 ≈ 0.02). The diluted suspension was divided into 

individual conical tubes. One tube was spiked with the toxicant, after which serial dilutions 

were performed to achieve the desired exposure concentrations (Table 4.1, Table 4.2).  

Environmental concentrations of antimicrobials (e.g., low dose) were selected 

based on published Probable No-Effects Level (PNEC) (Table 4.1) and correspond to 

levels measured in coastal waters impacted by human activity. Triclosan, for example, was 

measured in wastewater effluent discharging into Charleston Harbor, Charleston, SC, at a 

concentration of 0.3 ppb (Hedgespeth et al. 2012). Oxytetracycline has been found in 

effluent from mariculture operations at reported levels of up to 2.3 ppb (Thurman 2003), 

and a U.S. Geological Survey study on streams across the US susceptible to contamination 

by human sources measured levels of ciprofloxacin up to 0.03 ppb (Kolpin et al. 2002). 

Clinical levels (e.g., high dose) of ciprofloxacin and oxytetracycline were selected from 

the maximum serum concentration of an adult oral dose (Table 4.1). Clinical triclosan 

levels were based on the concentration found in antimicrobial hand soap (Table 4.1). 

Environmental metals concentrations were based on the Environmental Protection 

Agency’s (EPA’s) Criterion Continuous Concentration (CCC) for saltwater exposure 

(Table 4.2). Levels selected to ensure a toxicological response in the microbes were chosen  
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Table 4.1: Nominal antimicrobial 

concentrations upon which range finding 

assay exposures were based (Bayer 

Pharmaceuticals 2004; Agwuh and 

MacGowan 2006; Rodricks et al. 2010; Nietch 

et al. 2013; Bengtsson-Palme and Larsson 

2016). 

Antimicrobial
PNEC 

(ppb) 

Clinical 

(ppb)

Triclosan 0.5 4.50E+06

Oxytetracycline 0.5 4.00E+03

Ciprofloxacin 6.40E-02 5.40E+03
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Table 4.2: Nominal metals concentrations upon which 

range finding assay exposures were based (Aarestrup and 

Hasman 2004; EPA 2004; Fulladosa et al. 2005; Rebelo 

et al. 2012). 

Metal
CCC 

(ppb) 

Vibrio EC20 

(ppb)

Enterococcus MIC 

(ppb)

Arsenic 36 2.54E+03 5.98E+05

Copper 3.1 60 9.73E+05

Zinc 81 460 2.48E+05
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using the published 20th-percentile effect concentration (EC20) values for Vibrio fischerii 

(Table 4.2) as well as published minimum inhibitory concentrations (MIC) for 

Enterococcus species (Table 4.2). The Enterococcus MIC range encompassed the effects 

range median (ERM) concentration in sediments for both copper and zinc, while the Vibrio 

EC20 range roughly corresponds to the arsenic Effects Range Low (ERL) in sediments 

(Table 4.3). These are similar to concentrations measured in sites like agricultural lagoons 

and commercial stormwater ponds (Bradford et al. 2008; Baalousha et al. 2015), where 

copper and zinc concentrations in sediments were both measured in excess of the ERM and 

arsenic in excess of the ERL. 

For those antimicrobials whose stocks were made in acetone due to solubility limits 

(TCS and OTC), an equivalent amount of acetone was be added to all samples containing 

lower concentrations of the antimicrobial so that all samples contain 0.3% acetone, and a 

carrier control was added. An early pilot test indicated no significant difference in growth 

patterns of E. faecium between a diluent control and a test group containing 0.3% acetone, 

thus the 0.3% acetone levels assured optimum antimicrobial agent dissolution into solution 

without affecting survival and growth.  

Diluted and spiked bacterial suspensions were added in triplicate to a 96-well plate 

at 200 μL per well, along with media blanks, a control containing only bacteria, and a 

carrier control (acetone or water). This plate was read in a NOVOstar Microplate Reader 

(BMG LabTech), with a pre-programmed protocol which takes OD608 absorption 

measurements every 15 minutes for 24 hours, maintained at 30°C with dual-orbital shaking 

for 0.2 seconds before each read to prevent settling and biofilm formation. MARS data 

analysis software was then used to compile and blank the data against the media control   
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Table 4.3: Sediment Quality Guidelines for 

Arsenic, Copper, and Zinc (Long 1995). 

Metal ERL (ppb) ERM (ppb)

Arsenic 8.20E+03 7.00E+04

Copper 3.40E+04 2.70E+05

Zinc 1.50E+05 4.10E+05
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wells before exporting to SAS for analysis. This process was repeated twice, for a total of 

three replicates in triplicate within each exposure condition. In total, nine replicate 

measurements were obtained for each concentration of antimicrobial agent or trace metal 

tested. 

The generation rate of Enterococcus faecium is approximately 2 generations per 

hour at an optimal temperature of 37℃ in an aerobic environment, meaning the culture 

doubles in density every 30 minutes (Morandi et al. 2005). Taking measurements every 15 

minutes ensures that the data will capture logarithmic phase growth. Meanwhile, plate 

shaking prevents bacterial settling and biofilm formation, which can interfere with optical 

density readings. 

The blanked data was exported into Microsoft Excel to obtain the data in a format 

readable by most computers without the proprietary MARS software. From there, it was 

organized and compiled into SAS OnDemand for Academics, where the statistical analysis 

proceeded as described below. 

(b) Protocol 2: Binary Mixture Exposure Experiments 

Binary mixture exposure experiments were conducted to examine the potential 

interactive toxicity (e.g., joint toxicity) between two individual compounds, between 

different classes of chemicals (e.g., antimicrobials and metals). Using data obtained during 

the initial single compound toxicity tests, the same general protocol was used to obtain 

binary mixture exposure data. This time, instead of spiking the diluted bacterial 

suspensions with a single toxicant, this set of experiments used one of two conditions. The 

first was a single concentration of antimicrobial (TCS, OTC, or CIP) which was shown to 

have a sublethal toxicological effect – the Minimum Effective Concentration, or MEC – 
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on bacterial growth in combination with a range of metal (As, Cu, or Zn) concentrations at 

environmentally-relevant levels based on the CCC (Table 4.4). A second set of 

experiments was performed using the MEC of each trace metal (As, Cu, or Zn) in 

combination with a range of environmentally relevant antimicrobial (TCS, OTC, or CIP) 

levels based on the PNEC. Culture, dilution, microbial measurements, and statistical 

analysis methods remained the same as for the single-exposure experiments, culminating 

in eight individual replicates with each treatment plated in triplicate. In total, twenty-four 

individual data points were obtained for each treatment group. 

(c) Protocol 3: Phenotypic Analysis for Antimicrobial Resistance 

To determine a phenotypic resistance profile of E. faecium, a set of Kirby-Bauer 

assays (Hudzicki 2009) were performed using a modified inoculum preparation. First, a 

frozen glycerol stock of E. faecium was streaked on agar plates and incubated overnight in 

order to obtain isolated colonies. A single colony was then inoculated into broth medium 

and incubated overnight at 30°C. This overnight culture was split into a series of tubes 

containing broth spiked with treatment groups corresponding to those from the binary 

exposure experiments. To prepare the inocula, these acclimated cultures were diluted in 

sterile phosphate-buffered saline until they corresponded with the 0.5 McFarland Standard, 

and the assay proceeded using the standard protocol (Figure 4.1). Antimicrobial challenge 

discs included OTC and CIP, in addition to clinically important vancomycin to assess effect 

on this clinically important glycopeptide. Three discs of VAN and two to three of CIP and 

OTC, plus three blank controls, were placed for three pseudoreplicates in each of three 

replicated experiments. The disparity in number of discs added to the plates resulted from 

a miscalculation when ordering supplies - there were insufficient CIP and OTC discs to   
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Table 4.4: Minimum Effective Concentration (MEC) of 

each toxicant used as a constant in binary exposure 

experiments, as determined in Protocol 1 experiments. 

Treatment
Minimum Effective 

Concentration (ppb)

Percent Inhibition 

(%)

Arsenic 2.39E+06 3.22

Copper 1.24E+05 18.38

Zinc 1.39E+04 3.00

Triclosan 230 6.93

Oxytetracycline 250 24.49

Ciprofloxacin 75 22.55



 

 

1
2
1
 

 

Figure 4.1: Kirby-Bauer procedure, adapted from Hudzicki 2009.
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place three on all plates. Additionally, several 0.5 mL aliquots of acclimated bacterial 

culture from each exposure criterion (antimicrobial alone, metal alone, combination 

antimicrobial + metal, or control) were added to cryovials containing 0.5 mL 50% glycerol 

solution, resulting in a final concentration of 25% glycerol, and frozen at -80°C to save for 

future studies. Inoculated plates were incubated at 30℃ for 24 hours, then Zones of 

inhibition (ZOI) were measured (Hudzicki 2009; CLSI 2017) using a digital caliper, 

recorded, and analyzed using a nested ANOVA with Dunnett’s test. Resistance levels 

(Susceptible, Intermediate, or Resistant) were determined using breakpoint guidelines 

published by the Clinical and Laboratory Standards Institute (CLSI) (CLSI 2017) (Table 

4.5). On Figure 4.1, please note that the Inhibition Zones and disc placement are for 

demonstration only and do not represent actual results. A smaller diameter inhibition zone 

is indicative of more resistant strains while larger diameter inhibition zones indicate 

sensitive isolates. 

(d) Statistical Analysis 

 As each stage consisted of four replicated experiments in which each exposure 

group was examined in triplicate, a one-way nested Analysis of Variance (ANOVA) with 

post-hoc Dunnett’s test was performed to account for these triplicate subgroups when 

comparing treatment results to the control. Studentized Residual and Cook’s Distance 

statistics were used to identify outliers. Those data points for which both the 

𝑆𝑡𝑢𝑑𝑒𝑛𝑡𝑖𝑧𝑒𝑑 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 >  |3| and 𝐶𝑜𝑜𝑘′𝑠 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 >  4/𝑁, were then removed from 

the ANOVA.   
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Table 4.5: E. faecium Inhibition Zone Breakpoints (CLSI 2017). 

Antimicrobial Challenge

Legend ~    Susceptible −   Intermediate    Resistant

Ciprofloxacin (5 µg) > 21 16-20 <15

Vancomycin (30 µg) >17 15-16 <14

(Oxy)tetracycline (30 µg) >19 15-18 <14

Breakpoints

Zone of Inhibition (ZOI) [mm]

 
  



 

124 

Results 

Percent inhibition (% I) was calculated using the mean OD608 and the following 

formula: 

%𝐼 = [(𝐴 − 𝐵)/𝐴 ] ∗ 100 

where A = Control OD608 at stationary phase and B = Treatment OD608 at stationary phase. 

For each figure below, an asterisk (*) indicates exposures which were significantly 

different from the controls (Dunnett’s test p ≤ 0.05). Negative inhibition indicates 

biostimulatory growth exceeding that of the control. For both the Shapiro-Wilk test for 

normality and Levene’s test for homogeneity of variance, the data set was classified as 

“meets assumptions” if p ≥ 0.05, “minor departure from assumptions” if p 0.05 ≥ 0.02, 

“moderate departure from assumptions” if 0.02 ≥ 0.005, and “fails to meet assumptions” 

if p < 0.005 (Zar 1999; Pennington 2022). A data set met assumptions for computed power 

if p ≥ 0.8, and “failed to meet assumptions” if p < 0.8.  

(a) Single Exposure Experiments 

The first set of experiments involved exposure of E. faecium individually to 

triclosan, oxytetracycline, and ciprofloxacin. The second set was nearly identical, using 

arsenic, copper, and zinc instead of antimicrobials as the exposure agents. These assays 

were set up as a range-finding pilot studies, serving to both determine the range at which 

binary exposure experiments would be run as well as to determine a baseline growth curve 

against which to compare the binary exposure study. “Difference in growth” is defined as 

change in OD608 from t=0 until the onset of stationary phase. For E. faecium, this metric 

occurred at approximately t=24 hours. Difference in growth was used instead of growth 

rate because pilot experiments of these exposures reached log phase growth at nearly the   
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Table 4.6: ANOVA Assumptions Legend, as applied in results presented in tables that 

follow. 

Meets 

Assumptions

Minor Departure 

from 

Assumptions

Moderate Departure 

from Assumptions

Fails to Meet 

Assumptions
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same time as control for most experiments. Thus, the difference in total growth observed 

was used instead. 

In most of these single-exposure experiments, a maximum of one outlier data point 

was removed from any single treatment group due to meeting statistical criteria for outliers. 

This comes to approximately 11% for all groups except for mid-range experiments and the 

Clinical-range antimicrobials. The mid-range Zn group had three outlier data points (30%) 

removed from the 13,890 ppb Zn, two data points (16%) were removed from mid-range 

CIP at 168.8 ppb, four from 125 ppb OTC, and up to five (33%) from Clinical TCS. The 

Clinical TCS group experienced very high variability within replicates. An additional three 

outlier data points – one replicate – were removed from the Clinical OTC negative control 

due to contamination, and two full replicates were removed from all treatments of Clinical 

CIP also due to contamination. 

For all figures below, a dagger (†) denotes published PNEC value for antimicrobials 

or CCC value for metals, asterisk (*) indicates statistical significance (Dunnett’s test p ≤ 

0.05), positive (+) inhibition values were indicative of reduced growth, and negative (-) 

suggest biostimulatory growth. 

 In the PNEC range of antimicrobials, there was a clear dose response pattern for all 

three toxicants (e.g., increased growth inhibition with increasing dose) (Figure 4.2). For 

PNEC exposures this response range included 1.10% inhibition for triclosan, a 28.53% 

inhibition for oxytetracycline, and 3.68% for ciprofloxacin. All of the oxytetracycline 

exposure doses were statistically significant (Dunnett’s test p ≤ 0.05) from the negative 

control, as was the 2 ppb dose of triclosan and 0.256 ppb dose of ciprofloxacin (Table 4.7). 
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Figure 4.2: Inhibition of E. faecium following exposure to the PNEC range of antimicrobials. 
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Table 4.7: ANOVA statistical analysis of results from the PNEC range of antimicrobials. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 9 0.0622 0.0505 0.991

0.032 ppb CIP 9 0.2045

0.064 ppb CIP 9 0.1807

0.128 ppb CIP 9 0.0999

0.256 ppb CIP 9 0.0057

Negative Control 9 0.1752 0.0862 0.999

0.25 ppb OTC 9 0.0005

0.50 ppb OTC 9 0.0001

1.00 ppb OTC 9 0.0001

2.00 ppb OTC 9 0.0001

Negative Control 9 0.3798 0.2344 0.999

0.25 ppb TCS 9 0.9997

0.50 ppb TCS 9 0.9227

1.00  ppb TCS 9 0.3995

2.00 ppb TCS 9 0.0073

PNEC [Ciprofloxacin] 

(ppb)

PNEC [Oxytetracycline] 

(ppb)

PNEC [Triclosan] 

(ppb)
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Exposure to oxytetracycline resulted in very high levels of inhibition, up to approximately 

93% following exposure to just 2.0 ppb of oxytetracycline.  

 Exposure of E. faecium to a clinically relevant range of antimicrobials resulted in 

very high growth inhibition, ranging from 72%I - 98.4%I for triclosan, 29.96%I - 98.03%I 

for oxytetracycline, and 40.18%I - 89.74%I for ciprofloxacin. All treatment groups in this 

range experienced statistically significant (Dunnett’s test p ≤ 0.05) growth inhibition at all 

concentrations tested (Figure 4.3, Table 4.8). 

 In a mid-range triclosan exposure group used to better define the effects at the 

MEC, most treatments had negligible inhibition or very slight (0.82%) growth stimulation, 

but only he highest level tested at 230 ppb was statistically significant (Dunnett’s test p ≤ 

0.05) from the negative control with 16.78% growth inhibition. Conversely, the mid-range 

ciprofloxacin exposure group for MEC determination had a well-defined dose-response 

curve, ranging from 4.62%I at the lowest (22.28 ppb) concentration up to 48.07%I at the 

highest (168.8 ppb) concentration tested. All of these ciprofloxacin results were statistically 

(Dunnett’s test p ≤ 0.05) significant from the negative control (Figure 4.4, Table 4.9). 

 The range of metals based on the EPA Criterion Continuous Concentration saw no 

statistical significance (Dunnett’s test p ≤ 0.05) compared to negative control and a varied 

response with maximum levels of inhibition ranging from 3.44% (Cu) to 4.95% (Zn) 

(Figure 4.5, Table 4.10). 

 Following exposure to a range of metals treatments based on the Vibrio vulnificus 

EC20 for each metal, results were again varied and not statistically significant (Dunnett’s 

test p ≤ 0.05) when compared to the negative control (Figure 4.6, Table 4.11). Maximum 
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Figure 4.3: Inhibition of E. faecium following exposure to the clinical range of antimicrobials.
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Table 4.8: ANOVA statistical analysis of results from the clinical range of antimicrobials. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 9 0.2254 0.0196 0.999

169 ppb CIP 9 0.0001

338 ppb CIP 9 1.00E-04

675 ppb CIP 9 1.00E-04

1,350 ppb CIP 9 1.00E-04

2,700 ppb CIP 9 1.00E-04

5,400† ppb CIP 9 1.00E-04

Negative Control 12 0.5121 0.0076 0.999

125 ppb OTC 11 0.0001

250 ppb OTC 15 0.0001

500 ppb OTC 15 0.0001

1,000 ppb OTC 15 0.0001

2,000 ppb OTC 15 0.0001

4,000† ppb OTC 15 0.0001

Negative Control 13 0.0001 0.0004 0.999

1,440 ppb TCS 11 0.0001

7,200 ppb TCS 10 0.0001

36,000 ppb TCS 13 0.0001

180,000 ppb TCS 15 0.0001

900,000 ppb TCS 14 0.0001

4,500,000† ppb TCS 10 1.00E-04

Clinical [Ciprofloxacin] 

(ppb)

Clinical [Oxytetracycline] 

(ppb)

Clinical [Triclosan] 

(ppb)
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Figure 4.4: Inhibition of E. faecium following exposure to a range of triclosan or 

ciprofloxacin concentrations falling between the CCC and EC20 concentration ranges. 
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Table 4.9: ANOVA statistical analysis of results from a mid-range of (a) triclosan or (b) ciprofloxacin. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 12 0.5235 0.0151 0.999

7.1875 ppb TCS 12 0.9998

14.375 ppb TCS 12 1.00E+00

28.75 ppb TCS 12 1.00E+00

57.5 ppb TCS 11 9.56E-01

115.0 ppb TCS 12 1.00E+00

230.0 ppb TCS 11 1.00E-04

Midrange [Triclosan] 

(ppb)

 
 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 12 0.1474 0.0054 0.999

22.28 ppb CIP 12 0.0006

33.41 ppb CIP 12 1.00E-04

50.09 ppb CIP 12 1.00E-04

75.10 ppb CIP 12 1.00E-04

112.59 ppb CIP 12 1.00E-04

168.8 ppb CIP 10 1.00E-04

Midrange [Ciprofloxacin] 

(ppb)
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Figure 4.5: Inhibition of E. faecium following exposure to the CCC range of metals. 
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Table 4.10: ANOVA statistical analysis of results from the CCC range of metals. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 8 0.9042 0.0895 0.999

18.0 ppb As 9 1

36.0† ppb As 9 0.9537

72.0 ppb As 8 0.9134

144 ppb As 9 0.2733

Negative Control 8 0.7374 0.111 0.999

1.55 ppb Cu 9 0.7397

3.10† ppb Cu 9 0.998

6.20 ppb Cu 9 0.852

12.4 ppb Cu 8 0.59

Negative Control 8 0.9016 0.0511 0.999

40.5 ppb Zn 9 0.6889

81.0 ppb Zn 8 0.9999

162 ppb Zn 8 0.9431

324 ppb Zn 9 0.3976

CCC [Copper] 

(ppb)

CCC [Zinc] 

(ppb)

CCC [Arsenic] 

(ppb)
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Figure 4.6: Inhibition of E. faecium following exposure to the EC20 range of metals.
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Table 4.11: ANOVA statistical analysis of results from the EC20 range of metals. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 9 0.89 0.3477 0.999

510.00 ppb As 9 0.9979

2,540.0† ppb As 8 1.00E+00

12,700 ppb As 8 1.00E+00

63,300 ppb As 7 3.76E-01

Negative Control 9 0.2498 0.0181 0.944

12.00 ppb Cu 9 0.6682

60.00† ppb Cu 9 0.8161

300.0 ppb Cu 9 0.901

1,500 ppb Cu 9 0.861

Negative Control 9 0.7634 0.1622 0.999

92.0 ppb Zn 9 0.5964

460† ppb Zn 8 1

2,300 ppb Zn 8 0.4355

11,500 ppb Zn 9 0.5144

EC20 [Copper]

(ppb)

EC20 [Zinc] 

(ppb)

EC20 [Arsenic] 

(ppb)
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growth inhibition ranged from 3.89 (As) to 4.10% (Zn) and only As had very slight growth 

stimulation at the three lowest doses (< 0.61%)  

 Results of toxicity tests at the MIC for each metal indicated only significant growth 

inhibition (Dunnett’s test p ≤ 0.05) of 3.35-9.79% at the two highest doses of As and at all 

concentrations tested for Cu and Zn, when compared to controls (Figure 4.7, Table 4.12). 

Inhibition following treatment with copper ranged from 24.16 to 98.64% and following 

treatment with zinc ranged from 54.11 to 91.84%. 

 As a secondary goal of this experiment was to determine a minimum inhibitory 

concentration, copper was also tested at a mid-range dose exposure, which resulted in a 

classic dose-response curve ranging from 4.75%I to 98.76%I (Figure 4.8). All of these 

results were significant (Dunnett’s test p ≤ 0.05) when compared to the negative control 

(Table 4.13). 

(b) Binary Exposure Experiments 

Following the conclusion of the single-compound exposure experiments, 

concentrations of the six toxicants which caused a sublethal toxicological effect at 

environmentally relevant levels were identified. These concentrations will be referred to as 

the minimum effective concentration (MEC). The MEC values were used as constants and 

secondary controls in a series of experiments examining binary exposures of E. faecium to 

the sublethal toxicant in combination with the PNEC range of antimicrobials or CCC range 

of metals. 

The majority of treatment groups had no data points removed as outliers, and those 

that did generally only had one (~4%) to three (~13%) removed. Four treatment groups 

had seven (~30%) to nine (~37%) data points removed as outliers.
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Figure 4.7: Inhibition of E. faecium following exposure to the MIC range of metals. 
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Table 4.12: ANOVA statistical analysis of results from the MIC range of metals.

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 9 0.8652 0.0755 0.999

298,800 ppb As 9 6.13E-02

597,600† ppb As 9 9.13E-01

1,195,200 ppb As 8 5.00E-04

2,390,400 ppb As 9 1.00E-04

Negative Control 9 0.0466 0.0302 0.999

123,830 ppb Cu 9 1.00E-04

247,650† ppb Cu 9 1.00E-04

495,300 ppb Cu 9 1.00E-04

990,600 ppb Cu 9 1.00E-04

Negative Control 9 0.0289 0.0342 0.999

123,750 ppb Zn 9 1.00E-04

247,500† ppb Zn 9 1.00E-04

495,000 ppb Zn 9 1.00E-04

990,000 ppb Zn 9 1.00E-04

MIC [Copper] 

(ppb)

MIC [Zinc] 

(ppb)

MIC [Arsenic]

(ppb)

 
  



 

 

1
4
1
 

Mid-Range [Copper] (ppb)

Neg
ati

ve
 C

ontr
ol

510 ppb C
u

1,540 ppb C
u

4,630 ppb C
u

13,890 ppb C
u

41,670 ppb C
u

125,000 ppb C
u

P
er

ce
nt

 I
nh

ib
iti

o
n 

(%
)

0

20

40

60

80

100

120

* * *
*

*

*

4.75%7.91%8.49%

21.83%

44.92%

98.76%

 

Figure 4.8: Inhibition of E. faecium 

following exposure to a range of copper 

concentrations falling between the CCC 

and EC20 concentration ranges. 
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Table 4.13: ANOVA statistical analysis of results from the mid-range of copper concentrations.

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 9 0.6459 0.0392 0.999

510 ppb Cu 8 0.0021

1,540 ppb Cu 8 1.00E-04

4,630 ppb Cu 9 1.00E-04

13,890 ppb Cu 6 1.00E-04

41,670 ppb Cu 9 1.00E-04

125,000 ppb Cu 9 1.00E-04

Midrange [Copper] 

(ppb)
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For all figures below, a dagger (†) denotes published PNEC value for antimicrobials 

or CCC value for metals, asterisk (*) indicates statistical significance (Dunnett’s test p ≤ 

0.05), positive (+) inhibition values were indicative of reduced growth, and negative (-) 

suggest growth stimulation. 

Treatment with the MEC of arsenic combined with a range of triclosan based on 

the PNEC was inhibited by 3.22% to 6.29%. Only the highest tested dose, MEC As + 2.0 

ppb TCS, was statistically significant (Dunnett’s test p ≤ 0.05) compared to a negative 

control. The second group consisting of MEC Arsenic and a PNEC range of 

oxytetracycline responded with a clear dose-response curve, from 3.22% to 96.55%. All 

combinations of MEC Arsenic and PNEC ranges of oxytetracycline had significant growth 

inhibition compared to controls. The third treatment group, MEC arsenic with a PNEC 

range of ciprofloxacin, varied in its response ranging from 3.22% to 7.75%. Only the 

highest two doses of ciprofloxacin, 0.128 ppb and 0.256 ppb, in combination with As MEC 

were statistically significant compared to the negative control (Figure 4.9, Table 4.14). 

 All of the results from the binary exposures of copper at the MEC with a PNEC 

range of antimicrobials mixtures exhibited growth inhibition which was statistically 

significant (Dunnett’s test p ≤ 0.05) when compared to the negative control, although all 

three treatment groups failed Levene’s Test for homogeneity of variance (Table 4.15). 

Exposure to a combination of MEC copper and PNEC-range triclosan mixture inhibited 

growth by 15.13% - 19.59%, a combination of MEC copper and PNEC-range 

oxytetracycline mixture inhibited growth by 18.38% - 95.49%, and a combination of MEC 

copper and PNEC-range ciprofloxacin mixture inhibited growth by 16.54% - 19.76% 

(Figure 4.10). These results clearly indicate that the MEC copper in combination with 
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Figure 4.9: Inhibition of E. faecium following exposure to the Binary Group 1 Mixtures of the As MEC with a PNEC range of (a) 

TCS, (b) OTC, or (c) CIP. 
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Table 4.14: ANOVA statistical analysis of results from the Binary Group 1 Mixtures of MEC As with 

a PNEC range of TCS, OTC, or CIP.  

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 24 0.6021 0.0124 0.999

2,390,400 ppb As 24 0.3036

2,390,400 ppb As, 

0.25 ppb TCS 24 0.2497

2,390,400 ppb As, 

0.5 ppb TCS 24 0.1817

2,390,400 ppb As, 

1.0 ppb TCS 24 0.0699

2,390,400 ppb As, 

2.0 ppb TCS 24 0.0073

Negative Control 24 0.101 0.0073 0.999

2,390,400 ppb As 24 0.4618

2,390,400 ppb As, 

0.25 ppb OTC 22 1.00E-04

2,390,400 ppb As, 

0.5 ppb OTC 15 0.0001

2,390,400 ppb As, 

1.0 ppb OTC 22 0.0001

2,390,400 ppb As, 

2.0 ppb OTC 24 0.0001

Negative Control 24 0.0741 0.0112 0.999

2,390,400 ppb As 24 0.3494

2,390,400 ppb As, 

0.032 ppb CIP 24 0.0719

2,390,400 ppb As, 

0.064 ppb CIP 24 0.1355

2,390,400 ppb As, 

0.128 ppb CIP 24 0.0352

2,390,400 ppb As, 

0.256 ppb CIP 24 0.0014

Binary 1.2: 2,390,400 ppb As, 

PNEC [OTC] (ppb)

Binary 1.1: 2,390,400 ppb As, 

PNEC [TCS] (ppb)

Binary 1.3: 2,390,400 ppb As, 

PNEC [CIP] (ppb)
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Figure 4.10: Inhibition of E. faecium following exposure to the Binary Group 2 Mixtures of the Cu MEC with a PNEC range of 

(a) TCS, (b) OTC, or (c) CIP. 
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Table 4.15: ANOVA statistical analysis of results from the Binary Group 2 Mixtures of MEC Cu with 

PNEC ranges of TCS, OTC, or CIP. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 24 0.6719 0.0013 0.999

123,830 ppb Cu 24 1.00E-04

123,830 ppb Cu, 

0.25 ppb TCS 22 1.00E-04

123,830 ppb Cu, 0.5 

ppb TCS 24 1.00E-04

123,830 ppb Cu, 1.0 

ppb TCS 24 1.00E-04

123,830 ppb Cu, 2.0 

ppb TCS 20 1.00E-04

Negative Control 24 0.2872 0.0047 0.999

123,830 ppb Cu 24 1.00E-04

123,830 ppb Cu, 

0.25 ppb OTC 20 1.00E-04

123,830 ppb Cu, 0.5 

ppb OTC 21 1.00E-04

123,830 ppb Cu, 1.0 

ppb OTC 22 1.00E-04

123,830 ppb Cu, 2.0 

ppb OTC 24 1.00E-04

Negative Control 24 0.0904 0.0045 0.999

123,830 ppb Cu 24 1.00E-04

123,830 ppb Cu, 

0.032 ppb CIP 23 1.00E-04

123,830 ppb Cu, 

0.064 ppb CIP 24 1.00E-04

123,830 ppb Cu, 

0.128 ppb CIP 23 1.00E-04

123,830 ppb Cu, 

0.256 ppb CIP 19 1.00E-04

Binary 2.2: 123,830 ppb Cu, 

PNEC [OTC] (ppb)

Binary 2.3: 123,830 ppb Cu, 

PNEC [CIP] (ppb)

Binary 2.1: 123,830 ppb Cu, 

PNEC [TCS] (ppb)
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PNEC oxytetracycline mixture had the greatest growth inhibition effect on Enterococcus 

compared to the other antimicrobials tested.  

 Treatment groups of MEC zinc with PNEC-ranges of triclosan and ciprofloxacin 

had no statistically significant reduction or stimulation of growth when compared to 

controls (Dunnett’s test p ≤ 0.05), and both failed Levene’s test for homogeneity of 

variance (Table 4.16). Only exposure to MEC Zn with PNEC-range OTC significantly 

inhibited growth, ranging from 28.90% - 88.07% inhibition (Figure 4.11). There was a 

moderate departure from the assumptions of the Levine’s for the MEC Zn and PNEC OTC 

results (Table 4.16). 

 Binary treatment with MEC TCS and a PNEC range of As, Cu, or Zn had slight 

variations between exposure groups. TCS alone caused a significant (Dunnett’s ≤ p 0.05) 

reduction in growth compared to controls ranging from 6.93-6.97%. In the mixture of TCS 

and As, there was also a significant (Dunnett’s test p ≤ 0.05) reduction in growth compared 

to the controls ranging from 7.35-7.74%, but this additional growth reduction was not 

significantly different from the 6.93% growth reduction caused by TCS alone. In the TCS 

and Cu mixture, significant growth reductions were observed in both TCS alone (6.97%) 

and all copper concentrations (5.68-8.05%) tested which were significantly (Dunnett’s test 

p ≤ 0.05) different than the negative control but were not significantly different than the 

TCS exposure alone. The TCS and Zn mixture resulted in significant (Dunnett’s test p ≤ 

0.05) growth compared to the negative control, with inhibition of 6.97% in TCS alone and 

a range from 6.56% to 9.39% in the Zn-TCS mixture. In addition, the combination of TCS 

and Zn caused additional growth inhibition compared to the TCS exposure alone at the 

three highest concentrations tested (Figure 4.12, Table 4.17). 
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Figure 4.11: Inhibition of E. faecium following exposure to the Binary Group 3 Mixtures of the Zn MEC with a PNEC range of (a) 

TCS, (b) OTC, or (c) CIP. 
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Table 4.16: ANOVA statistical analysis of results from the Binary Group 3 Mixtures of 

MEC zinc with a PNEC range of TCS, OTC, or CIP. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 21 0.7178 0.0026 0.999

13,890 ppb Zn 21 0.9978

13,890 ppb Zn, 0.25 

ppb TCS 21 0.9943

13,890 ppb Zn, 0.5 

ppb TCS 20 0.9961

13,890 ppb Zn, 1.0 

ppb TCS 21 0.992

13,890 ppb Zn, 2.0 

ppb TCS 21 0.9845

Negative Control 21 0.2263 0.0034 0.999

13,890 ppb Zn 21 0.997

13,890 ppb Zn, 0.25 

ppb OTC 20 0.0216

13,890 ppb Zn, 0.5 

ppb OTC 17 0.0007

13,890 ppb Zn, 1.0 

ppb OTC 20 0.0001

13,890 ppb Zn, 2.0 

ppb OTC 21 0.0001

Negative Control 21 0.4214 0.0121 0.999

13,890 ppb Zn 21 0.9961

13,890 ppb Zn, 

0.032 ppb CIP 21 0.9854

13,890 ppb Zn, 

0.064 ppb CIP 21 0.9779

13,890 ppb Zn, 

0.128 ppb CIP 21 0.9371

13,890 ppb Zn, 

0.256 ppb CIP 20 0.8433

Binary 3.3: 13,890 ppb Zn, 

PNEC [CIP] (ppb)

Binary 3.1: 13,890 ppb Zn, 

PNEC [TCS] (ppb)

Binary 3.2: 13,890 ppb Zn, 

PNEC [OTC] (ppb)
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Figure 4.12: Inhibition of E. faecium following exposure to the Binary Group 4 Mixtures of the TCS MEC with a CCC range of (a) 

As, (b) Cu, or (c) Zn. 
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Table 4.17: ANOVA statistical analysis of results from the Binary Group 4 Mixtures of MEC TCS with 

a CCC range of As, Cu, or Zn. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from 

Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 23 0.7784 0.0134 0.999

230 ppb TCS 24 0.0003

230 ppb TCS, 18 

ppb As 24 0.0001

230 ppb TCS, 36 

ppb As 24 0.0001

230 ppb TCS, 72 

ppb As 24 0.0001

230 ppb TCS, 144 

ppb As 17 3.00E-04

Negative Control 24 0.0928 0.0167 0.999

230 ppb TCS 24 3.00E-04

230 ppb TCS, 1.55 

ppb Cu 24 3.10E-03

230 ppb TCS, 3.10 

ppb Cu 24 1.00E-04

230 ppb TCS, 6.20 

ppb Cu 23 2.00E-04

230 ppb TCS, 12.4 

ppb Cu 22 1.00E-04

Negative Control 24 0.6186 0.005 0.999

230 ppb TCS 24 4.00E-04

230 ppb TCS, 40.5 

ppb Zn 23 8.00E-04

230 ppb TCS, 81.0 

ppb Zn 23 1.00E-04

230 ppb TCS, 162.0 

ppb Zn 24 1.00E-04

230 ppb TCS, 324.0 

ppb Zn 23 1.00E-04

Binary 4.1: 230 ppb  TCS, 

CCC [As] (ppb)

Binary 4.3: 230 ppb  TCS, 

CCC [Zn] (ppb)

Binary 4.2: 230 ppb  TCS, 

CCC [Cu] (ppb)
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 MEC OTC exposure alone caused a range of growth inhibition of 24.49-24.53% 

compared to controls while the different OTC-metal mixtures had only slightly increased 

growth inhibitions of 25.08 - 29.84%. Overall, there was less than a 5% difference in 

growth inhibition between the mixtures and OTC exposure alone. MEC OTC and PNEC-

range As exhibited 24.49% - 27.0%; MEC OTC and PNEC-range Cu was inhibited by 

24.53% - 26.65%, and MEC OTC + PNEC Zn saw inhibition from 24.49% - 28.9%. All of 

these treatments were statistically significant (Dunnett’s test p ≤ 0.05) from the negative 

control, but both OTC + Cu and OTC + Zn failed the Shapiro-Wilk test for normality and 

Levene’s test for homogeneity of variance. MEC OTC with 144 ppb As and with 324 ppb 

Zn were both significant (Dunnett’s test p ≤ 0.05) when compared to MEC OTC alone, as 

well (Figure 4.13, Table 4.18). 

 The MEC CIP and a PNEC-range of As, Cu, or Zn mixtures had significantly 

(Dunnett’s test p ≤ 0.05) reduced growth at all concentrations tested compared to controls 

but did not exhibit much variability between or within treatment groups. CIP exposure 

alone reduced growth by 22.55% compared to growth inhibitions of 21.29-23.57% in the 

MEC CIP and trace metal mixtures. In total, there was approximately a 2% change in 

growth inhibition differences between the MEC CIP exposure alone and the MEC CIP -

PNEC trace metal mixtures. The three treatment mixture groups all failed Levene’s test for 

homogeneity of variance (Figure 4.14, Table 4.19). 

(c) Kirby-Bauer Assays 

Kirby-Bauer antimicrobial resistance assays were performed for each combination 

of MEC metals with PNEC antimicrobials, and MEC antimicrobials with CCC metals. 

However, the Binary Group 2 mixtures, which contained the MEC of copper for the 
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Figure 4.13: Inhibition of E. faecium following exposure to the Binary Group 5 Mixtures of the OTC MEC with a CCC range of (a) 

As, (b) Cu, or (c) Zn. 
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Table 4.18: ANOVA statistical analysis of results from the Binary Group 5 Mixtures of MEC 

OTC with a CCC range of As, Cu, or Zn. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from 

Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 24 0.3297 0.0055 0.999

250 ppb OTC 24 0.0001

250 ppb OTC, 18 

ppb As 24 0.0001

250 ppb OTC, 36 

ppb As 24 0.0001

250 ppb OTC, 72 

ppb As 24 0.0001

250 ppb OTC, 144 

ppb As 23 0.0001

Negative Control 24 0.0001 0.0001 0.999

250 ppb OTC 23 0.0001

250 ppb OTC, 1.55 

ppb Cu 24 0.0001

250 ppb OTC, 3.10 

ppb Cu 24 0.0001

250 ppb OTC, 6.20 

ppb Cu 24 0.0001

250 ppb OTC, 12.4 

ppb Cu 24 0.0001

Negative Control 24 0.0004 0.0003 0.999

250 ppb OTC 24 0.0001

250 ppb OTC, 40.5 

ppb Zn 23 0.0001

250 ppb OTC, 81.0 

ppb Zn 23 0.0001

250 ppb OTC, 162.0 

ppb Zn 24 0.0001

250 ppb OTC, 324.0 

ppb Zn 24 0.0001

Binary 5.1: 250 ppb OTC, 

CCC [As] (ppb)

Binary 5.2: 250 ppb OTC, 

CCC [Cu] (ppb)

Binary 5.3: 250 ppb OTC, 

CCC [Zn] (ppb)
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Figure 4.14: Inhibition of E. faecium following exposure to the Binary Group 6 Mixtures of the CIP MEC with a CCC range of (a) 

As, (b) Cu, or (c) Zn. 
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Table 4.19: ANOVA statistical analysis of results from the Binary Group 6 Mixtures of MEC CIP 

with a CCC range of As, Cu, or Zn. 

Treatment Group Treatment n

Dunnett's Test: 

Significance from 

Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of 

Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 24 0.8947 0.002 0.999

75 ppb CIP 24 0.0001

75 ppb CIP, 18 ppb 

As 24 0.0001

75 ppb CIP, 36 ppb 

As 24 0.0001

75 ppb CIP, 72 ppb 

As 24 0.0001

75 ppb CIP, 144 

ppb As 21 0.0001

Negative Control 24 0.5889 0.0012 0.999

75 ppb CIP 24 0.0001

75 ppb CIP, 1.55 

ppb Cu 24 1.00E-04

75 ppb CIP, 3.10 

ppb Cu 24 0.0001

75 ppb CIP, 6.20 

ppb Cu 24 0.0001

75 ppb CIP, 12.4 

ppb Cu 24 0.0001

Negative Control 24 0.9347 0.0022 0.999

75 ppb CIP 24 0.0001

75 ppb CIP, 40.5 

ppb Zn 24 0.0001

75 ppb CIP, 81.0 

ppb Zn 24 0.0001

75 ppb CIP, 162.0 

ppb Zn 23 0.0001

75 ppb CIP, 324.0 

ppb Zn 24 0.0001

Binary 6.2: 75 ppb CIP, 

CCC [Cu] (ppb)

Binary 6.3: 75 ppb CIP, 

CCC [Zn] (ppb)

Binary 6.1: 75 ppb CIP, 

CCC [As] (ppb)
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constant exposure, did not undergo visible growth in the overnight culture, and when 

streaked on Muller-Hinton agar did not grow on the plate. The starting stock of copper was 

re-made for these experiments and may have been miscalculated, or the wrong amount of 

copper stock may have been added to the overnight cultures. 

For all figures below, an asterisk (*) indicates statistical significance (Dunnett’s 

test p ≤ 0.05). Positive (+) susceptibility values indicate that the antimicrobial challenge 

was more toxic for the exposure group than the negative control, and negative (-) 

susceptibility values indicate that the antimicrobial challenge was less toxic for the 

exposure group than the negative control. No data points were removed as outliers from 

this data set, although some plates had antimicrobial discs fall from the agar, preventing 

the antimicrobial to diffuse into the agar. One replicate from Binary Group 4.3, containing 

three discs of each antimicrobial, was removed from analysis due to contamination. 

Additionally, one replicate from Binary Group 5.1, containing two filter discs of CIP and 

OTC and three of VAN, froze during overnight storage in a 4°C refrigerator after removal 

from the incubator. Ice crystals forming in the agar made the ZOI impossible to measure 

for this plate and it was therefore removed from analysis. 

As evidenced in Table 4.20(b), all treatment groups were susceptible to all three 

challenges, both before and after the 24-hour acclimation period. 

 In a series of experiments which allowed E. faecium to acclimate for 24 hours to 

the probable PNEC of all three antimicrobials of interest (TCS, OTC, or CIP) or the CCC 

of the three metals (As, Cu, Zn), the change in susceptibility to CIP, VAN, and OTC varied 

widely when compared to the negative control, though none were statistically significant 

(Dunnett’s test p ≤ 0.05). Only one treatment – 23 ppb As – induced slight (-0.64%)  
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Table 4.20(a): AMR breakpoints for E. faecium exposure to ciprofloxacin (CIP), 

vancomycin (VAN), and oxytetracycline (OTC) (CLSI 2017). 

Antimicrobial Challenge

Legend ~    Susceptible −   Intermediate    Resistant

Ciprofloxacin (5 µg) > 21 16-20 <15

Vancomycin (30 µg) >17 15-16 <14

(Oxy)tetracycline (30 µg) >19 15-18 <14

Breakpoints

Zone of Inhibition (ZOI) [mm]
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Table 4.20(b): Post-exposure Zones of Inhibition with susceptibility designations. 

Treatment Group Treatment CIP Challenge VAN Challenge OTC Challenge

Negative Control Negative Control 26.4 25.2 28.1

36 ppb As 26.2 25.4 28.4

3.10 ppb Cu 27.6 25.9 28.5

81.0 ppb Zn 27.3 25.8 29.1

0.5 ppb TCS 27.1 25.9 29.3

0.5 ppb OTC 28.4 26.4 28.3

0.064 ppb CIP 27.1 25.9 29.0

2,390,400 ppb As 27.4 25.8 28.3

13,890 ppb Zn 27.4 25.2 28.1

230 ppb TCS 26.7 25.8 27.8

250 ppb OTC 31.6 28.6 32.7

75 ppb CIP 27.5 26.0 28.9

2,390,400 ppb As, 0.5 ppb TCS 26.1 25.7 28.4

2,390,400 ppb As, 0.5 ppb OTC 28.4 26.0 29.7

2,390,400 ppb As, 0.064 ppb CIP 26.8 25.0 27.8

13,890 ppb Zn, 0.5 ppb TCS 28.0 26.0 29.0

13,890 ppb Zn, 0.5 ppb OTC 29.1 26.7 29.0

13,890 ppb Zn, 0.064 ppb CIP 28.0 26.1 29.5

230 ppb TCS, 36 ppb As 27.2 25.4 29.1

230 ppb TCS, 3.10 ppb Cu 28.1 25.9 29.2

230 ppb TCS, 81.0 ppb Zn 27.9 26.2 28.9

250 ppb OTC, 36 ppb As 32.9 28.7 35.1

250 ppb OTC, 3.10 ppb Cu 33.8 29.8 35.4

250 ppb OTC, 81.0 ppb Zn 33.1 30.0 34.5

75 ppb CIP, 36 ppb As 28.7 26.0 29.8

75 ppb CIP, 3.10 ppb Cu 28.6 26.7 28.7

75 ppb CIP, 81.0 ppb Zn 27.7 26.2 29.5

Binary Group 4

Binary Group 5

Binary Group 6

Average Zone of Inhibition (mm)

Low Doses

Binary Group 1

High Doses

Binary Group 3
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reduction in susceptibility to a ciprofloxacin challenge, and no exposures reduced 

susceptibility to either vancomycin or oxytetracycline. The highest change in susceptibility 

to any of these antimicrobials was 4.95% increase in susceptibility to vancomycin 

following 24-hour acclimation to the PNEC (0.5 ppb) of OTC, which was not statistically 

significant. There was also a 4.59% increase in susceptibility to oxytetracycline following 

acclimation to 0.5 ppb TCS, while overnight acclimation to 0.5 ppb OTC increased 

susceptibility to oxytetracycline by just 0.78%. All three challenge groups failed the 

Shapiro-Wilk test for normality, and the vancomycin challenge also failed Levene’s test 

for homogeneity of variance (Figure 4.15, Table 4.21). 

 Following acclimation to the MEC of As, Zn, TCS, OTC, or CIP, and a challenge 

by CIP, VAN, and OTC, the only significant (Dunnett’s test p ≤ 0.05) results were from 

acclimation to 250 ppb OTC, in all three challenge experiments. These different challenge 

experiments resulted in a 16.67% increased susceptibility to oxytetracycline, a 19.69% 

increase in susceptibility to ciprofloxacin and a 13.67% increase in susceptibility to 

vancomycin, which were significantly (Dunnett’s test p ≤ 0.05) different than the negative 

control. There was a very slight (0.87%) decrease in susceptibility to oxytetracycline after 

acclimation to 230 ppb TCS. The rest of the challenges following acclimation to the MEC 

of each toxicant of interest ranged from 1.25% - 4.01% increase in susceptibility to 

ciprofloxacin, 0.18% - 3.09% increase in susceptibility to vancomycin, and 0.41% - 3.01% 

increase in susceptibility to oxytetracycline (Figure 4.16, Table 4.22). 

 Following a binary mixture of MEC As with PNEC TCS CIP and OTC exposure 

prior to challenge experiments with CIP, VAN and OTC, there were no significant 

(Dunnett’s test p ≤ 0.05) changes in susceptibility observed in any treatment when 
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Figure 4.15: E. faecium change in susceptibility to (a) ciprofloxacin (-0.64% - 7.58%), (b) vancomycin (1.02% - 4.95%), and (c) 

oxytetracycline (0.78% - 4.59%) following 24-hour acclimation to the EPA Criterion Continuous Concentration of As, Cu, or Zn, 

or the Probable No Effects Concentration of TCS, OTC, or CIP. 
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Table 4.21: ANOVA statistical analysis of the results for Kirby-Bauer Low Dose Exposures to CCC doses of As, Cu, and Zn and 

PNEC doses of TCS, OTC, or CIP. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8Negative 

Control 8 0.0001 0.0694 0.999

36 ppb As 7 1

3.10 ppb Cu 7 0.566

81.0 ppb Zn 7 0.749

0.5 ppb TCS 7 0.923

0.5 ppb OTC 7 0.164

0.064 ppb CIP 7 0.949Negative 

Control 9 0.0001 0.0003 0.999

36 ppb As 9 0.9935

3.10 ppb Cu 9 0.6298

81.0 ppb Zn 9 0.7475

0.5 ppb TCS 9 0.5643

0.5 ppb OTC 9 0.1681

0.064 ppb CIP 9 0.5643Negative 

Control 7 0.0004 0.18 0.977

36 ppb As 6 1

3.10 ppb Cu 7 0.9152

81.0 ppb Zn 7 0.7913

0.5 ppb TCS 7 0.5943

0.5 ppb OTC 6 0.9998

0.064 ppb CIP 7 0.6278

Low Doses:

VAN Challenge

Low Doses:

OTC Challenge

Low Doses:

CIP Challenge
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Figure 4.16: E. faecium change in susceptibility to (a) ciprofloxacin (1.25% - 19.69%), (b) vancomycin (0.18% - 14.57%), and (c) 

oxytetracycline (-0.87 – 16.67%) following 24-hour acclimation to the MEC of As, Zn, TCS, OTC, or CIP. 
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Table 4.22: ANOVA statistical analysis of results for the Kirby-Bauer High Dose Exposures to MEC doses of As, Cu, Zn, TCS, OTC, 

or CIP. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

Negative Control 8 0.0008 0.0666 0.999

2,390,400 ppb As 7 0.4307

13,890 ppb Zn 7 0.2909

230 ppb TCS 7 0.9092

250 ppb OTC 7 0.0001

75 ppb CIP 7 0.2336

Negative Control 8 0.0311 0.1147 0.999

2,390,400 ppb As 8 0.587

13,890 ppb Zn 9 1

230 ppb TCS 9 0.648

250 ppb OTC 9 0.0001

75 ppb CIP 9 0.47

Negative Control 7 0.0001 0.0686 0.999

2,390,400 ppb As 7 1

13,890 ppb Zn 7 1

230 ppb TCS 7 0.9998

250 ppb OTC 6 0.0373

75 ppb CIP 7 0.9859

High Doses:

OTC Challenge

High Doses:

CIP Challenge

High Doses:

VAN Challenge
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compared to controls. Following a binary mixture of MEC As with PNEC TCS, there was 

only a 4.65% decrease in susceptibility to ciprofloxacin, no change in susceptibility to 

vancomycin, and negligible change in susceptibility to ciprofloxacin. The mixture of MEC 

As with PNEC OTC also had mixed results, with a 3.65% increase in susceptibility to 

ciprofloxacin, negligible change in susceptibility to vancomycin, and 4.79% increase in 

susceptibility to oxytetracycline. The binary mixture of MEC As with PNEC CIP, on the 

other hand, resulted in only slight decreased susceptibility to all three antimicrobial 

challenges. For this treatment, there was a decrease in susceptibility to ciprofloxacin of 

2.14%, 3.73% for vancomycin, and 1.92% for oxytetracycline. None of these results were 

statistically significant (Dunnett’s test p ≤ 0.05) when compared to the negative control, 

and all three failed the Shapiro-Wilk test for normality (Figure 4.17, Table 4.23).  

 Similar results were obtained in the MEC Zn with PNEC TCS, OTC, or CIP 

exposures followed by CIP, VAN, and OTC challenge. None of these MEC Zn and PNEC 

TCS, OTC, and CIP mixtures resulted in significant (Dunnett’s test p ≤ 0.05) changes in 

susceptibility compared to controls in any of the antimicrobial challenge experiments. 

MEC Zn with PNEC TCS resulted in only 2.08%, 2.99%, and 3.15% increases in 

susceptibility to ciprofloxacin, vancomycin, and oxytetracycline, respectively. MEC Zn 

with PNEC OTC caused 6.09% increase in susceptibility to ciprofloxacin, 5.63% increase 

in vancomycin, and 3.00% increase in oxytetracycline. The final treatment in this group, 

MEC Zn with PNEC CIP, resulted in 3.08%, 3.26%, and 5.03% increase in susceptibility 

to ciprofloxacin, vancomycin, and oxytetracycline, respectively. None of these results were 

statistically significant (Dunnett’s test p ≤ 0.05), all three challenges failed the Shapiro-
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Figure 4.17: E. faecium change in susceptibility to (a) ciprofloxacin (-4.65 – 3.66%), (b) vancomycin (-3.73% - 0.22%), and (c) 

oxytetracycline (-1.92% - 4.79%) following 24-hour acclimation to the Binary Group 1 Mixtures of the As MEC with the PNEC of 

TCS, OTC, or CIP. 
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Table 4.23: ANOVA statistical analysis of results for Kirby-Bauer Binary Group 1 Mixtures of MEC As with PNEC ranges of TCS, 

OTC, or CIP. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

2,390,400 ppb As 7 0.001 0.2078 0.999

2,390,400 ppb As, 

0.5 ppb TCS 7 0.4546

2,390,400 ppb As, 

0.5 ppb OTC 7 0.4277

2,390,400 ppb As, 

0.064 ppb CIP 7 0.9483

2,390,400 ppb As 7 0.0001 0.0517 0.999

2,390,400 ppb As, 

0.5 ppb TCS 7 0.9863

2,390,400 ppb As, 

0.5 ppb OTC 9 0.9964

2,390,400 ppb As, 

0.064 ppb CIP 8 0.8243

2,390,400 ppb As 7 0.0001 0.0524 0.999

2,390,400 ppb As, 

0.5 ppb TCS 7 0.9913

2,390,400 ppb As, 

0.5 ppb OTC 7 0.2872

2,390,400 ppb As, 

0.064 ppb CIP 6 1

Binary Group 1

OTC Challenge

Binary Group 1:

CIP Challenge

Binary Group 1

VAN Challenge
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Wilk test for normality, and the vancomycin challenge also failed Levene’s test for 

homogeneity of variance (Figure 4.18, Table 4.24). 

 The mixture of MEC TCS with CCC As, Cu, or Zn resulted in slight increases in 

susceptibility in almost every challenge. The exception is in the vancomycin challenge 

following exposure to MEC TCS and CCC As, which saw a slight 1.68% decrease in 

susceptibility. The rest ranged from 1.60% - 4.33% increases in susceptibility to 

ciprofloxacin, 0.17% - 1.53% increases in vancomycin, and 4.06% - 5.14% increases in 

oxytetracycline. None of these data were statistically significant (Dunnett’s test p ≤ 0.05) 

when compared to the negative control, and both the ciprofloxacin and oxytetracycline 

challenges failed the Shapiro-Wilk test for normality (Figure 4.19, Table 4.25). 

 No combinations of MEC OTC with CCC metals mixtures resulted in significant 

(Dunnett’s test p ≤ 0.05) alterations in susceptibility compared to controls for any of the 

three antimicrobial challenges. Slight increases in susceptibility to ciprofloxacin ranged 

from 4.19% - 6.87%, to vancomycin ranged from 0.87% to 5.22%, and to oxytetracycline 

ranged from 0.22% - 2.88%. None of these results were statistically significant (Dunnett’s 

test p ≤ 0.05) from control, and both the vancomycin and oxytetracycline challenges failed 

the Shapiro-Wilk test for normality (Figure 4.20, Table 4.26). 

 Co-exposure to MEC CIP with CCC As, Cu, or Zn did not result in greater than a 

5% increase in susceptibility to any of the three antimicrobial challenges. The MEC CIP + 

CCC Cu treatment, however, saw a very slight (0.64%) decrease in susceptibility to 

oxytetracycline. None of the results from these exposure groups were statistically 

significant (Dunnett’s test p ≤ 0.05) when compared to the negative control, all three 
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Figure 4.18: E. faecium change in susceptibility to (a) ciprofloxacin (2.08% - 6.09%), (b) vancomycin (2.99% - 5.63%), and (c) 

oxytetracycline (3.00% - 5.03%) following 24-hour acclimation to the Binary Group 3 mixture of the Zn MEC with the PNEC of 

TCS, OTC, or CIP. 
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Table 4.24: ANOVA statistical analysis of results for Kirby-Bauer Binary Group 3 Mixtures of MEC Zn with PNEC ranges of TCS, 

OTC, or CIP. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

13,890 ppb Zn 7 0.001 0.1043 0.998

13,890 ppb Zn, 

0.5 ppb TCS 7 0.7208

13,890 ppb Zn, 

0.5 ppb OTC 7 0.1171

13,890 ppb Zn, 

0.064 ppb CIP 7 0.7568

13,890 ppb Zn 9 0.0001 0.0028 0.999

13,890 ppb Zn, 

0.5 ppb TCS 9 0.464

13,890 ppb Zn, 

0.5 ppb OTC 9 0.0947

13,890 ppb Zn, 

0.064 ppb CIP 9 0.4035

13,890 ppb Zn 7 0.0001 0.0519 0.999

13,890 ppb Zn, 

0.5 ppb TCS 7 0.5997

13,890 ppb Zn, 

0.5 ppb OTC 7 0.6517

13,890 ppb Zn, 

0.064 ppb CIP 7 0.3234

Binary Group 3:

OTC Challenge

Binary Group 3:

VAN Challenge

Binary Group 3:

CIP Challenge
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Figure 4.19: E. faecium change in susceptibility to (a) ciprofloxacin (1.60% - 5.02%), (b) vancomycin (-1.68% - 1.53%), and (c) 

oxytetracycline (4.06% - 5.14%) following 24-hour acclimation to the Binary Group 4 mixture of the TCS MEC with the CCC of 

As, Cu, or Zn. 
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Table 4.25: ANOVA statistical analysis of results for the Kirby-Bauer Binary Group 4 Mixtures of MEC TCS with CCC range of As, 

Cu, or Zn. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

230 ppb TCS 7 0.0001 0.0815 0.999

230 ppb TCS, 

36 ppb As 7 0.8084

230 ppb TCS, 

3.10 ppb Cu 7 0.1673

230 ppb TCS, 

81.0 ppb Zn 4 0.3097

230 ppb TCS 9 0.4383 0.1043 0.922

230 ppb TCS, 

36 ppb As 9 0.838

230 ppb TCS, 

3.10 ppb Cu 9 0.9997

230 ppb TCS, 

81.0 ppb Zn 5 0.9903

230 ppb TCS 7 0.0001 0.0787 0.999

230 ppb TCS, 

36 ppb As 7 0.6585

230 ppb TCS, 

3.10 ppb Cu 7 0.5917

230 ppb TCS, 

81.0 ppb Zn 4 0.7134

Binary Group 4: 

OTC Challenge

Binary Group 4: 

CIP Challenge

Binary Group 4: 

VAN Challenge
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Figure 4.20: E. faecium change in susceptibility to (a) ciprofloxacin (4.19% - 6.87%), (b) vancomycin (0.87% - 5.22%), and (c) 

oxytetracycline (0.22% - 2.88%) following 24-hour acclimation to the Binary Group 5 mixture of the OTC MEC with the CCC of 

As, Cu, or Zn. 
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Table 4.26: ANOVA statistical analysis of results for the Kirby-Bauer Binary Group 5 Mixtures of MEC OTC with CCC range of As, 

Cu, or Zn. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

250 ppb OTC 7 0.2006 0.2287 0.995

250 ppb OTC, 

36 ppb As 5 0.3284

250 ppb OTC, 

3.10 ppb Cu 7 0.0819

250 ppb OTC, 

81.0 ppb Zn 7 0.24

250 ppb OTC 8 0.0001 0.0612 0.999

250 ppb OTC, 

36 ppb As 5 0.9997

250 ppb OTC, 

3.10 ppb Cu 8 0.1728

250 ppb OTC, 

81.0 ppb Zn 8 0.0584

250 ppb OTC 5 0.0001 0.0787 0.999

250 ppb OTC, 

36 ppb As 3 0.932

250 ppb OTC, 

3.10 ppb Cu 7 0.789

250 ppb OTC, 

81.0 ppb Zn 7 0.999

Binary Group 5:

OTC Challenge

Binary Group 5:

VAN Challenge

Binary Group 5:

CIP Challenge
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antimicrobial challenges failed the Shapiro-Wilk test for normality, and the vancomycin 

challenge also failed Levene’s test for homogeneity of variance (Figure 4.21, Table 4.27). 

Discussion 

(a) Key Points 

This strain of Efm appears to already be resistant to arsenic: The bacteria 

experienced only 9.79%I at 400% exceedance of published Enterococcus MIC. This is not 

surprising given the widespread nature of As concentrations in sediments throughout the 

southeastern US, with sediment quality guideline exceedances of > 28% in NOAA NERRS 

Sites in SC (Sanger et al. 1999). Thus, Enterococcus appears to be highly tolerant to As 

exposure. Additionally, there does not appear to be much difference in the binary mixture 

exposure groups that cannot be accounted for in single-exposure experiments. However, 

more experiments are needed to demonstrate repeatability of the binary mixture exposures 

as well as the antimicrobial resistance analysis.  

(b) Confounding Factors 

There are several potential confounding factors which may affect the statistical 

results in these data. As evidenced by some considerable variability between replicates in 

the single and binary exposure experiments, minute changes in treatment dilutions or 

inoculation density, likely stemming from material loss during pipetting, may exert an 

effect on overall responses to exposure. Smudges or minor scratches on polystyrene 96-

well plates may change the optical density recorded by the spectrophotometer, as can 

settling of dead bacterial cells.  

The Kirby-Bauer assay also has several points in the protocol which may introduce 

variability within and between replicates. Minor differences in the depth of Muller-Hinton 
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Figure 4.21: E. faecium change in susceptibility to (a) ciprofloxacin (0.68% - 4.58%), (b) vancomycin (0.76% - 3.72%), and (c) 

oxytetracycline (-0.64% - 3.37%) following 24-hour acclimation to the Binary Group 6 mixture of the CIP MEC with the CCC of 

As, Cu, or Zn. 
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Table 4.27: ANOVA statistical analysis of results for Kirby-Bauer Binary Group 6 Mixtures of MEC CIP with CCC range of As, Cu, 

or Zn. 

Treatment Group Treatment n

Dunnett's Test: Significance 

from Control

p ≤ 0.05

Shapiro-Wilk:

Normality

p ≥ 0.05

Levene's Test:

Homogeneity of Variance

p ≥ 0.05

Computed 

Power

p ≥ 0.8

75 ppb CIP 7 0.0004 0.1852 0.998

75 ppb CIP, 36 

ppb As 7 0.2773

75 ppb CIP, 

3.10 ppb Cu 7 0.4227

75 ppb CIP, 

81.0 ppb Zn 7 0.9998

75 ppb CIP 7 0.0001 0.0001 0.999

75 ppb CIP, 36 

ppb As 8 0.9974

75 ppb CIP, 

3.10 ppb Cu 7 0.1784

75 ppb CIP, 

81.0 ppb Zn 8 0.8409

75 ppb CIP 7 0.0001 0.0522 0.985

75 ppb CIP, 36 

ppb As 7 0.8306

75 ppb CIP, 

3.10 ppb Cu 7 0.9999

75 ppb CIP, 

81.0 ppb Zn 7 0.9598

Binary Group 6: 

OTC Challenge

Binary Group 6: 

CIP Challenge

Binary Group 6: 

VAN Challenge
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agar from plate to plate will affect the diffusion of antibiotics through the media. 

Additionally, if the antimicrobial filter discs are not pressed onto the plate with the same 

pressure throughout, the antibiotic diffusion will again be affected. As with the prior set of 

experiments, slight changes in treatment dilutions or inoculation density may affect both 

the acclimation of the bacteria to the toxicants as well as the growth on the plate and 

interactions with the antimicrobial discs. Additionally, blurry margins on some inhibition 

zones made measurement difficult. If the protocol in this study is used for future work, the 

author recommends using a 150 mm susceptibility disc dispenser for more consistent 

application of discs and therefore more even diffusion of antimicrobials. 

A high degree of variability and non-normal distribution indicate a need for more 

data points to successfully indicate repeatability of these experiments. 

(c) Conclusions 

 The most significant takeaway from this series of experiments is that the effect of 

co-exposure to antimicrobials and trace metals is both distinctly dose-dependent and 

compound dependent. Additionally, it is evident that the Probable No-Effect Concentration 

of oxytetracycline, in particular, does have a drastic effect on the growth of E. faecium. 

Studies conducted at WWTPs in SC discharging into impaired waters of the state 

in the 1990’s had a dominant E. coli pattern of AMR of COT (Chlor-, Oxy-, and 

Tetracycline). Our results show similar tetracycline resistance to OTC in Enterococcus. 

Most importantly, oxytetracycline has drastic effects at environmentally relevant PNEC 

levels. Enterococcus interactions with oxytetracycline should be further studied to 

determine whether the levels of oxytetracycline in aquatic systems affect its effectiveness 

as a water quality indicator.
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Chapter 5: Conclusions and Future Work

Summary 

 This study demonstrates that exposure of Vibrio vulnificus to antimicrobial and 

trace metal contaminants exerts enough stress for growth to be inhibited, even at 

concentrations below those which are not expected to have any considerable effect. 

Additionally, co-exposure to these two divergent contaminant classes results in often very 

different levels of inhibition, sometimes taking the bacteria from growth inhibition when 

exposed to one of the contaminants to growth stimulation in the presence of two together. 

The same binary mixture exposures may affect the susceptibility to clinically relevant 

antimicrobial products which are often detected in coastal waterways. Due to these factors, 

the authors are confident in rejecting both null hypotheses set forth in this study in relation 

to V. vulnificus. 

 As with the Vibros, Enterococcus faecium experienced significant growth 

inhibition following exposure to very low doses of either antimicrobials or trace metals. 

As such, the authors can reject the null hypothesis for Goal 1. Co-exposure to these two 

classes of toxins also sometimes had varying effects, although very few exhibited effects 

that were considerably different than the single exposures alone. These co-exposures also 

came with slight changes to susceptibility to clinically relevant antimicrobial products. 

However, due to nonparametric statistical analyses and low statistical significance, more 

experiments are required to confidently reject the second null hypothesis for this data set. 
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When comparing the results of the two microbes of interest, oxytetracycline appears to be 

the most important toxicant tested for both organisms. For instance, the V. vulnificus 

experiments exhibited very distinct interactions between oxytetracycline and copper at 

doses which may be frequently encountered in aquatic systems, especially near mariculture 

and agriculture operations. Meanwhile, very high inhibition was seen at PNEC doses in E. 

faecium. 

Future Work 

(a) Factors for Further Consideration 

 The findings in this study bring forward several points for deliberation as planning 

for future experiments moves forward. 

First, chemical risk assessments may need to include microbes as a “most sensitive 

organism.” Most aquatic risk assessments look at early life stage fish and shellfish as their 

most sensitive organism, but levels of toxicants in this study largely fall in the allowable 

range. With this in mind, researchers should start looking more deeply into how aquatic 

toxicants affect the microbial community, especially in terms of antimicrobial resistance, 

before declaring them safe. 

Second, when antimicrobial risks are evaluated, researchers should be looking at 

extremely low concentrations rather than the minimum inhibitory concentration. It is well 

established that high doses of antimicrobials tend to be toxic to bacteria. However, as 

shown in this study, even Probable No-Effect Concentrations of antimicrobials can elicit 

effects on microbial growth. These effects may be an increase in growth compared to a 

negative control, or they may come in the form of changes in susceptibility levels to 

clinically important antibiotics. 
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Figure 5.1: Summary of findings and potential future implications.
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Third, the levels of inhibition seen in E. faecium exposure to oxytetracycline is 

concerning when taken in consideration with its status as a common water quality indicator. 

These bacteria are highly susceptible to a contaminant very commonly used in mariculture 

and agriculture operations and are frequently detected in WWTPs, at a concentration which 

may well be found in the same waterways being tested for water quality. It can then be 

inferred from our results that measured levels of Enterococcus bacteria in water quality 

analyses may be artificially suppressed, which suggests that this important water quality 

indicator may under-report altered water quality conditions for microbial pollution and thus 

not fully protect public health. Environmental managers and planners may need to re-

evaluate how these bacteria are used in determining the safety of waterways for shellfish 

harvesting and recreation. The regulation of molluscan shellfish has continued to use fecal 

coliforms in lieu of Enterococcus species due to concerns about its relationship to sediment 

scour and its effectiveness as an indicator in highly turbid waters, including waters 

containing high levels of phytoplankton (Mote et al. 2012). This study further shows that 

the sensitivity of Enterococci to low levels of OTC in the environment – levels which may 

inhibit its growth – bring the reliability of this water quality indicator further into question. 

Finally, oxytetracycline has been found in mariculture effluents at concentrations 

up to 2.3 ppb and will quickly be diluted in runoff associated with rainfall and as the land-

based discharges merge with larger waterways. Meanwhile, copper in the form of copper 

sulfate is a common weapon in the fight against harmful algal blooms (HABs) in ponds 

and lakes. The conclusion may be drawn that increased aquaculture practices and HAB 

treatments could become important factors in predicting future microbial hazards in aquatic 

ecosystems in terms of important ecosystem services: swimability and fishability. The co-
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occurrence of Cu and OTC in aquatic ecosystems will have a major impact on bacterial 

water quality in terms of enhancing antibiotic resistance in microbes. This effect is 

occurring as more and more people are moving to the coast, particularly senior citizens 

who may have altered or reduced immune systems, making them more susceptible to 

microbial exposure in seafood and via contact recreation. Continued vigilance in educating 

the public about this threat and in reducing discharges of Cu and OTC into aquatic 

ecosystems is paramount to reducing/managing this threat to public health. 

(b) Genotypic Analysis for Antimicrobial Resistance 

 Future studies should build on the information gained from the phenotypic data 

contained herein by examining the genotypic effects exerted by exposure to these 

combinations of toxicants, especially those which were synergistic. During the course of 

this project, three 1 mL stocks of the bacterial suspensions used to inoculate the Kirby-

Bauer plates were kept at -80°C with a final concentration of 25% glycerol to preserve 

them for such future research. 

 Specifically, an analysis of changes in virulence gene expression is crucial to 

understanding the full impact of these data on public health. Genes such as PilF in V. 

vulnificus or esp in E. faecium are excellent candidates for further study. These genes are 

frequently detected in disease-causing strains of the bacteria and are often utilized as 

estimates of virulence in humans (Vankerckhoven et al. 2004; Sanjuan et al. 2009; Roig et 

al. 2010; Baker-Austin et al. 2012; Al-Talib et al. 2015; Haghi et al. 2019). 

 Incorporation of genetic virulence into current Vibrio forecast models is needed to 

protect public health, as those existing models only predict bacterial abundance. In 1854, 

Sir John Snow fashioned a new way of thinking about a public health issue, which we know 
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today was Vibrio cholerae, by using spatial mapping of a disease outbreak to discern how 

to identify methods to control the associated illness. Today, we need similar innovation to 

create 21st century gene maps of Vibrios to improve predictions of where high levels of 

virulence and antibiotic resistance occur as well as what environmental and climate factors 

increase their abundance. This mapping will also forecast antimicrobial resistance and 

virulence and provide the ability to develop an early warning system of key growth 

characteristics and gene expression changes, which will enable high risk individuals to be 

notified and avoid exposure. 

(c) Climate Change 

 With the worsening of climate change emerge potential further problems with 

stormwater ponds. Increases in the frequency and severity of extreme rainfall events 

(Risser and Wehner 2017; Patricola and Wehner 2018) and sea level rise is resulting in a 

subsequent increase in contaminant discharge and loading to receiving water catchments 

(Sharma et al. 2016). Flooding events following extreme rainfall can flush both new and 

sequestered contaminants to nearby aquatic ecosystems (Baalousha et al. 2015), where 

bacteria acclimated to those toxicants may survive, replicate, and pass on acquired 

resistance genes (Aminov 2010; McDaniel et al. 2010). In addition, evidence is emerging 

indicating a relationship between increased occurrence of microplastic pollution in aquatic 

ecosystems and the prevalence of bacterial growth and biofilms on plastic surfaces, 

especially Vibrio bacteria (Amaral-Zettler et al. 2020). In addition, increased nutrient loads 

will increase the abundance of Vibrios (Conrad and Harwood 2022) and increase the 

expression of biofilm production genes in Vibrio bacteria, generally associated with higher 

levels of antibiotic resistance (Correa Velez and Norman 2021). If increased exposure to 
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trace metals and antimicrobials continues, increased antibiotic resistance effects may be 

magnified, particularly in Vibrio bacteria. 

Aquatic bacteria, meanwhile, are experiencing something of a renaissance 

stemming from increasing sea surface temperatures and saltwater intrusion into freshwater 

sources. For example, Vibrio bacteria flourish in warm, brackish environments like those 

found in the estuaries of the southeastern U.S. (Randa et al. 2004; Chase and Harwood 

2011). As global sea surface temperatures rise, Vibrio bacteria are being found at higher 

latitudes and further inland than ever before, as well as over longer periods of each year 

(Baker-Austin et al. 2013; Vezzulli et al. 2013; Vezzulli et al. 2016; Baker-Austin et al. 

2017; Deeb et al. 2018; King et al. 2019). Expanding range combined with an influx of 

nutrients from agricultural and residential fertilizer use as well as sublethal stressors in the 

form of chemical contaminants provide ample opportunity for aquatic microbes -- 

including potential pathogens like Vibrio and Enterococcus bacteria -- to improve 

resilience and develop resistance to a number of chemical stressors. 

Climate change will also affect the biogeochemical cycling of these chemical 

contaminants within the environment, particularly relating to the effect of trace metal 

cycling (McComb et al. 2014; Hassett et al. 2018). In the future, it will be important to 

build upon the data presented in this study by determining different environmental effects 

on the organisms under a variety of climate change scenarios including increased 

temperature, salinity, and pH, along with increased nutrient levels associated with 

increased urbanization (Sandifer and Scott 2021). Only with further investigation will the 

full impacts of antimicrobial resistance within a changing coastal environment in the 21st 

century truly begin to be understood. 
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