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ABSTRACT 

 

Antibiotic resistance (AR) is reducing options for effective treatment of bacterial 

infections for clinically ill patients throughout the world. Our investigation examined the 

impact solids retention time (SRT) may have on the degradation of antibiotic compounds, 

proliferation of AR bacteria, and the persistence of antibiotic resistance genes (ARGs) 

during the wastewater treatment process. Results indicate the presence of ARGs related 

to clinically relevant antibiotics. Data analysis showed that antibiotic classes exhibit 

different removal efficiencies in the biological treatment processes (i.e. SRT); therefore, 

operating conditions at each WWTP can be optimized for highest efficiency removal. 

SRT of 19 days and higher indicated a high removal efficiency for all six ARGs of 

concern. Ultimately, identifying a critical value to optimize SRTs, where antibiotic 

degradation is maximized and AR is minimized, will provide information to WWTP 

operators, allowing treatment optimization to decrease harmful loading of Trace Organic 

Contaminants (TOrCs) in the environment. 
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CHAPTER 1: 

LITERATURE REVIEW 

 

1.1  Evolution of Antibiotic Resistance 

The innovation of antibiotics is largely considered one of the most significant 

discoveries of modern health-related events due to their success in treating infectious 

disease (Davies et al., 2010). The basic term “antibiotic” is used to denote any class of 

organic molecule that inhibits or kills microbes by specific interactions with bacterial 

targets by interacting with receptors and inciting specific cell responses and biochemical 

mechanisms (Davies et al., 2010). With the discovery of antibiotics, often denoted as 

“wonder drugs”, the lineage of antibiotic drug therapies has had a concomitant 

relationship with the development of antibiotic resistance (AR) (Shea et al., 2001).  

The mid-20th century introduced the first effective class of antibiotic, 

sulfonamides. However, the development of specific mechanisms of resistance disrupted 

their therapeutic use once the antibiotic was used more widely and resistant strains 

capable of inactivating the antibiotic became more prevalent (D’Costa et al., 2006). As 

other antibiotics have been discovered and introduced into clinical drug therapies, a 

similar course of events has taken place; as seen in the penicillin-, sulfonamide-, and 

streptomycin-resistant bacterial strains (Davies et al., 2010). Concern is growing for 

susceptible communities (e.g. nursing home patients) exposed to strains of AR bacterial 

pathogens, ultimately; leaving these “wonder drugs” ineffective to treat life threatening 

disease (Raghav et al., 2013;Shea et al., 2001).   
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Some bacterial pathogens associated with human disease have evolved into multi-

drug resistant (MDR) forms subsequent to antibiotic therapies (Davies et al., 2010). AR is 

especially worrisome in patients who have frequent hospital visits or may be immune 

compromised because they are more susceptible to newly emerging MDR pathogens 

(McAdam et al., 2010). Regrettably, few strategies to combat MDR have emerged over 

the last 30 years. Escalating rates of MDR hospital-acquired Gram-negative pathogens; 

such as: Escherichia coli (E .coli), Salmonella enterica, and Klebsiella pneumoniae, are 

frequently detected due to repeated transition of susceptible patients to and from 

hospitals, rehab facilities, personal homes, and long-term care facilities. These settings 

and pathways can facilitate the spread of resistant organisms more broadly (Davies et al., 

2010).  

Methicillin-resistant Staphylococcus aureus (MRSA) infections are characterized 

as skin infections that lead to red, swollen bumps. MRSA skin infections can progress to 

necrotizing fasciitis, a condition that deteriorates tissue and muscles (Smith, M., 2009). 

Over the last century, MRSA has evolved to become resistant to the entire class of 

penicillin, amoxicillin, oxacillin, and methicillin (Fig. 1) (Payne, 2009). Antibiotic 

options used to treat MRSA are diminishing. Vancomycin, for example, was considered 

the antibiotic of last-resort to effectively treat MRSA infected patients. However, the 

National Institute of Allergy and Infectious Disease (NIAID) reported in 2002 the first 

strain of MRSA resistant to vancomycin (NIAID, 2007).  
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Over the last decade, MRSA has been associated with MDR; with 440,000 new 

cases reported annually and causing at least 150,000 deaths (WHO, 2011). MRSA has 

evolved from a predominately hospital-acquired infection into a widespread community-

acquired pathogen, with enhanced virulence and transmission characteristics (Davies et 

al., 2010).  
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1.2 Clinically Significant Antibiotics 

The antibiotics under investigation in this study represent clinically important 

therapeutic drugs that possess different chemical structures and modes of actions. 

Sulfamethoxazole (SMX), a part of the sulfonamide antibiotic class, is commonly 

used as part of a synergistic combination with the trimethoprim (TMP) for therapeutic 

treatment both in animals and humans (Fig. 2 and 3) (Zhang et al., 2009).SMX and TMP 

are often used against susceptible forms of Streptococcus spp., MRSA, and E. coli 

infections. In particular; the drug combination is effective in treatment of urinary tract 

infections (Smith, 2009). Antibiotic-resistant genes (ARGs)conferring resistance to SMX 

(sulI and sulII) and TMP(dfrA) have been detected in bacterial isolates retrieved from 

fecal matter, wastewater, cattle feeding operations, surface water, and sediments of 

aquaculture areas (Skold O., 2001; Zhang et al., 2009).  

 

 

 

 

 

The β-lactam antibiotic class is the most widely prescribed antibiotic in the US 

(Livermore, 1996), and includes the antibiotic ampicillin (AMP) (Fig. 4).These antibiotic 

agents interfere with the cross-linking of the peptidoglycan of the cell wall causing the 

target cell to lyse (Struthers et al., 2003). Enterobacterial ampC ARG is a chromosomal 

Figure 2. Structure of sulfamethoxazole.  Figure 3. Structure of trimethoprim.  

http://upload.wikimedia.org/wikipedia/commons/8/8b/Sulfamethoxazole.png
http://upload.wikimedia.org/wikipedia/commons/3/3b/Trimethoprim.svg
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resistance gene that codes for the synthesis of β-lactamase that hydrolyses ampicillin. 

AmpC ARG have been detected in wastewater, surface water, and drinking water 

(Schwartz et al., 2003; Volkmann et al., 2004). 

 

 

 

 

The tetracycline (TC) class of antibiotics include broad spectrum antibiotics used 

against Gram-negative and Gram-positive bacterial infections in human and veterinary 

patients (Auerbach et al., 2007; Struthers et al., 2003). The antibiotic structure of 

tetracycline is shown in figure 5. ARGs related to tetracycline-resistant bacteria were 

detected in environments following introduction of tetracycline with at least 38 different 

tetracycline resistance genes (tet) identified in a variety of bacterial genera. (Auerbach er 

al., 2007; Dancer et al., 1997; Roberts, M.C., 2005). The observed tet ARGs code for 

efflux proteins, ribosomal protection proteins, and inactivating enzyme (Roberts, M.C., 

2005). Precisely 22 out of the 38 tet genes have been found in bacterial isolates from 

water environments and most recently the tetW ARG, which codes for ribosomal 

protection proteins, have been detected in a variety of wastewaters (Auerbach et al., 

2007).  

 

Figure 4.  Structure of ampicillin.  

http://upload.wikimedia.org/wikipedia/commons/3/36/Ampicillin_Structural_Formulae_V.1.svg
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Vancomycin (VA) is a glycopeptide antibiotic designated as last-resort antibiotic 

for the treatment of serious Gram-positive bacterial infections, when other antibiotic drug 

therapies have failed (Varela et al. 2013) (Fig. 6). Vancomycin has been used extensively 

for enterococcial bacterial infections which are among the most common microorganisms 

causing bloodstream and urinary tract infections acquired in hospital facilities (Varela et 

al. 2013). Vancomycin-resistant Enterococcus (VRE) is a severe bacterial infection 

associated with outbreaks of hospital-acquired infections around the world (Schwartz et 

al, 2003). Enterococci, a genus of lactic acid bacteria, are abundant in nature and have 

been discovered in the gastrointestinal tract of humans and animals (Walsh et al., 2002).  

Six different types of vancomycin ARGs have been discovered, and vanA ARGs are the 

most ubiquitous in surface water and wastewater (Messi et al., 2006; Volkmann et al., 

2004). Untreated hospital effluents may supply VRE in their wastewater which contribute 

to the increase risk of spread of vancomycin MDR in the environment. (Varela et al. 

2013). 

 

 

Figure 5.  Structure of Tetracycline.  



19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Structure of vancomycin.  

http://upload.wikimedia.org/wikipedia/commons/f/f4/Vancomycin.svg
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1.3  Dissemination of Antibiotics, Antibiotic Resistant Bacteria, and Antibiotic 

Resistance Genes 

The enormous use of antibiotics has resulted in a substantial environmental 

downside. Over the past 60 years, the world has become saturated with antibiotic 

compounds—significantly contributing to the selection of AR strains (Oberle et al., 

2012). Remarkably, no regulated statistics are available on the overall quantity of 

antibiotics used in either human medicine or animal agriculture in the US. Some experts 

have suggested that over 20.5 million pounds of antibiotics are used annually in animal 

agriculture, which accounts for 80 percent of all antibiotics sold in the US—nearly 70 

percent of the total are being used non therapeutically (Shea et al., 2001). 

The proliferation of AR bacteria and their distribution between bacterial 

populations throughout the environment result from complex environmental pathways of 

unrelenting selection pressure. Massive antibiotic use in human and veterinary medicine, 

agriculture and aquaculture are interconnected by the emergence of bacterial resistance 

(Oberle et al., 2012). Antibiotics used in agriculture for animal needs are discharged with 

liquid manure and subsequently washed off by rain or cleaning operations that have the 

potential to pollute surface water (Kummer, K., 2009).  

When humans consume antibiotics, a large proportion of the antibiotic compound 

go unabsorbed and excreted into the environment via urine and feces in non-metabolized 

forms, ultimately reaching municipal wastewater treatment plants (WWTPs) (Rizzo et al. 

2012). A 2003 study indicated that 7%, 45%, 58%, 71%, and 8% of bacterial isolates 
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from hospital sewage biofilm samples were resistant to vancomycin, ceftazidime, 

ceftazolin, penicillin and imipenem, respectively (Schwartz et al., 2003). Another study 

showed elevated amounts of AR bacteria in facilities receiving significant inflow from 

hospital and nursing home waste, which if water is poorly treated before discharge may 

contribute to the degradation of surface waters from upstream wastewater discharge 

(Dodd et al. 2012). Figure 7 depicts numerous types of anthropogenic activity, including 

antibiotic use in agriculture and aquaculture, other nonhuman applications of antibiotics, 

and waste disposal, create major environmental routes of antibiotic compounds, ARGs, 

and AR bacteria (Davies et al., 2010).  
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Figure 7. Dissemination of antibiotics and AR within agriculture, community, hospital, 

wastewater treatment, and associated environments (Davie et al., 2010). 
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In addition to the numerous pathways of antibiotic compounds, AR fecal bacteria 

selected in human and animal gastrointestinal tracts may be the leading contributors of 

contamination of aquatic environments. Wastewater or influent serves as a common 

matrix of AR fecal bacteria and antibiotic compounds (Oberle, K., 2012). When the 

excreted antibiotics reach municipal WWTPs the conventional activated sludge (CAS) 

process can only partially remove antibiotics (Bitton, 2011). Additionally, the CAS 

process is primarily a biological method that promotes the proliferation of bacteria, thus 

creating a desirable environment for AR bacteria to distribute/transfer their ARGs.  If 

antibiotic compounds and AR bacteria persist during the treatment of wastewater, transfer 

of ARGs among bacteria may occur in treated effluent entering the environment (Rizzo et 

al., 2012).  In lieu of the serious implications AR has on the environment, attention 

focused on WWTPS has emerged in scientific literature (Baquero et al., 2008, 

Kummerer, K., 2009; Manaia et al., 2012).  

MRSA and VRE are considered severe bacterial infections reported in hospitals. 

There exists a high possibility these resistant bacterial strains end up in WWTPs. The 

final effluent leaving a WWTP can discharge between109-1012 Colony Forming Units 

(CFU) per day; among these, at least 107-1010 could have acquired some kind of AR 

(Rizzo et al., 2012). Moreover, in these estimates, only the culturable fraction (<1%) of 

the entire bacterial population are being considered. Certainly, the amount of non-

culturable bacteria flourishing in wastewaters can host numerous amounts of ARGs. 

Currently, there is a lack of systematic and conclusive studies on the effect of the 

biological processes and their operating conditions have on the development of AR. 
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Furthermore, the absence of standardized methods to asses antibiotic compounds, AR 

bacteria, and ARGs in wastewater samples have created differing AR data among WWTP 

technologies throughout the world; causing inconsistencies in scientific literature (Rizzo 

et al., 2012).  
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1.4 Antibiotic Resistance Genes 

 
Increased frequency in AR is dependent on two modes of action: (1) bacteria 

evolving new genes in response to the pressure of antibiotics and (2) AR bacteria are 

selected in the environment by retaining ARGs beforehand. For example, penicillin is an 

antibiotic produced by the common bread mold Penicllium (Criswell, D., 2004).Penicillin 

was an effective antibiotic against human diseases because it blocked the assembly of a 

bacterial cell wall causing the bacteria to lyse. Soon after the development and wide 

distribution of penicillin to treat infections, resistant strains of Staphylococcus aureus (S. 

aureus) and Streptococcus pneumonia (S. pneumonia) were detected; and by 1998 34% 

of the S. pneumonia isolates sampled were penicillin-resistant. Eventually, other bacteria 

species reflected the same trend. This was followed by increased resistance to 

tetracycline and kanamycin. In some cases, the antibiotic has become clinically useless. 

The increase in AR among these once highly effective antibiotics suggests a change in 

the amount of ARGs present in clinical settings (Doern et al., 2001). 

ARGs are a defense bacteria use against antibiotics. Bacterial genes can encode 

proteins to neutralize the effects of antibiotics and defend against foreign attacks on their 

cell machinery (Chorpa et al., 2001). For instance, an ARG can encode for an efflux 

pump located in the cell membrane. Just before the antibiotic can cause cell disruption, 

the penetrating antibiotic is pumped out the cell using the efflux pump. Another type of 

ARG is the ribosomal protection proteins (RPP) to protect them from antibiotics. The 

ribosomes change shape (without losing proper function) blocking the antibiotic from 

binding; thus, preventing the interference of protein synthesis (Chorpa et al., 2001).  
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Mechanisms of horizontal gene transfer are a unique bacterial characteristic that 

provided the ability to transfer the ARGs to other bacteria. Horizontal gene transfer has 

had a substantial impact on the widespread emergence of AR among phylogenetically 

diverse Gram-negative clinical and environmental isolates over the past few decades 

(Dzidic et al., 2003). A study by Campbell et al. (2002) suggested that bacteria may not 

be evolving new genes; instead they are acquiring ARGs from other bacterium via gene 

transfers. There are three main types of gene transfer mechanisms (Fig. 8): (a) 

transformation, involving the uptake of DNA; (b) transduction, where the host DNA is 

encapsulated into bacteriophage vector; and (c) conjugation, a cell contact-dependent 

DNA transfer mechanism found to occur in most bacterial species. An example of 

horizontal gene transfer (i.e., conjugation) occurs when ARGs are located on a circular 

strand of DNA. The AR bacteria can then transfer their ARGs from the strand of DNA to 

a non-resistant bacterium (Campbell et al., 2002). Conjugation is the primary mechanism 

of bacterial gene transfer in the environment and such transfers may contribute to the 

expedited evolution of AR (Campbell et al., 2002). 

 

 

 

 

 



27 

 

 

 

 

 

Another mechanism for AR development is through ribosome and protein 

mutations (point mutations, deletions, inversions etc.) that prevent the antibiotic from 

properly binding. Connections between high mutation rates and AR have been reported in 

Pseudomonas aeruginasa isolated from lungs of cystic fibrosis patients (Hall, R., 2001). 

Mutations can have disadvantages such that protein synthesis slows down, growth rates 

decrease, and allow susceptibility to other types of antibiotics (Recht et al., 2001). The 

mutation may provide a defense to a particular antibiotic, but the overall fitness of the 

Figure 8. Horizontal Gene Transfer. 

http://www.nature.com/nrmicro/journal/v4/n1/full/nrmicro1325.html 
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population may be sacrificed. Yet, compensatory mutations correct a loss of fitness due 

to previous mutations encountered (Dzidic et al., 2003). However, the mutation 

incidences of resistance can change frequently depending on the type of mutation. 

Despite the biological sacrifice the microorganism may endure, the compensatory 

mutations can accumulate resulting in the fitness cost becoming irrelevant. This 

occurrence may explain the durability of AR bacteria populations found in the 

environment (Dzidic et al., 2003). 
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1.5 Emerging Contaminants Detected Globally 

 Multiple reports suggest ARGs are an emerging environmental contaminant; 

whereas WWTPs serve as a major reservoir of ARGs (Maricinek et al., 1998; Guillaume 

et al., 2000; Schwartz et al., 2003; Auerbach et al., 2007; Zhang et al., 2009; Deng et al., 

2012; Rizzo et al., 2013). If the antibiotic compound is not eliminated or degraded during 

wastewater treatment, the antibiotic compounds can reach the environment and 

potentially cause adverse effects to the aquatic and terrestrial ecosystems (Zhang et al., 

2009). Is systems where antibiotics are used frequently, as found in concentrated animal 

feeding operations (CAFOs), ARGs in surface water and soils can leach into groundwater 

(Aminov et al., 2002; Zhang et al., 2009). Rivers passing through industrial, urban, and 

agriculturally intensive areas have shown enhanced correlations of river sediments 

containing high concentrations of ARGs and high levels of antibiotic compounds (Pei et 

al., 2006). In recent reports, MDR E. coli strains have been detected in drinking water 

distribution systems that contain ARGs coding for resistance to a variety of antibiotic 

classes: β-lactam, tetracycline, trimethoprim, and sulfonamide. VanA and ampC genes 

have generally been linked to hospital and municipal wastewaters but recent reports show 

these ARGs can also be detected in drinking water biofilms (Zhang et al., 2009). 

Detection of ARGs in WWTPs, surface water, CAFOs, aquaculture water, sediments and 

soil, groundwater, and drinking water distribution systems require increased surveillance 

to better understand the potential risk to the environment.  
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 The geographical distribution of environmental ARGs has been validated in 

studies worldwide shown in Figure 9. In Europe, nearly all classes of ARGs have been 

detected in aquatic environments (Zhang et al., 2009). In North America, tetracycline, β-

lactamase, chloramphenicol, macrolide, and sulfonamide ARGs have been regularly 

detected in surface water, WWTPs, and lagoon water (Zhang et al., 2009). In Asia, 

trimethoprim, tetracycline and sulfonamide ARGs have been detected in community 

rivers (Zhang et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.  Detection of antibiotic resistance genes in geographically isolated water 

environments. (genes encoding resistance to aminoglycoside (red square), 

chloramphenicol (brown inverted triangle), β-lactam (plus symbol), macrolide (sky blue 

triangle), sulfonamide (violet diamond), tetracycline (green circle) and trimethoprim 

(indigo star)) (Zhang et al., 2009). 
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1.5.1 Antibiotic compounds and antibiotic resistant genes found in soil 

environment 

 Agricultural soils are known “hot-spots” containing antibiotic compounds 

(Xiuling et al., 2012); though the major concern from antibiotic contamination of the 

environment is the increasing number of ARGs found in soil bacteria (Xiuling et al., 

2012). Selection pressures from antibiotics in soil can cause bacteria to acquire more 

ARGs. Transfer of these ARGs may be drastically shifting the soil microbial 

communities (Parry, 2012). A recent report from the journal Science revealed a study at 

Washington University School of Medicine that bacterium grown from soil samples were 

harboring seven ARGs identical to those found in harmful infectious bacteria that enable 

AR (Parry, 2012).  

 Kevin Forsberg, a scientist who contributed work to the study at Washington 

University, explained that bacteria developed resistance well before humans existed. He 

added that bacteria have exchanged genes through horizontal gene transfer for even 

longer (Parry, W., 2012). Yet, other reports suggest that it is unlikely soil bacteria 

evolved their genes independently to confer AR, instead; the bacteria are sharing their 

ARGs among disease-causing microbes (Parry, 2012). Nevertheless, the discovery of 

new ARGs and the amount of antibiotic compounds found in soil has led many 

researchers to speculate on the potential dangers to long-term exposure for humans.  
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1.5.2 Heavy metals and antibiotic resistant genes found in soil 

  In large feeding operations that are not fully degraded are excreted in feces and 

urine which accumulate in soils after repeated manure applications (Sarmah et al., 2006). 

The Journal of Hazardous Materials published a 2006 report that examined eight ARGs 

(tetB(P); tetM; tetO; tetW; sulI; sulII; sulIII; and sulA), seven heavy metals (Hg; Cd; Pb; 

Cu; Zn; As; and Cr), and six antibiotic compounds (tetracycline; oxytetracycline; 

chloramphenicol; sulfadiazone; sulfamethazine; and sulfamethoxazole) in animal manure 

and agricultural soil samples (Xiuling et al., 2012).  Heavy metals in manures and soils 

were found in a wide concentration range. Cadmium (Cd) was below the limit of 

quantification (LOQ) in all samples, while the highest accumulations of zinc (Zn) and 

copper (Cu) were found in animal manures (Xiuling et al., 2012). In soils, a much higher 

concentration of lead (Pb) and chromium (Cr) was observed relative to manure samples 

(Xiuling et al., 2012). The finding suggests that contamination by some heavy metals is 

related to industrial waste and atmospheric dust deposition. Sulfonamide and tetracycline 

ARGs had the highest frequency detection rate in animal manure and agricultural soils. 

The study observed strong correlations between ARGs and heavy metals, which may 

suggest contamination of heavy metals may act as a factor of ARG proliferation. The link 

between heavy metals and ARGs may be significant because mercury (Hg) is often 

linked with MRSA strains (Berg, et al., 2010). Further studies are necessary to develop a 

stronger correlation to the selection pressure from antibiotic compounds; ARGs; and AR 

bacteria. 
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1.5.3 Antibiotic compounds and antibiotic resistant genes found in the water  

environment 

 Concerns about the potential impact of antibiotic compounds have gained 

worldwide attention because AR bacteria proliferate extensively in aquatic ecosystems, 

but the significance of aquatic environments as reservoirs of ARGs is not well understood 

(Stoll et al., 2012). A 2012 study from Stoll et al. (2012) quantified 24 ARGs in surface 

waters. Surface water samples were collected in Australia and Germany, including the 

River Rhine and Danube and their related tributaries. The ARGs most frequently detected 

both in Germany and Australia were sulI, sulII, (77-100%), and dfrA1 (43-55%) which 

code for resistance to sulfonamide and trimethoprim. The macrolide resistance gene ermB 

was relatively more prevalent in the surface water from Germany (68%) than Australia 

(18%). Conversely, the chloramphenicol resistance gene catll was more frequently 

detected in Australia (64%) than Germany (9%). Β-lactams resistance gene ampC was 

more prevalent in the samples from Australia (36%) than Germany (19%). The study 

concluded that aquatic ecosystems can be significant reservoirs of ARGs which could 

potentially be transferred from non-pathogenic bacteria to pathogenic bacteria that cause 

human illness. It is important to annotate that the method only analyzed the total DNA 

isolated from water samples; the study did not observe the actual expression of ARGs. 

Nevertheless, the data contributed to the risk assessment of antibiotic usage and assisted 

with strategies to lower the spread of ARGs and AR bacteria in aquatic environments 

(Stoll et al., 2012).  
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Uncertainty in development of ARGs and AR bacteria associated with aquatic 

ecosystems containing TOrCs has unknown adverse health effects. Increasing use of 

wastewater effluent in the Southwest for snowmaking and golf course, landscape, and 

crop irrigation has increased the potential of TOrCs polluting the surface water supply 

(e.g., Colorado River, Santa Cruz River, Gila River, etc.) because the primary inflow 

comes from storm runoff, agricultural runoff, and WWTP effluent(Jones-Lepp et al., 

2012).  In 2012, Science of the Total Environment published findings on point sources of 

TOrCs along the Colorado River Basin (CRB) (Jones-Lepp et al., 2012). Millions of 

residents living in the arid Southwestern US rely on the CRB for their drinking, 

agricultural, and industrial water usage. In the study, grab and passive water samples 

were collected along the Upper and Lower CRB, Green River, Virgin River, Gila River, 

Santa Cruz River, and the Las Vegas Wash. Among the nine TOrCs chosen, four 

antibiotics were selected based on their widespread use in the US, which included: 

azithromycin, clarithromycin, roxithromycin, and clindamycin.  In the grab samples, 

azithromycin antibiotic was detected in all but one urban waste stream and showed 

temporal variation from a nearby WWTP. The overall impact on human health and 

stability of aquatic ecosystems from the release of TOrCs (e.g., antibiotics) into aquatic 

environments remains unclear (Jones-Lepp et al., 2012).  
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1.5.4 Antibiotic compound sand antibiotic resistant genes in wastewater treatment 

plants 

The use of alternative water supplies has become necessary due to the increasing 

demands on threatened water resources in the Southwest region of the US. Treated 

municipal wastewater from WWTPs is used for nonresidential irrigation and for 

recharging depleted groundwater supplies (Zhang et al., 2009). Nevertheless, WWTPs 

may be substantial “hot-spots" of TOrCs and ARGs. Untreated sewage contains various 

bacteria species that contain a variety of ARGs that encode resistance to aminoglycoside, 

β-lactam, trimethoprim, tetracycline, sulfonamide, and vancomycin antibiotic classes 

(Zhang et al., 2009). WWTPs harbor excreted feces and urine, along with bacteria and 

ARGs that were previously exposed to antibiotics from private households and hospitals 

(Volkmann et al., 2004). Most of the WWTPs cannot achieve 100% efficiency removal 

of the ARGs with traditional treatment processes, resulting in ARGs being released into 

the environment (Bitton, 2011). Many ARGs, such as vanA, cannot be removed by the 

activated sludge process. Additionally, activated sludge and biofilms along the treatment 

process in a WWTP contribute to horizontal gene transfer of ARGs from one bacteria 

host to another (Zhang et al., 2009, Szczepanowski et al., 2004). After wastewater has 

been treated, many types of ARGs have been detected in the final effluent leaving the 

facility, including: van genes, tet genes, dfr genes, and β-lactams genes (Zhang et al., 

2009). Once the treated effluent reaches surface water supplies the ARGs can be 

horizontally transferred to human pathogens increasing the difficulty to effectively treat 

infectious disease (Volkmann et al., 2004). Despite highly efficient treatment strategies, it 
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is highly likely that WWTPs supply concentrations of AR bacteria and ARGs to the 

environment (Zhang et al., 2009; Cost et al., 2006; Ferreira da Silva et al., 2006; 

Guardabassi et al. 2002; Reinthaler et al., 2003; Sabate et al., 2008).  

1.5.5 Antibiotic resistant gene reservoirs in wastewater treatment plants 

 The primary influent entering WWTPs often contain a high level of heavy metals, 

antibiotics, detergents, and quaternary ammonium compounds, which incidentally have 

been linked to AR (Volkmann et al., 2004). However, conclusive evidence that activated 

sludge treatment may influence AR bacteria and ARGs in WWTP has not been shown 

using a comprehensive quantitative framework. Quantitative analysis is necessary to 

consider strategies to remove AR bacteria and ARGs before the treated effluent is 

released into the environment. A 2010 report from the Department of Earth and 

Environmental Engineering at Columbia University set out to determine possible 

attenuation or amplifications in the abundance of tetracycline-resistance genes (TRGs) 

and tetracycline-resistant bacteria (TRB) in three WWTPs using a range of treatment 

technologies (Kim et al., 2010; Grady et al., 1999). Samples were collected for molecular 

analysis using  qPCR. Ribosomal protection genes, tetW and tetO, were the most 

abundant TRG along treatment train. Large amounts of TRB and TRG were discharged in 

the final effluent into the environment, especially after ultraviolet disinfection. The study 

concluded WWTPs that employ activated sludge treatment may be a significant point 

source of tetracycline-resistant bacteria to the environment (Kim et al., 2010).  
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1.6 Wastewater Treatment Processes 

A common WWTP process is contains of three phases of treatment – primary, 

secondary and tertiary (Fig. 10) (Bitton, 2011). Primary treatment involves physical 

removal of large solids and other non-biodegradables. Settlement of fine sand and grit are 

typically removed from grit removal technologies. The wastewater then passes to the 

secondary treatment, the major biological phase of treatment by the activated sludge 

process. Aerobic treatment utilizes dissolved oxygen to promote the growth of biological 

floc that subsequently removes organic matter. Clarification is used to settle out the 

biological floc and produce water containing very low levels of organic and suspended 

matter. There are many designs of secondary treatment aeration tanks, including plug-

flow, completely mixed, percolating filter, sequencing batch reactor (SBR), and trickling 

filter (TF) (Davies, 2005). A tertiary phase may be used to further improve the quality of 

the secondary effluent, by removing nitrogen, phosphates, suspended solids or pathogens, 

as may be dictated by regulations. Advanced filtration often occurs during tertiary 

treatment and disinfection by chlorine or ultraviolet (UV) light are common last steps 

before the final effluent leaves a WWTP (Bitton, 2011). 
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1.6.1 Conventional activated sludge process 

The bacteria in a WWTP encompass both heterotrophs and autotrophs. The 

heterotrophic bacteria are characterized by feeding mainly on organic carbon molecules 

(Bitton, 2011). By contrast, autotrophs take in inorganic chemicals, and use these in the 

synthesis of organic compounds. The nitrifying bacteria, which convert ammonia to 

nitrite and nitrate, are the most important of this group in the wastewater treatment 

process (Davies, 2005). 

Domestic sewage is made up largely of organic carbon, either in solution or as 

particulate matter. About 60% is in particulate form, and of this, slightly under a half is 

large enough to settle out of suspension (Bitton, 2011). Particles of 1nm to 100µm 

diameter remain in colloidal suspension and during treatment become adsorbed on to the 

flocs of the activated sludge. The bulk of the organic matter is easily biodegradable, 

consisting of proteins, amino acids, peptides, carbohydrate, fats and fatty acids (Davies, 

2005). The average carbon to nitrogen to phosphorus ratio (or C: N: P ratio) is variously 

stated as approximately 100:17:5 or 100:19:6, close to the ideal for the growth of the 

activated sludge bacteria (Davies, 2005).  

Three different measures are utilized to assess the organic strength of the influent 

wastewater to control the biological processes in a WWTP: Total Organic Carbon, 

Chemical Oxygen Demand, and Biochemical Oxygen Demand (Davies, 2005). The Total 

Organic Carbon (TOC ) analysis involves the oxidation by combustion at very high 

temperatures and measurement of the resultant CO2. TOC values include those stable 
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organic carbon compounds that cannot be broken down biologically (Bitton, 2011). 

Organic carbon can also be measured by chemical oxidation. The sample is heated in 

strong sulfuric acid containing potassium dichromate, and the carbon oxidized is 

determined by the amount of dichromate used up in the reaction. The result is expressed 

in units of oxygen, rather than carbon, and the procedure is referred to as the Chemical 

Oxygen Demand (COD) (Bitton, 2011). A number of recalcitrant organic carbon 

compounds that are not biologically oxidized are included in the value obtained. 

Conversely, some aromatic compounds, including benzene, toluene, and some pyridines, 

which can be broken down by bacteria are only partly oxidized in the COD procedure. 

COD will overestimate the carbon that can be removed by the activated sludge (Bitton, 

2011). A method used to determine biodegradable carbon, is the 5-day Biochemical 

Oxygen Demand (BOD5). This is a measure of the oxygen uptake over a 5-day period by 

a small portion of bacteria when confined, in the dark, in a bottle containing the 

wastewater. During this time the biodegradable organic carbon is taken up, and there is a 

corresponding decrease in the dissolved oxygen, as some of the carbon is used for the 

respiration of the bacteria (Davies, 2005). 

During the wastewater treatment process, the aeration tank receives the inflow of 

settled sewage from the influent pump station and a flow of Return or Recycled Activated 

Sludge (RAS). This combination of wastewater and activated sludge is referred to as the 

mixed liquor. As the influent enters the aeration tank, it mixes with the activated sludge 

(Davies 2005). At the same time, the activated sludge bacteria, which are at the 

endogenous respiration stage, come into contact with a high concentration of the small 
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molecular weight organic carbon molecules that they require in order to grow (Bitton, 

2011). Growth starts immediately, and the respiration rate rises rapidly. As the mixed 

liquor flows along the tank, the concentration of BOD will begin to descend, and the 

bacteria then feed on the small molecular weight organic carbon compounds produced by 

the action of enzymes released by the sludge bacteria (Bitton, 2011).  

As the respiration rate declines, the need for aeration also falls with distance from 

the entrance point, and ideally by the time the mixed liquor has reached the end of the 

tank, 90-95% of the influent BOD has been removed (Davies 2005). After treatment, the 

mixed liquor from the aeration tank passes to a conical-shaped receiver, called the 

clarifier. The activated sludge is allowed to settle to the bottom of the clarifier and the 

clear liquid above flows away as the treated effluent. Some of the settled activated sludge 

necessary to maintain the operational concentration of bacteria in the aeration tank is 

pumped back to the inlet as the RAS. This normally represents about 25-50% of flow 

though the aeration tank (Davies 2005). The remainder of the settled sludge, referred to 

as biosolids, is removed from the tank.  

Some small municipal treatment works may receive domestic sewage with only 

small variations in composition and flow (Bitton, 2011). Process control can be 

automated so that very little on-site direct management is required. By contrast large 

treatment works, particularly those treating industrial wastewater from many sources, 

require vigilant control in order to manage the biological activity of the aeration tank. 

The following section describes the commonly used process variables that may be used in 



42 

 

 

 

control of the treatment: measurements of sludge biomass, treatment duration and 

retention times in the system, and the ratio of the concentration of influent BOD to the 

activated sludge biomass (Davies 2005; Bitton 2011). 

1.6.2 Mixed liquor suspended solids  

In a well-operated plant, most of the bacterial biomass is associated with the 

activated sludge floc. By filtering and drying a sample of the suspended solids, and then 

weighing the dried residue, a measure of the biomass may be obtained. It is referred to as 

the Mixed Liquor Suspended Solids, or MLSS, and is expressed in mg/L. However, 

under some circumstances a significant proportion of the MLSS may be inorganic 

material. For this reason, some process engineers prefer to derive a weight for the organic 

matter in the sludge. This is done by combusting the dried residue in a furnace at 500°C, 

reweighing, and obtaining the mass of the volatilized organic matter by subtraction. This 

is referred to as the Mixed Liquor Volatile Suspended Solids or MLVSS (Davies, 2005). 

MLSS is universally used in process control as a measure of biomass. MLSS values 

range from about 800 - 1,500 mg/l for extended-aeration and other low-rate systems, to 

about 8,000 mg/L or more, for high-rate systems (Davies, 2005).  It may be intuitive to 

think that higher efficiency of treatment would be achieved by increasing the MLSS, 

since a greater mass of heterotrophic microorganisms would correspond to more rapid 

BOD metabolism (Davies, 2005).  
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1.6.3 Hydraulic retention time 

Hydraulic retention time (HRT) is the average time spent by the influent sewage 

in the aeration tank. It is calculated as the tank volume (m3) divided by the flow rate 

(Bitton, 2011). HRT must be sufficiently long for removal of the requisite proportion of 

BOD from the mixed liquor. In a conventional activated sludge system the HRT will be 

between 5 and 14 hours (Bitton, 2011). The process engineer has little control over HRT, 

and following heavy rainfall the increased influent flow (Q) may reduce the actual 

retention time to as little as 1 hour. Since Q is normally expressed in m3/d and HRT is 

normally expressed in hours, the formula used is (Davies, 2005).  

 

 

HRT = (V/Q) x 24 hours 

1.6.4 Solids retention time 

A parameter commonly used for WWTPs design is the solids retention time 

(SRT), indicating the mean residence time of microorganisms in the bioreactor. Within 

the bioreactor the SRT relates to the growth frequency of microbes which are only able to 

reproduce themselves during the allotted retention period. Extended SRTs allow 

enrichment of slowly growing bacteria, resulting in a diverse microbial population in 

comparison with lower operating SRTs. SRT is based upon Monod kinetics which 

describe the relationship between the growth rate of a microbial species and the 

concentration of a critical substance that sustains growth (Bitton, 2011). Large amounts 

of organic matter results in faster growth until the maximum growth rate (µmax) is 

Eq. 1 
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achieved (Bitton, 2011). Under steady-state conditions, the denominator equals the net 

sludge production each day. If it is large, as a result of rapid growth of the activated 

sludge, the sludge age will be low. Conversely if very little growth of sludge is produced 

the ‘average age’ of the sludge in the system increases, as it is continuously recycled in 

the RAS. Values of sludge age may vary from < 0.5 days, in a very high-rate system, to 

75 days in low growth-rate systems, such as extended aeration systems. In a common 

CAS WWTP, SRT will normally reside between 3 - 4 days (Davies, 2005). Sludge 

settlement is correlated with SRT. Low SRT values are associated with non- or poorly-

flocculating sludge and poor settling characteristics (Davies, 2005). 

1.6.5 Conventional Activated Sludge process during wastewater treatment 

 In WWTPs that operate at higher SRTs a critical value can be determined 

indicating removal of TOrCs below method detection limit (MDL). If SRTs operate 

below this critical value, little removal occurs due to limitations in causing effluent EC 

concentrations to be comparable to primary influent concentrations (Davies, 2005). A 

2005 report investigated ranges in SRTs within the CAS process and membrane 

bioreactor (MBR) WWTPs in lab-scale and in full-scale operational settings (Clara et al., 

2005) The investigation observed 9 TOrCs including estrogens, pharmaceuticals, and 

bisphenol-A. The TOrCs showed different behaviors during the wastewater treatment 

train, with some compounds completely eliminated due to SRT, but other compounds 

(e.g. antiepileptic drug carbamazepine) not degraded during treatment. A SRT critical 

value was obtained at approximately 10 days in regards to degradation of bisphenol-A, 

ibuprofen, bezafibrate and the natural estrogens. An important observation was noted that 
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no differences in treatment efficiency between CAS and MBR were detected. The study 

concluded overall that WWTPs that operate their SRT over 10 days and utilize nitrogen 

removal technologies will achieve a high efficiency removal of TOrCs in relation to final 

effluent concentrations (Clara et al., 2005). 
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1.7 Antibiotic Compounds in Conventional Activated Sludge Process 

  Only small fractions of tetracycline and other antibiotics are metabolized or 

absorbed in the human body, and the majority of the compound is excreted in feces and 

urine without any degradation (Kim et al., 2010). Tetracycline is the second most 

prescribed antibiotic in the world and many tetracycline residues have been detected in 

surface waters that receive treated municipal wastewater from WWTPs (Kim et al., 

2010). Recent studies have reported that tetracycline from municipal wastewater 

hasemerged up to levels of 4 μg/L in multiple rivers and other surface waters around the 

US (Kolpin et al., 2002). With the presence of antibiotic compounds, along with their 

transformation products, spread of tetracycline ARGs and AR bacteria in the environment 

has become an important public health issue (Kim et al., 2010). Removing antibiotics 

along the treatment train in WTTPs may alleviate environmental contamination of 

tetracycline and other antibiotic compounds, and past studies suggest that the activated 

sludge process may aid in realizing this end. Activated sludge is a popular technology for 

secondary treatment along the treatment train because SRT can influence the effect of 

biodegradation and adsorption of TOrCs. State University of New York at Buffalo from 

the Department of Civil, Structural, and Environmental Engineering released a 2005 

study estimating the tetracycline concentration in wastewater and removal efficiencies in 

a lab-bench scale activated sludge process under various HRTs and to determine the 

extent of tetracycline removal resulting from adsorption and biodegradation. Two lab-

scale sequencing batch reactors (SBR) were constructed to mimic the activated sludge 

process, and three varying SRT and HRT operating conditions were applied: phase 1-
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HRT: 24 h and SRT: 10 days; phase 2-HRT: 7.4 h and SRT: 10 days; and phase 3-HRT: 

7.4 h and SRT: 3 days(Kim et al., 2005). The removal efficiency of tetracycline in phase 

3 was considerably lower than phase 1 and phase 2. The study reported that there was no 

evidence that suggested biodegradation was taking place for tetracycline; however, 

sorption was a key mechanism to remove tetracycline in activated sludge. Different 

activated sludge operational strategies (i.e. SRT) should be further investigated in order 

to influence the fate of TOrCs in WWTPs (Kim et al., 2005). 

In recent years, antibiotics and other TOrCs and their negative effects on the 

environment after passing through WWTPs have been widely studied. After the treated 

effluent is released into natural water bodies, the antibiotic residues could potentially 

cause ecological damage and adverse effects on the ecology of various organisms (Kim et 

al., 2010). Strong correlations have been made between the vast assemblies of antibiotic 

residues and the proliferation of ARGs, thus re-classifying ARGs as TOrCs and urging 

new strategies to remove TOrCs within WWTPs. Previous studies have been conducted 

on the removal efficiencies of antibiotics and other TOrCs by differing wastewater 

treatment technologies, such as activated sludge process (SRTs), MBRs and HRTs (Jia et 

al. 2012; Kim et al., 2010; Clara et al., 2005; Kim et al., 2005). Limited studies have 

investigated the effects of treatment technologies on preventing the discharge AR 

bacteria from the activated sludge process into the environment. Though it has been 

shown that MBRs can produce a much higher quality effluent by retaining harmful 

pathogenic microorganism compared to CAS treatment systems (Xia et al., 2012), SRT is 

an important parameter to MBRs because high or low SRTs can have serious operational 
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complications, including increased aeration demand and increased mixed liquor viscosity, 

leading to membrane fouling in the MBR. A 2012 study reported how the microbial 

community structure can change in an anoxic/aerobic-MBR treating wastewater (Xia et 

al. 2012). The SRT operational conditions ranged from: 3 to 60 days. The changes in 

microbial communities were monitored by PCR-DGGE and 16S rRNA clone libraries 

and the ARGs were quantified by qPCR. The removal efficiency of antibiotics was not 

influenced when the SRT was decreased from 60 days to 30days. However, when the 

SRT was adjusted to 10 to 3 days, the removal efficiencies of antibiotics decreased, 

especially for tetracycline, where sulfonamide ARGs tended to decrease with decreasing 

SRT. The effect of SRT on MBR had a clear influence on the removal efficiency of 

antibiotics, with longer SRT (>30 days) correlating to increased antibiotic removal (Xia 

et al. 2012).  
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1.8 Measurement Techniques 

 
1.8.1 Molecular techniques to detect Antibiotic Resistant Genes 
 

Over the last 60 years detection of ARGs have risen in aquatic ecosystems due to 

a direct correlation of demanding use of antibiotics in hospitals, agriculture practices, and 

genes that end up in surface water and groundwater where ARGs undergo horizontal 

gene transfer (Zhang et al., 2009). ARGs in aquatic environments have increased the need 

for improvements in molecular techniques to detect the occurrence, transport, and fate of 

ARGs in the environment. DNA sequencing and hybridization-based techniques are 

common molecular techniques employed for ARG detection and characterization (Zhang 

et al., 2009). Molecular hybridization has been used for qualitative detection of particular 

ARGs for over 30 years (Mendez et al., 1980). Molecular hybridization techniques have 

undergone substantial improvements, including Southern blot, which is still used to 

separate out different ARGs in one type of class. A common non-radiolabeled method, 

fluorescence in situ hybridization (FISH), has been used for clinical detection of AR 

bacteria; yet, few studies have utilized FISH to identify target bacteria that contain ARGs 

in water samples (Zhang et al., 2009). 

Alternative molecular techniques, such as polymerase chain reaction (PCR) and 

quantitative PCR (qPCR), allow for specific detection of ARGs in the environment 

without the need to culture bacteria. PCR assays are commonly used for both pure and 

mixed environmental culture samples to detect ARGs (Mohapatra et al., 1992). 

Aminoglycoside, chloramphenicol, β-lactam, macrolide, penicillin, sulfonamide, 
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tetracycline, and vancomycin ARGs can be amplified and detected by PCR-based 

methods.  qPCR is a quantitative measurement that estimates the doubling of PCR 

product with each amplification cycle (Zhang et al., 2006). SYBR Green, a fluorescent 

dye that interacts between double-stranded DNA, is used to quantify the amplification of 

ARGs in bacterial isolates from water samples. TaqMan probes, another fluorescent 

assay, have been used to quantify tetW, vanA, and ampC genes in wastewater (Zhang et 

al., 2009).  

1.8.2 Culture techniques to detect antibiotic resistant bacteria 

Previous studies have reported the presence of antibiotic resistance in culturable 

bacteria in surface water, groundwater, and drinking water using phenotypic 

characterization with cultivation of isolates on agar plates with minimal inhibitory 

concentration (MIC) of antibiotics. Using MIC cultural techniques provides limited 

information about the overall prevalence of AR, because less than one percent of aquatic 

bacterial communities can be cultured by standard methods (Amann et al., 1995).  

1.8.3 Analytical techniques to detect antibiotic compounds 

Solid phase extraction (SPE) is the most common method to enrich a water matrix 

for subsequent analysis of antibiotic compounds (McArdell et al., 2003). The 

hydrophilic-lipophilic balance (HLB) shows the best recovery performance and 

reproducibility for both polar and non-polar compounds (Blackwell et al., 2004). A major 

challenge when analyzing antibiotic compounds is the extraction of antibiotic compounds 

from solid phase to the liquid phase prior to further purification. A weakly acidic buffer 
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solution has an advantage when performing an extraction because most antibiotics are 

sensitive to strong acids and bases (Hirsch et al., 1998).  High performance liquid 

chromatography (HPLC) equipped with mass spectrometry (MS) or tandem mass 

spectrometry (MS/MS) is the most widely used method to separate and quantify 

antibiotic samples. HPLC/MS or MS/MS with electrospray ionization (ESI) has been 

used in several types of water matrices (Kim et al., 2007).  
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1.9 Research Objective 

A 2000 World Health Organization report focused on AR as one of the most 

critical human health challenges of the next century and heralded the need for “a global 

strategy to contain resistance” (WHO, 2000). According to the report, more than 2 

million Americans are infected each year with resistant pathogens, and 14,000 die as a 

result. Following their use, it is estimated that up to 75% of antibiotics are excreted 

unaltered or as metabolites (Böckelmann et al. 2009). Unfortunately, most WWTPs are 

not designed for the removal of these micro-pollutants, and as a result, residual 

antibiotics are released into the environment with treated wastewater, leading to concern 

regarding their contribution to AR in environmental microorganisms (Pauwels and 

Verstraete, 2006). There also exists the potential for wastewater treatment (WWT) 

processes to select for the survival of resistant microorganisms. Thus, it has been 

proposed that resistance development during WWT is an important and key source of AR 

in the environment (Dhanapal and Morse, 2009) and yet, few studies have attempted to 

identify processes contributing to the selection of AR bacteria. Such information will be 

critical in the development of WWT strategies to reduce environmental transfer of AR 

bacteria. 

During the CAS step of WWT, the wastewater containing organic matter is 

aerated in a basin in which micro-organisms metabolize the suspended and soluble 

organic matter. Because CAS, by its very design, exposes bacteria to ideal growth 

conditions and relatively high concentrations of antibiotics, it is hypothesized that CAS 

may increase AR development. Direct correlations between SRT and reductions in 
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antibiotics have been shown (Clara et al. 2005; Gerrity et al. 2011) but higher SRTs also 

provide prolonged exposure of bacteria to influent antibiotic levels. This study proposed 

to assess the effects of varying SRT in full-scale activated sludge processes on the 

degradation of trace antibiotics and microbial selection for AR. As the adoption of 

recycled water (including Indirect Potable Reuse) becomes more widespread, and as the 

public comes into contact with recycled water at a higher frequency, there will be 

increased pressure for utilities and other water managers to better understand the 

microbial population dynamics. Of critical importance will be an improved understanding 

of microbial populations that could pose a risk to the public. Standardized qualitative and 

quantitative methods must be developed to better understand risk. A detailed assessment 

of rates in AR development and identification of bacterial processes contributing to AR 

will aid in technological advances to decrease the prevalence of AR in recycled water, 

alleviating environmental and public health concerns. 

This study included a comprehensive evaluation of temporal variability in 

loadings of antibiotic concentrations in the WWT process, quantification of genes 

conferring AR to bacteria, and examination of resistance patterns in Gram-negative and 

Gram-positive bacterial isolates in raw wastewater (primary influent and secondary 

effluent from a range of treatment facilities. The primary goal of this research was to 

focus on operational conditions during biological treatment, since these processes may 

pose the greatest risk for the development of AR populations. By monitoring two 

locations within the WWT train, project team was able to characterize the impact of 
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WWT on AR prevalence. Ultimately, this study will provide utilities with new 

knowledge and tools for treatment process optimization and AR mitigation. 
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CHAPTER 2: 

MATERIALS AND METHODS 

 

2.1 Sample Collection 

Grab samples was collected from eight WWTPs located throughout the state of 

Arizona between October and December of 2012. Field and transport blanks were created 

using the EPA guidelines for regulatory monitoring and testing for water and wastewater 

sampling (EPA, 2007). Three identical sterilized amber glass containers were filled with 

500 mL of distilled water. One sample was left in the laboratory as a control sample. Two 

samples were taken to each sampling location along the treatment system; one as a field 

blank and one as a transport blank. The field blank container was opened at the sampling 

site for a similar period of time as was required to take the sample. The field blank 

container was then re-capped and transported back to the laboratory for analysis. The 

transport blank was kept sealed and stored in the same ice cooler with the other samples.  

 WWTPs were chosen based on the range of SRT (Table 1). Within each WTTP, 

primary influent (untreated wastewater), secondary effluent, and their associated 

secondary clarifiers were the target sampling locations along the treatment train. Grab 

samples were retrieved directly from the primary influent and AS basins and decanted 

into sterile 1L plastic bottles. Grab samples were collected from the primary influent and 

the secondary clarifier for TOrC chemical analysis; 500 mL samples were decanted into 

1L silanized, amber glass bottles preserved with sodium azide (1 g/L) and ascorbic acid 
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(50 mg/L). To prevent degradation of TOrCs, amber bottles were used to avoid light 

penetration. Ascorbic acid was used to quench free chlorine residuals found in 

environmental water samples. Antibiotic compounds can degrade overtime in water 

samples; therefore, sodium azide (an antimicrobial) was added to each amber glass 

container to mitigate microbial growth and delay TOrC degradation (Vanderford et al. 

2011). Samples were immediately placed on ice and transported to the lab and held at 4oC 

until further cultural, molecular, and chemical analysis could be performed (within ~2-3 

h).  

 

 

 

 

 

 

 

 

 

 

WWTP Site SRT (days) 

Plant 1 <1 

Plant 2 1.5 

Plant 3 3 

Plant 4 9 

Plant 5 12 

Plant 6 14 

Plant 7 19 

Plant 8 45 

Table 1. Solid Retention Time of Wastewater 

Treatment Facilities included in This Studya 

 

aTreatment information provided by WWTP operators. 
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2.2 Quantification of Antibiotics 

2.2.1 Sample filtering 

The samples were filtered using an assembled vacuum trap with pump-

downstream and manifold-upstream (WRF4269 Field Protocol, 2009), shown in Figure 

11. Each 500 mL sample passed through a 10.0 µm, 47 mm glass nylon filter (GE Water 

& Process Technologies, Trevose, PA) to remove large sediments in the wastewater. A 

10-20 mL water sample was initially added to the Buchner funnel to confirm the flow 

rate. The remaining 500 mL sample was then passed through the 10.0 µm nylon filter. 

Before the filtered water sample was transferred back to the Buchner funnel for further 

filtration though a 0.45µm glass nylon filter (GE Water & Process Technologies, 

Trevose, PA), the vacuum flask and amber glass bottle were rinsed out with tap water to 

mechanically remove particulates, twice rinsed with 70 percent ethanol (EtOH), and 

lastly rinsed with deionized (DI) water to remove any excess residues. The filtered 

sample was then passed through the 0.45 µm glass nylon filter to separate out bacteria 

from the wastewater. Once the samples passed through both the 10.0 and 0.45 µm glass 

nylon filters, they were stored at 4oC until further analysis.  
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Figure 11.Schematic of water sample filtration (Generalic, 2013). 

 

 

2.2.2 Solid phase extraction 

SPE is a common method to enrich water matrices for subsequent analysis of 

TOrCs (Kim et al., 2007). The optimized SPE method, including cartridge material, 

cartridge pre-conditioning, and elution solvent for the aqueous phase, was adapted from 

previous studies for antibiotic classes of SMX, TMP, TC, AMP, and VA (Kim et al., 

2007; Bedor et al., 2008). Simetone, SMX, TMP, and TC were purchased from Sigma-

Aldrich (St. Louis, MO, USA). VC and AMP were purchased from MP Biomedicals 

(Santa Ana, CA, USA). Oasis HLB SPE cartridges (6 mL/60mg) were purchased from 

Water Corp. (Milford, MA., USA). Standard solutions of each of the five antibiotic 

groups with 100 mg/L concentration were prepared in 50% aqueous MeOH and Optima 

LC/MS grade water (Fischer Scientific, Pittsburg, PA, USA) at approximately 1 ppm 

concentration. 
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 Prior to SPE, 500 mg/L of EDTA was spiked into the sample to mitigate 

interference from heavy metals. Approximately containing 970 µl of internal standard 

(5.8 mg/l simetone) was added to each sample before SPE. Based upon previous studies, 

simetone was chosen as an internal standard because it eluted within the same 

chromatographic time window as the analytes and responded well in positive mode 

electrospray ionization (ESI) (Lindsey et al. 2001; Kim et al.).  Oasis HLB SPE 

cartridges were pre-conditioned before loading of the sample with 5 mL of MeOH, 5 mL 

of Methyl tertiary-butyl ether (MTBE), and 5 mL of millQ water to activate the cartridge 

and to remove impurities in the cartridge. The sample was loaded under 20 p.s.i. of 

nitrogen flow rate at approximately 10 ml/min. After the sample was loaded, the SPE 

cartridge was rinsed with 9 ml of water to remove weakly bound impurities. Three mL 

each of MeOH, 5% ammonium hydroxide (NH4OH) in MeOH, acetonitrile (ACN), and 

MTBE were used to elute the analytes off of the SPE cartridge. Each sample was 

concentrated by evaporation under a gentle nitrogen gas flow to prevent oxidation. 

Following concentration to a volume of 1 ml, each sample was transferred into amber 

auto sampler vials for UPLC-MS/MS analysis. 

2.2.3 Liquid-Chromatography/Mass-Spectrometry/Mass-Spectrometry 

The UPLC/MS/MS consisted of a Quattro Premier XE tandem mass spectrometer 

and an Acquity Ultra performance (UP) LC with sample organizer (Waters Corp., 

Milford, MA, USA). Together they are configured for LC electrospray ionization-

MS/MS. The analytical column was an Aquinity UPLC BEH C18 2.1-mm by 50-mm 

column with a 1.7 μm particle size (Water Corp., Milford, MA., USA). The mobile phase 
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was a gradient of solution A (0.1% formic acid in water) and solution B (0.1% formic 

acid in acetonitrile), with an initial composition of 20% solution B. The mobile phase 

composition changed linearly from 20% B at 0.5 min to 40% B at 1.0 min and onward to 

100% B at 2.0 min. The composition was switched back to 20% B at 2.5 min and 

maintained until 3.0 min. The flow rate was 0.4 mL/min, with a column temperature of 

40oC. From each sample, 10 μl was injected onto the column. Analytes were quantified 

and detected using one or more mass transitions by electrospray ionization interface in 

positive ion multiple reaction monitoring mode. Optimized multiple reaction monitoring 

settings for the individual antibiotics, including cone voltage and collision energy, are 

listed in Table 2. The acquisition settings were as follows: capillary voltage, 3 kV; source 

temperature, 120oC; desolvation temperature, 300oC; desolvation gas flow, 500 liters/h; 

cone gas flow; 50 liters/h; and dwell time, 80 ms. Data were acquired using Masslynx 

V4.1 software and processed using Quanlynx V4.1 software (Waters Corp., Milford, MA, 

USA). 

 

 

 

 

 

 

Analyte Q1 (m/z) Q3 (m/z) CV (V) CE (eV) 

Simetone 198 128 25 18 

SMX 254 91.6 25 18 

TMP 291 
230.0, 

123.0 
25 23, 21 

TC 445 410 25 20 

AMP 350 106, 160 25 12, 12 

VA 1449.3 143.9 25 25 

aQ1, parent ion mass; Q3, daughter ion mass; CV, cone voltage; CE, collision energy 

Table 2. Acquisition parametersa 
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2.3 Cultural Analysis of Antibiotic Resistant Bacteria 

2.3.1 Determination of minimum inhibitory concentrations 

Antibiotic susceptibility testing is a widely used method to detect resistance in 

individual bacterial isolates, particularly in species that may possess acquired resistance 

mechanisms and MDR (Jorgensen et al., 2009). Broth dilution testing is a common 

method to determine antibiotic susceptibility by manually exposing bacterial isolates to 

serial dilutions of an antibiotic (Jorgensen et al.2009; Balows, 1972). The MIC is the 

lowest concentration of antibiotic that prevents visible growth (Andrews, 2001). The 

advantage of the broth dilution test is the generation of quantitative data (i.e., MIC).  

WWTPs with a SRT of 3, 9, and 19 days were chosen for the MIC analysis. At 

each site, grab samples of primary influent and activated sludge wastewater were 

collected along the treatment system and decanted into sterile 1L plastic bottles. The 

samples were stored on ice and transported to the laboratory for further cultural analysis 

within 4 h of initial collection.  

2.3.2 Antibiotic resistance analysis of Gram-negative isolates 

For enrichment and isolation of Gram-negative isolates, 100 µl of primary 

influent and activated sludge sample were enriched in 250 mL of EC broth (Sigma-

Aldrich Corp., St. Louis, MO, USA). After 24 h incubation at 37oC the enriched broth 

was plated on MacConkey agar (Sigma-Aldrich Corp., St. Louis, MO, USA). After 

additional 24 h incubation at 37oC 48 isolates were selected from the MacConkey agar 

(24 isolates from primary influent and 24 isolates from activated sludge) and each isolate 
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was verified using the Gram staining method. The confirmed pure isolates were 

individually inoculated in 10 mL of EC broth for an additional 24h incubation period at 

37oC.  

2.3.3 Antibiotic resistance analysis of Gram-positive isolates 

For enrichment and isolation of Gram-positive isolates, 100 µl of primary influent 

and activated sludge samples were enriched in 250 mL of Mueller-Hinton (M-H) broth 

(Sigma-Aldrich Corp., St. Louis, MO, USA) with added Streptococcus/ Staphylococcus 

Selective Supplement (Remel Inc., Lenexa, KS, USA) to inhibit growth of Gram-

negative isolates. After 24 h incubation at 37oC the enriched broth was plated on M-H 

agar. After additional 24h incubation at 37oC, 48 isolates were collected from the M-H 

agar (24 isolates from primary influent and 24 isolates activated sludge) and each isolate 

was verified using the Gram-staining method. The confirmed pure isolates were 

individually inoculated in 10 mL of M-H broth for an additional 24 h incubation period at 

37oC.  

2.3.4 Preparation of antibiotic concentrations 

Antibiotic concentrations were prepared from stock antibiotic compounds for TC, 

SMX, TMP, AMP, and VA using the MIC target concentrations standard set forth by the 

Clinical and Laboratory Standards Institute (CLSI, Wayne, PA, USA). Table 3 shows the 

concentration range and resistance standard in order to assess the development of 

resistance. Antibiotic solutions were prepared on the same day as the loading of the 96 

well flat bottom assay plates (Costar, Corning, NY, USA). 
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Antibiotic solutions were prepared in sterile water for Gram-positive isolates and 

sterile EC broth for Gram-negative isolates. A 50-mL sterile centrifuge tube containing 

40 mL of sterile water and six 50-mL tubes containing 20 mL of sterile water were 

prepared. A 20 mL volume was serially diluted to each centrifuge tube, depicted in 

Figure 12.  

On the day of plating, 10 µl of each culture was inoculated into 10 mL of double 

strength sterile M-H broth for Gram-positive isolates and 10 ml of sterile EC broth for 

Gram-negative isolates. Blank column wells were used in-between each duplicate isolate 

to assess cross contamination. Figure 13 illustrates the loading schematic of the antibiotic 

concentration range. Once the antibiotic concentration range was added, each column 

was loaded with either 50 µl of Gram-positive or Gram-negative isolate mixture or 50 µl 

of blank solution. After the plate was loaded, the lid was placed firmly on top and placed 

in the incubator at 37oC for 24 h. After incubation, the plates were read on a Synergy HT 

Multi-Mode Microplate Reader from BioTek® (Winooski, VT, USA). The spectrometer 

Antibiotic 
Concentration Range 

(µg/mL) 

 

MIC Resistance 

Standards 

 

TC 2-128 ≥16 

SMX 8-512 ≥64 

TMP 2-128 ≥16 

AMP 2-128 ≥32 

VA 0.5-32 ≥4 

   

Table 3. MIC Interpretive Standards of Resistant Susceptibility (Lorian, 2005). 
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provided an absorbance reading at 600 nM that correlated with the cell growth 

(Henderson et al., 2013).  
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2.4 Molecular Analysis 

2.4.1 DNA extraction and purification 

DNA was extracted from wastewater samples using the PowerBiofilm™ DNA 

Isolation Kit (MoBIO, Carlsbad, CA, USA), designed to isolate high-quality nucleic 

acids from biofilm samples. Approximately 250 µl of sample from each site (primary 

influent and secondary basin) were used for DNA extraction. The steps were followed 

according to the protocol provided by MoBIO manufacturer. 300,000 gene copies of a 

GFD gene were spiked into each sample before DNA extraction to determine the 

extraction efficiency. The GFD gene markers are avian specific (gull, geese, chickens, 

and ducks) and not commonly found in Arizona wastewater (Green et al., 2011).  

2.4.2 PCR assays for detection of resistance genes 

PCR screened for molecular markers that indicated the presence or absence of 

ARGs for each target. The PCR assays were carried out using GoTaq green master mix 

kit (Promega, Madison, WI, USA) in a 25 µl volume reaction. The PCR reaction 

consisted of 2.5 µl 1x bovine serum albumin (BSA) buffer; 6 µl 1x H2O; 12.5 µl 1x 

Master Mix; 0.2 µM or 0.3 µM primers; and 1 µl of template. BSA was added to stabilize 

enzymes during the PCR reaction and to prevent adhesion of the enzyme to reaction tubes 

and pipet tips. The primer sets and temperature program were developed from previous 

studies from Pei et al. (2006), Volkmann et al. (2003), and Aminov et al. (2001).The 

temperature profile consisted of initial denaturing at 95oC, followed by 40 cycles of 15s 

at 95oC; 30s at the annealing temperature (55.9 0C for sul(I), 60.8 0C for sul(II), 60 0C for 
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tet(W), 62 0C for dfr(A)1, 55 0C for amp(C), 60 0C for van(A), 72 0C GFD (Table 3); and 

30s at 72 0C, and a final extension step for 7 minutes at 72oC. 

2.4.3  qPCR assays for detection of resistance genes 

 qPCR protocols were optimized to quantify sulI, sulII, dfr(A)1, amp(C),tet(W); 

van(A); GFD, and 16S rRNA genes using previously described primers shown in Table 

3.  qPCR reactions were performed in a 25 µl reaction mixture using SYBR Green PCR 

Master Mix from Qiagen (Valencia, CA, USA). The temperature program consisted of 

initial denaturing at 95oC for 15 minutes, followed by 40 cycles of 15 seconds at 95oC; 30 

seconds at the annealing temperature (65 0C for sul(I), 57.7 0C for sul(II), 64 0C for 

tet(W), 62 0C for dfr(A)1, 550C for amp(C), 60 0C for van(A), 57oC for GFD); and 30s at 

72 0C, followed by a final melt curve stage temperature ranging from 60 to 95 0C (Table 

3). 
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Primers 
Assay 

Targeted 

 

Primer 

Conc. 

(μm) 

Sequences 

 qPCR 

annealing 

temp (oC) 

Amplicon 

size (bp) 

 

sull-F 

SMX 

 

 

 

 

0.2 

 

CGCACCGGAAACATCGCTGCAC 

 

65.0 

 

163 

sulI-R TGAAGTTCCGCCGCAAGGCTCG 

 

 

sulIl-F 

 

TCCGGTGGAGGCCGGTATCTGG 

 

57.5 

 

191 

 sulIl-R CGGGAATGCCATCTGCCTGAG 

 

 

dfr1-F 
TMP 

 

0.2 

 

CGAAGAATGGAGTTATCGGG 

 

62.0 

 

372 

dfr1-R TGCTGGGGATTTCAGGAAAG 

 

 

Lak2-F 

 

AMP 

 

0.3 

 

GGGAATGCTGGATGCACAA 

 

55.0 

 

189 

Lak1-R CATGACCCAGTTCGCCATATC 

 

 

tetW-F 

 

TC 

 

0.2 

 

GAGAGCCTGCTATATGCCAGC 

 

64.0 

 

168 

tetW-R GGGCGTATCCACAATGTTAAC 

 

 

vana3-F 

 

VC 

 

0.3 

 

CTGTGAGGTCGGTTGTGCG 

 

60.0 

 

377 

vana3-R TTTGGTCCACCTCGCCA 

 

 

GFD-F 

 

GFD 

 

0.2 

 

CTATGACGGGTATCCGGC 

 

57.0 

 

376 

GFD-R ATTCCACCTACCTCTCCCA 

 

Bac105

5YF 

Bac139

2R 

 

 

 

 

 

 

ATGGCTGTCATCAGCT 

 

 

 

 

ACGGGCAATGTGTAC 

      

Table 4.  PCR Primers Targeting Selective Analyte Genes. 

390 58.0 0.3 
16S 

rRNA 
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2.4.4 qPCR standard curves and quantification 

To generate positive controls for calibration, genes from untreated wastewater 

were extracted using the PowerBiofilm™ DNA Isolation Kit (MO-BIO, Carlsbad, CA, 

USA). DNA extractions were PCR-amplified using standard PCR and PCR products 

were cloned using the GC Cloning & Amplification Kits with pSMART© GC Vectors 

(Lucigen©, Middleton, WI). The mass of the PCR target was calculated by inserting the 

genome-size value in the formula below (eq. 1).   

   

Where: n=genome size (bp) 

        m = mass 

         

Next, the mass of plasmid containing the copy numbers of interest was calculated, that is 

300,000 to 30 copies (eq. 2). 

 

 

 The concentrations of plasmid DNA needed to achieve the copy numbers of 

interest was calculated by dividing the mass needed by the volume to be pipetted into 

each reaction. Lastly, a serial dilution of the plasmid DNA was prepared. A series of 

serial dilutions were performed to achieve working stocks of plasmid DNA for qPCR 

reactions. The following formula was utilized to calculate the volume needed to prepare 

the 300,000 copy standards dilution (eq. 3). The standards underwent 0.1x serial dilutions 

to achieve successively lower concentration standards. 

m = [n] [1.096e-21 g/bp] 

Copy # of interest x mass of single plasmid = mass of plasmid 

DNA needed 

Eq. 2 

Eq. 3 
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The impact of PCR inhibitors potentially present in the DNA extract from the 

wastewater samples was investigated. DNA extract from each of the eight sites was 

spiked with 20 µL of solution containing 30,000 copies of the GFD gene from the 

Helicobacter spp. inserted into plasmid vectors. The difference in CT value between the 

matrix and the control was determined (Table 5). The CT value for the known GFD gene 

was 25.82. It was determined that the background DNA concentration had no significant 

effect on the amplification of target genes, as most of the CT values fell within 3% of each 

other.  

In order to account for potential changes in the overall size of the microbial 

population at the sampling sites; a standard curve was generated using 16S rRNA genes 

with Bacteria-targeted primers as described in Ritalahti et al. (2006). 

 

 

 

 

 

C1V1=C2V2 

Eq. 4 
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WWTP Site 

 

Primary 

 

Secondary 

 

Primary 

 

Secondary 

Plant 1 
29.82443047 25.67010689 19599.51563 33253.15625 

Plant 2 
26.67460632 26.83634949 17199.43945 15408.29395 

Plant 3 
26.51872826 26.09540558 19023.53125 25141.59375 

Plant 4 
26.24625206 25.84436035 22873.30273 29611.09375 

Plant 5 
26.60818672 26.02408791 17900.85742 26297.41406 

Plant 6 
26.64907646 26.70032692 17450.43945 16835.16602 

Plant 7 
29.26129913 25.88714027 17595.31445 28795.34375 

Plant 8 
26.83761406 26.59874153 15366.29688 17991.35547 

Table 5. DNA extraction efficiency using calculated CT values for known GFD 

gene, in order to indicate the impact of PCR inhibitors potentially present in the 

DNA extract. 

 

Cт Mean Quantity Mean 
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CHAPTER 3: 

CURRENT STUDY 

 

3.1  Introduction 

 The innovation of antibiotics is considered one of the most significant discoveries 

of modern health-related events due to their success in treating infectious disease 

(Davies, 2013). However, the discovery of antibiotics has had a concomitant relationship 

with the development of antibiotic resistance (AR) (Shea et al., 2001). A 2000 World 

Health Organization (WHO) report identified AR as a critical human health challenge for 

the next century and heralded the need for “a global strategy to contain resistance” 

(WHO, 2000). According to the report, more than two million Americans are infected 

each year with antibiotic-resistant pathogens, and 14,000 die as a result. In a more 

general context, the prevalence of AR may lead to higher human morbidity and mortality 

rates, an inability to control infectious disease, “a return to the pre-antibiotic era”, 

increased health care costs, compromised medical procedures, and potentially damaged 

economies (WHO, 2013). 

 These grave societal concerns are particularly problematic for the wastewater 

industry because research has identified wastewater effluent as one of the “leading 

reservoirs” of antibiotic resistance in the environment (Novo et al., 2010). This is 

partially attributable to human use and subsequent release of antibiotics and metabolites 

into the wastewater system. Following ingestions, it is estimated that 75% (Bockelmann 
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et al., 2009) of antibiotics are excreted unaltered or as metabolites. AR may also develop 

among the intestinal flora of any person consuming antibiotics. As a result, raw 

wastewaters may contain compounds levels of antibiotics, antibiotic resistance genes 

(ARGs), and AR bacteria in both viable and nonviable forms. This mixture contains all of 

the necessary building blocks—in conditions that are conducive to bacterial growth—to 

proliferate AR. Exposure of pathogenic microorganisms to these reservoirs of AR could 

lead to horizontal gene transfer and the proliferation of antibiotic-resistant human 

pathogens.  

 Although WWTPs achieve significant trace organic contaminant (TOrC) removal, 

most facilities are not specifically designed for this objective. Furthermore, some of the 

treatment processes employed at these facilities may provide optimal conditions for AR 

development. Despite the direct correlation between SRT and reductions in antibiotic 

concentrations, (Clara et al., 2005; Gerrity et al., 2012; Mackey et al., 2012) higher SRTs 

also provide prolonged exposure of bacterial populations to relatively high concentrations 

of antibiotics present in primary effluent. Some membrane bio-reactors (MBRs) will 

operate at SRTs on the order of 50 days, while conventional activated sludge (CAS) 

processes may be operated in the range of 1-20 days, which may be more than sufficient 

to allow for bacterial adaptation given their high growth rates. Other operational 

conditions associated with secondary treatment, such as mixed liquor suspended solids 

MLSS concentration or hydraulic retention time (HRT), may also affect AR levels. 
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 During the CAS step of wastewater treatment (WWT), the wastewater containing 

organic matter is aerated in a basin in which micro-organisms metabolize the suspended 

and soluble organic matter. Direct correlations between solids retention time (SRT) and 

reductions in antibiotics have been shown (Clara et al. 2005; Gerrity et al. 2012), but 

higher SRTs also provide prolonged exposure of bacteria to influent antibiotic levels. 

This study set out to assess the effects of varying SRT in full-scale AS processes on the 

degradation of trace antibiotics and microbial selection for AR. Of critical importance 

will be an improved understanding of mechanisms contributing to the development of 

microbial populations that could pose a risk to the public.  

The antibiotics under investigation represent clinically important drugs that 

possess different chemical structures and modes of actions. Sulfamethoxazole (SMX), a 

part of the sulfonamide antibiotic class, is commonly used as part of a synergistic 

combination with trimethoprim (TMP) for therapeutic agents both in animals and humans 

(Zhang et al., 2009). SMX and TMP are often used against susceptible forms of 

Streptococcus spp., methicillin-resistant Staphylococcus aureus (MRSA), and 

Escherichia coli (E. coli) infections. In particular; the drug combination is effective in 

treatment of urinary tract infections (Smith, 2009). ARGs conferring resistance to SMX 

(sulI and sulII) and TMP (dfrA) have been detected in bacterial isolates retrieved from 

fecal matter, wastewater, cattle feeding operations, surface water, and sediments of 

aquaculture areas (Skold O., 2001; Zhang et al., 2009).  The β-lactam antibiotic class is 

the most widely prescribed antibiotic in the US (Livermore, 1996), and includes the 

antibiotic ampicillin (AMP). AmpC ARG has been associated with fecal contamination in 
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wastewater, surface water, and drinking water (Schwartz et al., 2003; Volkmann et al., 

2004). The tetracycline (TC) class of antibiotics comprises of broad spectrum antibiotics 

used against Gram-negative and Gram-positive bacterial infections in human and 

veterinary patients (Auerbach et al., 2007; Struthers et al., 2003). Lastly, vancomycin 

(VA) is a glycopeptide antibiotic designated as last-resort antibiotic for the treatment of 

serious Gram-positive bacterial infections, when other antibiotic drug therapies have 

failed (Messi et al., 2006; Volkmann et al., 2004). VanA ARGs are associated with 

Vancomycin-resistant Enterococcus (VRE) which is a severe bacterial infection causing 

outbreaks of hospital-acquired infections around the world (Schwartz et al, 2003).  

Despite the potential for AR proliferation in WWTPs, few studies have attempted 

to identify processes or operational conditions contributing to the selection of AR 

bacteria or those that are capable of reducing the level of AR in wastewater. This study 

included a comprehensive evaluation of temporal variability in loadings of antibiotic 

concentrations in the WWT process, quantification of genes conferring AR to bacteria, 

and examination of resistance patterns of AR Gram-negative and Gram positive isolates 

in raw wastewater (primary influent) and secondary effluent from a range of treatment 

facilities. The goal of this research was to focus on operational conditions during 

biological treatment, since these processes may pose the greatest risk for the development 

of AR populations (Schwartz et al, 2003). Ultimately, this study will provide utilities with 

new knowledge and tools for treatment process optimization and AR mitigation. 
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3.2 Material and methods 

3.2.1 Sampling sites and sample collection 

Grab samples were collected from eight WWTPs located throughout the state of 

Arizona between October and December of 2012. WWTPs were chosen based on the 

range of SRTs (Table 1A). Within each WTTP, primary influent (untreated wastewater), 

secondary effluent, and their associated secondary clarifiers were the target sampling 

locations along the treatment train. Grab samples were retrieved directly from the 

primary influent and AS basins and decanted into sterile 1L plastic bottles. Grab samples 

were collected from the primary influent and the secondary clarifier for TOrC analysis; 

500 mL sample was decanted into 1L silanized, amber glass bottles preserved with 

sodium azide (1 g/L) and ascorbic acid (50 mg/L). To prevent degradation of TOrCs, 

amber bottles were used to avoid light penetration. Ascorbic acid was used to quench free 

chlorine residuals found in environmental water samples. Antibiotic compounds can 

degrade overtime in water samples; therefore, sodium azide (an antimicrobial) was added 

to each amber glass container to mitigate microbial growth and delay TOrC degradation 

(Vanderford et al. 2011). Samples were immediately placed on ice and transported to the 

lab and held at 4oC until further processing (within ~2-3 h).  
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3.2.2  Quantification of antibiotics 

The samples were filtered using an assembled vacuum trap with pump-

downstream and manifold-upstream (WRF4269 Field Protocol, 2009), shown in Figure 

11. Each 500 mL sample passed through a 10.0 µm, 47 mm glass nylon filter (GE Water 

& Process Technologies, Trevose, PA) to remove large sediments in the wastewater. A 

10-20 mL water sample was initially added to the Buchner funnel to confirm the flow 

rate. The remaining 500 mL sample was then passed through the 10.0 µm nylon filter. 

Before the filtered water sample was transferred back to the Buchner funnel for further 

filtration though a 0.45µm glass nylon filter (GE Water & Process Technologies, 

Trevose, PA), the vacuum flask and amber glass bottle were rinsed out with tap water to 

mechanically remove particulates, twice rinsed with 70 percent ethanol (EtOH), and 

lastly rinsed with deionized (DI) water to remove any excess residues. The filtered 

sample was then passed through the 0.45 µm glass nylon filter to separate out bacteria 

from the wastewater. Once the samples passed through both the 10.0 and 0.45 µm glass 

nylon filters, they were stored at 4oC until further analysis.  

SPE is a common method to enrich water matrices for subsequent analysis of 

TOrCs (Kim et al., 2007). The optimized SPE method, including cartridge material, 

cartridge pre-conditioning, and elution solvent for the aqueous phase, was adapted from 

previous studies for antibiotic classes of SMX, TMP, TC, AMP, and VA (Kim et al., 

2007; Bedor et al., 2008). Simetone, SMX, TMP, and TC were purchased from Sigma-

Aldrich (St. Louis, MO, USA). VC and AMP were purchased from MP Biomedicals 

(Santa Ana, CA, USA). Oasis HLB SPE cartridges (6 mL/60mg) were purchased from 
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Water Corp. (Milford, MA., USA). Standard solutions of each of the five antibiotic 

groups with 100 mg/L concentration were prepared in 50% aqueous MeOH and Optima 

LC/MS grade water (Fischer Scientific, Pittsburg, PA, USA) at approximately 1 ppm 

concentration. 

 Prior to SPE, 500 mg/L of EDTA was spiked into the sample to mitigate 

interference from heavy metals. Approximately containing 970 µl of internal standard 

(5.8 mg/l simetone) was added to each sample before SPE. Based upon previous studies, 

simetone was chosen as an internal standard because it eluted within the same 

chromatographic time window as the analytes and responded well in positive mode 

electrospray ionization (ESI) (Lindsey et al. 2001; Kim et al.).  Oasis HLB SPE 

cartridges were pre-conditioned before loading of the sample with 5 mL of MeOH, 5 mL 

of Methyl tertiary-butyl ether (MTBE), and 5 mL of millQ water to activate the cartridge 

and to remove impurities in the cartridge. The sample was loaded under 20 p.s.i. of 

nitrogen flow rate at approximately 10 ml/min. After the sample was loaded, the SPE 

cartridge was rinsed with 9 ml of water to remove weakly bound impurities. Three mL 

each of MeOH, 5% ammonium hydroxide (NH4OH) in MeOH, acetonitrile (ACN), and 

MTBE were used to elute the analytes off of the SPE cartridge. Each sample was 

concentrated by evaporation under a gentle nitrogen gas flow to prevent oxidation. 

Following concentration to a volume of 1 ml, each sample was transferred into amber 

auto sampler vials for UPLC-MS/MS analysis. 
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The UPLC/MS/MS consisted of a Quattro Premier XE tandem mass spectrometer 

and an Acquity Ultra performance (UP) LC with sample organizer (Waters Corp., 

Milford, MA, USA). Together they are configured for LC electrospray ionization-

MS/MS. The analytical column was an Aquinity UPLC BEH C18 2.1-mm by 50-mm 

column with a 1.7 μm particle size (Water Corp., Milford, MA., USA). The mobile phase 

was a gradient of solution A (0.1% formic acid in water) and solution B (0.1% formic 

acid in acetonitrile), with an initial composition of 20% solution B. The mobile phase 

composition changed linearly from 20% B at 0.5 min to 40% B at 1.0 min and onward to 

100% B at 2.0 min. The composition was switched back to 20% B at 2.5 min and 

maintained until 3.0 min. The flow rate was 0.4 mL/min, with a column temperature of 

40oC. From each sample, 10 μl was injected onto the column. Analytes were quantified 

and detected using one or more mass transitions by electrospray ionization interface in 

positive ion multiple reaction monitoring mode. Optimized multiple reaction monitoring 

settings for the individual antibiotics, including cone voltage and collision energy, are 

listed in Table 2A. The acquisition settings were as follows: capillary voltage, 3 kV; 

source temperature, 120oC; desolvation temperature, 300oC; desolvation gas flow, 500 

liters/h; cone gas flow; 50 liters/h; and dwell time, 80 ms. Data were acquired using 

Masslynx V4.1 software and processed using Quanlynx V4.1 software (Waters Corp., 

Milford, MA, USA). 
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3.2.3  Determination of minimum inhibitory concentrations using antibiotic-

selective broth dilutions 

Antibiotic susceptibility testing is a widely used method to detect resistance in 

individual bacterial isolates, particularly in species that may possess acquired resistance 

mechanisms and MDR (Jorgensen et al., 2009). Broth dilution testing is a common 

method to determine antibiotic susceptibility by manually exposing bacterial isolates to 

serial dilutions of an antibiotic (Jorgensen et al.2009; Balows, 1972). The minimum 

inhibitory concentration (MIC) is the lowest concentration of antibiotic that prevents 

visible growth of a bacterial isolate (Andrews, 2001). The advantage of the broth dilution 

test is the generation of quantitative data (i.e., MIC). In addition to identifying the MIC 

for each isolate, the MIC50 generates quantitative data required to inhibit the growth of 

50% of isolates sampled. The MIC50 was calculated by utilizing the median value for 

each isolate that exhibit no growth at a particular antibiotic concentration. 

WWTPs with a SRT of 3, 9, and 19 days were chosen for the MIC analysis. For 

enrichment and isolation of Gram-positive isolates, 100 µl of primary influent and AS 

samples were enriched in 250 mL of Mueller-Hinton (M-H) broth (Sigma-Aldrich Corp., 

St. Louis, MO, USA) with added Streptococcus/ Staphylococcus antibiotic supplement 

(Remel Inc., Lenexa, KS, USA) to inhibit growth of Gram-negative isolates. For 

enrichment and isolation of Gram-negative isolates, 100 µl of primary influent and AS 

sample were enriched in 250 mL of EC broth (Sigma-Aldrich Corp., St. Louis, MO, 

USA). After 24 h incubation at 37oC the enriched broth was plated on MacConkey agar 

(Sigma-Aldrich Corp., St. Louis, MO, USA).  The confirmed isolates were individually 
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inoculated in 10 mL of broth media (EC and M-H) (Sigma-Aldrich Corp., St. Louis, MO, 

USA) and archived for further MIC analysis. 

Antibiotic concentrations were prepared from stock antibiotic compounds for TC, 

SMX, TMP, AMP, and VA using the MIC target concentration (Lorian, 2005). Table 3A 

shows the concentration range and resistance standard in order to assess the development 

of resistance. Antibiotic solutions were prepared on the same day as the loading of the 

96-well flat bottom assay plates (Costar, Corning, NY, USA). Individual isolates were 

added to 96-well plates serially diluted with target antibiotics. Blank column wells were 

used in-between each duplicate isolate to assess cross contamination. After incubation, 

the plates were read on a Synergy HT Multi-Mode Microplate Reader from BioTek® 

(Winooski, VT, USA) using the absorbance reading at 600 nm, which is the 

recommended wavelength for measuring solutions containing E. coli or other bacterial 

samples. (Henderson et al., 2013). According to CLSI standards, the MIC or the lowest 

antibiotic concentration that inhibits visible growth was reported for each isolate.  

3.2.4 DNA extraction and purification 

   DNA was extracted from 250 μL-volume wastewater samples using the 

PowerBiofilm™ DNA Isolation Kit (MoBIO, Carlsbad, CA, USA), according to the 

manufactures instructions. The concentration of extracted DNA before and after 

purification was determined using the GFD gene internal standard to evaluate the impact 

of PCR inhibitors potentially present in the DNA extract from the wastewater samples. 

The GFD gene markers (avian specific) were added far above the amounts that 
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potentially were present in the wastewater to mask any possible background noise (Green 

et al., 2011). Approximately 300,000 gene copies of the GFD gene were spiked into each 

sample before DNA extraction to determine the extraction efficiency, resulting in a 

recovery rate of >80%. Extracted DNA was spiked with 20 µL of solution containing 

30,000 copies of the GFD gene from the Helicobacter spp. The difference in CT value 

between the matrix and the control was determined.  The CT value for the known GFD 

gene was 25.82. It was determined that the background DNA concentration had no 

significant effect on the amplification of target genes, as most of the CT values fell within 

3% of each other.  

3.2.5 PCR assays for detection of resistance genes 

Polymerase Chain Reaction (PCR) was used to screen for molecular markers that 

indicated the presence or absence of ARGs for each target. PCR assays were carried out 

using GoTaq green master mix kit (Promega, Madison, WI, USA) in a 25 µl volume 

reaction. The PCR reaction consisted of 2.5 µl 1x bovine serum albumin (BSA); 6 µl 1x 

H2O; 12.5 µl 1x Master Mix; forward and reverse primers (shown in Tab. 4A); and 1 µl 

of template. BSA was added to stabilize enzymes during the PCR reaction and to prevent 

adhesion of the enzyme to reaction tubes and pipet tips. The primer sets and temperature 

program were developed from previous studies from Pei et al. (2006), Volkmann et al. 

(2004), and Aminov et al. (2001).Quantitative PCR ( qPCR) protocols were optimized to 

quantify sulI, sulII, dfr(A)1, amp(C),tet(W); van(A); GFD, and 16S rRNA genes using 

previously described primers shown in Table 4A. qPCR reactions were performed in a 25 

µl reaction mixture using SYBR Green PCR Master Mix from Qiagen (Valencia, CA, 
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USA). The temperature program consisted of initial denaturing at 95oC for 15 minutes, 

followed by 40 cycles of 15 seconds at 95oC; 30 seconds at the annealing temperature (65 

0C for sul(I), 57.7 0C for sul(II), 64 0C for tet(W), 62 0C for dfr(A)1, 550C for amp(C), 60 

0C for van(A), 57oC for GFD); and 30s at 72 0C, followed by a final melt curve stage 

temperature ranging from 60 to 95 0C (Table 4A). 

3.2.6  qPCR standard curves and quantification 

To generate positive controls for calibration, genes from untreated wastewater 

were extracted using the PowerBiofilm™ DNA Isolation Kit (MO-BIO, Carlsbad, CA, 

USA). DNA extractions were PCR-amplified using standard PCR and cloned using the 

GC Cloning & Amplifications Kits with pSMART© GC Vectors (Lucigen©, Middleton, 

WI). Additionally, in order to account for potential changes in the overall size of the 

microbial population at the sampling sites; a standard curve was generated using 16S 

rRNA genes with Bacteria-targeted primers (Ritalahti et al., 2006). 
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3.3 Results 

3.3.1  Quantification of antibiotics 

 The concentration of SMX, TMP, TC, AMP, and VC antibiotics found in 

secondary effluent samples and removal efficiency between the primary influent and 

secondary effluent are presented in Table 5A. Removal efficiency were highest at a SRT 

of 45 days for SMX and VC, respectively, while AMP showed values <LOQ. In addition, 

TC and TMP showed no detection in the secondary effluent samples.  

3.3.2  Micro-dilution procedure on antibiotic-selective media 

In terms of bacterial isolates cultured from secondary effluent (Table 6A), Gram-

negative isolates displayed MIC50 at 8µg/mL of SMX with a SRT of 3 days; but, the 

MIC50 increased to 37 and 29 µg/mL as the SRT increased to 9 and 19 days. Gram-

positive isolates exposed to SMX showed a similar trend, as the SRT increased from 3, 9, 

and 19 days, so did the MIC50. AMP and TMP displayed a comparable tendency to SMX; 

the Gram-negative and Gram-positive isolates showed an increase in the MIC50 as the 

SRT increased. Conversely, Gram-positive isolates grown in TC decreased from 32 to 16 

µg/mL; as the SRT increased from 3 to 19 days. Gram-positive isolates grown in VA did 

not change the MIC50at 16 µg/mL. 

Respectively, percentages of Gram-negative and Gram-positive resistant isolates 

did not show significant trends changing from a SRT of 3, 9, and 19 days. It is important 

to keep in mind that the absolute numbers of resistant colony forming unit (CFU) per mL 

of secondary effluent samples was not calculated, and hence there was no way to 
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normalize the numbers of resistant bacteria to the total bacterial population. In addition, 

each antibiotic had a different concentration range (µg/mL) with a unique MIC resistance 

standard set forth by the CLSI. The advantage of the microdilution procedure was the 

generation of MICs and reproducibility of results in order to illustrate potential trends 

concerning resistant isolates cultured from WWTPs.  

3.3.3  Quantification of resistance genes at each WWTP 

All six ARGs were detected in primary influent and secondary effluent 

wastewater samples evaluated in this study. The numbers of copies of the six resistance 

genes quantified at each site were plotted normalized to the number of copies of Bacterial 

16S rRNA genes (Fig. 1A, 2A and 3A).  Normalizing to the number of target gene copies 

to 16S rRNA genes provided a means to assess the level of resistance proportional to the 

size of the overall bacterial population (Ritalahti et al., 2006). Figure 1A depicts the 

change in ratio of the each ARG normalized to the total amount of the 16S rRNA gene 

copies. Overall, an SRT of 14, 19, and 45 days correlated to fewer ARGs within the 

treatment train.  

The total concentration in the secondary effluent of sul(I), vanA, and tet(W) 

normalized to the total 16S rRNA gene copy (Fig. 2A) were the lowest at sites with a 

SRT of 19 and 45 days (3-4 orders of magnitude lower than the primary influent).Sul(II) 

concentrations in the secondary effluent were the lowest at sites with a SRT of <1, 19, 

and 45 days. Dfr(A)1 concentrations in the secondary effluent were the lowest at a SRT 

of 9 and 19 days. The total concentrations of ampC did not vary significantly between the 
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secondary effluents of all eight WWTPs (within one order of magnitude). Additionally, 

Figure 2A displays the absolute numbers of the ARG copies per mL of wastewater. All 

eight WWTPs displayed a decrease in the amount of ampC copies per mL moving from 

primary influent to secondary effluent. However, WWTPs with an SRT below 19 days 

revealed a slight increase in sul(I), sul(II),dfr(A)1,tet(W), and vanA moving from the 

primary influent to the secondary effluent. Figure 3A depicts a censored boxplot average 

of 16S rRNA genes normalized to the six ARGs in primary influent and secondary 

effluent from all eight WTTPs.  
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3.4  Discussion 

Overall, the data showed trends, however; there were some variances observed. 

For example, 16S rRNA gene copies varied between 1-3 orders of magnitude between the 

primary influent of all eight municipal WWTPs. Household disinfectants and water-

saving measures, as well as the proximity of hospitals and/or nursing homes may 

influence the loading of antibiotic compounds, ARGs, and AR bacteria to the receiving 

WWTP (Al-Ahmad et al., 1999; Varela et al., 2013). As well, PCR of 16S rRNA genes 

quantify the DNA of both live and dead cells, rendering it challenging to determine if 

there were varying proportions of 16S rRNA genes corresponding to dead cells along the 

treatment train. Nevertheless, 16S rRNA genes are well documented and continually used 

as a biomarker for normalizing quantitative data in the environment.  

Susceptibly to SMX, TMP, TC, AMP, and VC were tested with the broth micro-

dilution method. The MICs were confirmed for each isolate obtained from the secondary 

effluent through dilution series in accordance to the standards set by the CLSI. Overall 

trends indicated an increase in MIC50 moving from a SRT of 3 to 19 days. MIC50 

designates the antibiotic concentration required to inhibit the growth of 50% of isolates. It 

should be noted that the use of selective enrichment culture media possibly favored the 

isolation of AR bacteria, possibly explaining the high amount of resistant isolates. A 

study by Valeria et al. (2013) indicated that the antibiotic supplemented culture media not 

only favored the isolation of AR bacteria to vancomycin, but, the added antibiotics also 

favored the selection of AR bacteria to antibiotics other than those present in the culture 

medium, resulting in many of the isolates possessing a multidrug-resistance phenotype.  
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The qPCR methods developed for this study provide a useful means to quantify 

ARGs in complex environmental matrices. Primary influent and secondary effluent 

samples exhibited the presence of all six ARGs at each WWTP. This occurrence 

advocates consideration of the microbiological processes and selective pressures 

occurring within municipal WWTPs. Sul(I), sul(II), dfr(A)1, tet(W), and van(A) 

concentrations declined 3-4 orders of magnitude from primary influent to secondary 

effluent at a SRT of 19 and 45 days. The gene copy numbers of sul(I), sul(II), tetW, and 

vanA increased at SRT ranging from 1.5 to 12 days. This range of SRT appeared to have 

contributed less to the removal of ARGs. Cheng et al. (2013) showed a similar increase in 

tet and sul gene copy numbers where anaerobic digesters were implemented along the 

treatment train. Dfr(A)1 and ampC showed similar trends of decreasing gene copy 

numbers after a SRT of 1.5 days or higher, suggesting a high removal efficiency at all 

WWTPs. When the absolute copy numbers of ARGs were normalized to 16S rRNA gene 

copies, changes along the treatment train were observed, potentially indicating 

preferential destruction of specific ARGs.   

As can be seen in Table 5A, some authors have shown SMX to be one of the most 

persistent compounds in sewage waters (Batt et al., 2006; Bedz et al., 2005) with reported 

removal efficiencies of 42 and 60% from primary influent during WWT (Pedrouzo et al., 

2008). According to values obtained from this study, high removal efficiency of SMX is 

achieved at SRT >19 days. A previous study by Clara et al. (2005) indicated that WWTPs 

operating at a SRT of 10 days or higher can achieve low effluent concentrations of 

TOrCs. Conversely, trace levels of antibiotic compounds may enhance the development 
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of resistance, considering that very high concentrations are often lethal to resistant 

bacteria (Aminov, et al., 2006). This may explain why bacterial isolates cultured in this 

study had a high MIC50 as the SRT increased from 3 to 19 due to the exposure of lower 

levels of antibiotic compounds at higher SRTs compared to lower SRTs. Nevertheless 

non-AR bacteria appear to be outcompeting AR bacteria, as the lower ARG copies at 

higher SRTs indicated; resulting in fewer AR bacteria relevant to the bacterial biomass. 

However, microbial populations may retain ARGs long after their initial exposure. Thus, 

the AR bacteria that are present at higher SRTs may develop an advanced tolerance to 

antibiotics, as shown in the elevated MIC50. A study by Xia et al. (2012) indicated as the 

SRT decreased from 60 to 3 days, the microbial population diversities decreased, whereas 

dominant bacteria increased contrarily. Based on this phenomenon, certain bacteria 

species are accustomed to the environment of longer SRT, while other bacteria species 

become more dominant in short SRT conditions, indicating the bacteria species may 

require more substrate or are more resistant to increased antibiotic loadings (Xia et al., 

2012). In regards to this study, it seems that longer SRT positively affects the capabilities 

and performance of biological treatment systems by influencing non-AR dominant 

microbial species.  

In general, each treatment process—from primary treatment to disinfection—

differs in its ability to reduce the level of AR and the actual concentrations of antibiotics 

(Volkmann et al., 2004). AS bioreactors in WWTPs are designed to maximize biological 

substrate removal by promoting environmental conditions that promote bacterial 

retention and growth. Regardless of the lack of conclusive studies on the effect of 
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biological processes and their operating conditions (e.g. SRT) on AR, previous studies in 

the scientific literature show that biological processes during WWT may have a 

synergistic effect on AR bacteria and ARG transfer (Auberbach et al., 2007; Kim et al., 

2005; Marcinek et al., 1998).  

Future work is needed to determine the amount of active and biological materials 

absorbed on AS that is subsequently removed from the secondary effluent through sludge 

removal, in order to further understand the removal of AR bacteria, ARGs, and antibiotic 

compounds during WWT (Al-Ahmad et al., 1999). Sludge removal raises many questions 

with respect to environmental discharge of antibiotic compounds, ARGs, and AR bacteria 

which may accumulate in biosolids. Biosolids may be land-applied, and they may also be 

discharged to the environment in finished effluent or reclaimed water. Therefore, it is 

important to address all three components of AR (antibiotic compound, ARGs, and AR 

bacteria) and the various discharge pathways when studying this issue. In addition, 

studies must establish control sites, un-impacted by wastewater release, to assess 

background levels of these three comportments. It is not clear whether the level of AR in 

the environment is due to AR present in the primary influent, the proliferation of AR 

during treatment, subsequent gene transfer in the environment, or pathways that are 

completely unrelated to wastewater discharge (e.g., natural development or animal 

husbandry). Nevertheless, the most significant source of AR may actually be therapeutic 

use of antibiotics, during which intestinal flora are exposed to high concentrations of 

antibiotics. In this scenario, WWT processes are not necessarily responsible for AR 

proliferation, but WWTPs may be able to take action to reduce the environmental impact 
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of this AR. Such information is critical in quantifying the environmental burden of 

WWTPs with respect to AR and developing the most effective treatment strategies to 

mitigate any concerns. As the adoption of recycled water (including Indirect Potable 

Reuse) becomes more widespread, and as the public comes into contact with recycled 

water at a higher frequency, there will be increased pressure for utilities and other water 

managers to better understand the dynamics of resistance development and destruction. 
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3.5 Conclusion 

 Risk assessments of antibiotic compounds and ARGs are still in early stages, with 

no standard guideline available on safe levels for human exposure. Nevertheless, 

this study demonstrates that treatment ranges within WWTPs have the capability 

to decrease the release of ARGs into the environment.  

 

 Results from this study compared to prior studies are not straightforward as 

different analytical techniques have been employed throughout the scientific 

literature. Despite the absence of standardized methods to asses AR in 

environmental samples in the scientific literature, our lab developed culture, 

molecular, and analytical-based approaches that provided a means to survey 

wastewater for the occurrence of AR bacteria, ARGs, and antibiotic compounds 

in order to track the spread of TOrCs in the environment.   

 

 The relative abundance of different ARGs showed significant variations among 

removal efficiencies during the biological treatment processes (i.e. SRT); 

therefore, optimization of operating conditions at each WWTP shows promise in 

relation to the specific drug to be removed.  
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 Overall, SRT of 19 days or higher indicated a high removal efficiency for all six 

ARGs of concern. Longer SRT positively affects the capabilities and performance 

of biological treatment systems by promoting non-AR dominant microbial 

populations.  

 

 Sul(I), sul(II), dfr(A)1, tetW, ampC, and vanA were abundant throughout the 

treatment train of all eight WWTPs that confer resistance to clinically important 

antibiotics. In particularly, vanA was detected frequently which may suggest that 

these genes are selectively proliferating in the environment. The occurrence of 

vanA is of certain interest given that in confers resistance to VC, a last-resort 

therapeutic drug to treat MRSA infections.  
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APPENDIX A: 

TABLES, FIGURES, AND GRAPHICAL DATA 
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WWTP Site SRT (days) 

Plant 1 <1 

Plant 2 1.5 

Plant 3 3 

Plant 4 9 

Plant 5 12 

Plant 6 14 

Plant 7 19 

Plant 8 45 

Analyte Q1 (m/z) Q3 (m/z) CV (V) CE (eV) 

Simatone 198 128 25 18 

SMX 254 91.6 25 18 

TMP 291 
230.0, 

123.0 
25 23, 21 

TC 445 410 25 20 

AMP 350 106, 160 25 12, 12 

VA 1449.3 143.9 25 25 

Antibiotic 
Concentration Range 

(µg/mL) 

MIC 

Resistance 

Standards 

 

TC 2-128 ≥16 

SMX 8-512 ≥64 

TMP 2-128 ≥16 

AMP 2-128 ≥32 

VA 0.5-32 ≥4 

   

Table 1A.Solid Retention Time of Wastewater 

Treatment Facilities included in This Studya 

 

aTreatment information provided by WWTP operators. 

Table 2A. Acquisition parametersa 

 

Q1, parent ion mass; Q3, daughter ion mass; CV, cone voltage; CE, collision energy 

Table 3A.MIC Interpretive Standards of Resistant Susceptibility. 
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Primers 
Assay 

Targeted 

 

Primer 

Conc. 

(μm) 

Sequences 

Q-PCR 

annealing 

temp (oC) 

Amplicon 

size (bp) 

 

sull-F 

SMX 

 

 

 

 

0.2 

 

CGCACCGGAAACATCGCTGCAC 

 

65.0 

 

163 

sulI-R TGAAGTTCCGCCGCAAGGCTCG 

 

 

sulIl-F 

 

TCCGGTGGAGGCCGGTATCTGG 

 

57.5 

 

191 

 sulIl-R CGGGAATGCCATCTGCCTGAG 

 

 

dfr1-F 
TMP 

 

0.2 

 

CGAAGAATGGAGTTATCGGG 

 

62.0 

 

372 

dfr1-R TGCTGGGGATTTCAGGAAAG 

 

 

Lak2-F 

 

AMP 

 

0.3 

 

GGGAATGCTGGATGCACAA 

 

55.0 

 

189 

Lak1-R CATGACCCAGTTCGCCATATC 

 

 

tetW-F 

 

TC 

 

0.2 

 

GAGAGCCTGCTATATGCCAGC 

 

64.0 

 

168 

tetW-R GGGCGTATCCACAATGTTAAC 

 

 

vana3-F 

 

VC 

 

0.3 

 

CTGTGAGGTCGGTTGTGCG 

 

60.0 

 

377 

vana3-R TTTGGTCCACCTCGCCA 

 

 

GFD-F 

 

GFD 

 

0.2 

 

CTATGACGGGTATCCGGC 

 

57.0 

 

376 

GFD-R ATTCCACCTACCTCTCCCA 

 

Bac105

5YF 

Bac139

2R 

  

 

 

 

ATGGCTGTCATCAGCT 

 

 

 

 

ACGGGCAATGTGTAC 

      

Table 4A.PCR Primers Targeting Selective Analyte Genes. 
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SRT  
(days) 

No. of 

isolates 
Gram- 
MIC 50, 

µg/mL 

Gram- 

Isolates with 

resistance, % 

Gram+ 
MIC

50
, 

µg/mL 

Gram+  

Isolates with 

resistance, % 
3  96 8 0 64 62 

9  96 37 32 64 54 

19  96 29 32 512 87 

SRT 
 (days) 

No. of 

isolates 
Gram- 
MIC 50, 

µg/mL 

Gram- 

Isolates with 

resistance, % 

Gram+ 
MIC

50
, 

µg/mL 

Gram+  

Isolates with 

resistance, % 
3  96 16 33 2 0 

9  96 64 54 8 33 

19  96 16 54 4 16 

SRT  
(days) 

No. of 

isolates 
Gram- 
MIC 50, 

µg/mL 

Gram- 

Isolates with 

resistance, % 

Gram+ 
MIC

50
, 

µg/mL 

Gram+  

Isolates with 

resistance, % 
3  96 4 37 32 58 

9  96 64 70 32 70 

19  96 32 54 16 45 

Table 6A.  Resistant Isolates (%) and MIC50 for Gram-negative and Gram-

positive Bacterial Isolates 

Sulfamethoxazole 

Trimethoprim 

Tetracycline 
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SRT  
(days) 

No. of 

isolates 
Gram- 
MIC 50, 

µg/mL 

Gram- 

Isolates with 

resistance, % 

Gram+ 
MIC

50
, 

µg/mL 

Gram+ 

Isolates with 

resistance, % 
3 96 16 29 64 95 

9 96 64 76 32 58 

19  96 128 75 64 79 

SRT  
(days) 

No. of 

isolates 
Gram- 
MIC 50, 

µg/mL 

Gram- 

Isolates with 

resistance, % 

Gram+ 
MIC

50
, 

µg/mL 

Gram+  

Isolates with 

resistance, % 
3 48 N/A N/A N/A N/A 16 58 

9 48 N/A N/A N/A N/A 16 70 

19 48 N/A N/A N/A N/A 16 79 

Ampicillin 

Vancomycin 
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 Figure 2A.  16S rRNA gene-normalized (black bars=primary influent; grey bars=secondary effluent) and 

absolute (black triangle=primary influent; grey diamond=secondary effluent) levels of ARGs in wastewater 

samples collected at all eight WWTPs; SRT differentiate between sample locations.   
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