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Abstract 

Sewer systems are known as point sources for the release of antibiotic resistance 

into the environment. Antibiotic resistance genes (ARGs) provide bacteria the ability to 

fight antibiotics and are viewed as emerging contaminants in environmental waterways. 

To minimize the spread of ARGs to the environment, this study assessed the prevalence 

of ARGs in upstream sewer systems that feed into wastewater treatment plants (WWTPs) 

so that source control strategies can be developed to mitigate the spread of antibiotic 

resistance. Wastewaters were examined from two unique city sewer systems containing 

three source types: hospital, residential, and industrial. Twenty-nine ARGs, 3 integron-

intergrases, and 4 metal resistance genes were quantified using conventional and 

microfluidic polymerase chain reactions. Bacterial community compositions were 

characterized using high-throughput 16S rRNA amplicon sequencing. We found the 

levels of ARGs and bacterial community compositions to be dependent on the source of 

wastewater, the city, and the season. The abundance of ARGs in hospital wastewater 

were relatively constant and associated with clinically relevant antibiotics. ARG 

abundance in residential wastewater showed seasonal variations with high levels in 

winter associated with outpatient antibiotics. High levels of integron-integrase genes, a 

proxy for horizontal gene transfer and anthropogenic impacts, were also observed in 

residential wastewaters. Based on these findings we suggest satellite treatment of ARGs 

at hospital and residential sources to reduce their loading to WWTPs and their inevitable 

release to the environment.  
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Chapter 1. Introduction 

Antibiotic resistance is globally recognized as a serious public health threat as 

mortality rates of infections caused by antibiotic resistant bacteria (ARB) increase and 

discovery of new antibiotics decreases1–3 (Figure 1). In recent years, more and more 

infection causing bacteria are becoming harder to treat as they are developing resistance 

to antibiotic treatments especially for multiple antibiotics. For example, Clostridioides 

difficile (C. difficile), a pathogen which causes life-threatening diarrhea, infected an 

estimate 223,900 hospitalized patients and contributed to 12,8000 deaths in the United 

States in 20174. Without intervention, these types of ARB related infections are expected 

to increase with some projection models predicting global mortality rates of 10 million by 

20505–7.  

Antibiotic resistance occurs naturally as microorganisms evolve but this global 

rise of antibiotic resistance is mainly anthropogenic through the application of antibiotics 

from various sources like hospitals, agriculture, and wastewater8. Continuous release of 

antibiotics into the environment potentially elevates natural resistance background levels 

leading to increases of pathogenic ARB9 and antibiotic resistant genes (ARGs). These 

ARGs are more expressed when commensal bacteria are exposed to low concentration of 

antibiotics1. Unlike antibiotic residues in wastewater, ARB and their ARGs dynamically 

change depending on the environment to which they are exposed. ARGs can be a proxy 

of antibiotic resistance to evaluate persisting and spreading in the environment even in 

the absence of antibiotic residues. 
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Figure 1. Timeline of antibiotic resistance adapted from the Center for Disease 
Control and Prevention edited by SwitchYard Meida and Food & Environment 
Reporting Network.  
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Given the urgency of antibiotic resistance on public health, ARGs are viewed as 

emerging contaminants in environmental waters10,11. Several studies linked the prevalence 

and occurrence of ARGs in urban environments to wastewater treatment plant (WWTP) 

effluents12–15. The presence of ARGs in surface waters that receive treated wastewater has 

been documented worldwide16. Conventional WWTPs treat wastewater to meet current 

water quality standards but are not designed to treat ARB or ARGs11. Moreover, 

conventional WWTP, such as activated sludge systems, may serve as reservoirs for ARGs 

because of (a) the influx of antibiotics that exert a selective pressure for ARGs17 and (b) 

the nature of the microbial community in the sludge that promotes gene exchange between 

different bacteria18–20. For example, vanA, a gene that confers resistance to vancomycin, 

can be enriched during the activated sludge process up to 6 orders of magnitude11,21. 

To reduce ARG enrichment at WWTPs and their release into the environment, 

source control strategies, such as satellite treatment or pretreatment programs, could be 

implemented. These treatments prior to WWTPs could reduce the transfer of ARGs 

through mobile genetic elements like integron-intergrases, by minimizing their 

interactions with bacterial populations in communal wastewater environments where 

these occurrences are favorable22,23. To develop appropriate source control strategies, 

identification of highly probable points of ARB and ARGs release are essential. 

The objectives of this study were (a) to determine the prevalence and abundance 

of ARGs at different types of entry points (sources) that feed into the WWTPs and (b) 

assess the relationship of ARG levels with bacterial communities and anthropogenic 

factors associated with each source for identifying ARGs hotspots into WWTPs. We 
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collected sewage samples with different origins (hospital, residential, and industrial) 

along with WWTP influent from two geographically neighboring cities seasonally over 

two years. Quantification of 40 genes (antibiotic resistance associated genes including 

integron-intergrase, 16S ribosomal RNA; rRNA, and heavy metal genes) was performed 

using microfluidic quantitative polymerase chain reaction (MF-qPCR) or quantitative 

polymerase chain reaction (qPCR). Bacterial communities were characterized using high-

throughput 16S rRNA gene amplicon sequencing. Findings from this study provide 

important baseline data for determining sources of ARGs as contaminants in relevant 

sewer-sheds. Baseline data are essential to appropriately understand antibiotic resistant 

associated ecological and health risks and to develop mitigation strategies. Moreover, the 

identified hotspots of ARGs in these urban environments will be useful to public health 

committees and the WWTP in future decision about onsite treatment options.  
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Chapter 2. Methodology 

2.1 Study Sites and Sewage Sample Collection 

Two geographically close cities were selected for this study. City one (C1), 

population equivalent (PE) of 12,000 people, generates14-18 million gallon per day 

(MGD) of wastewater primarily from non-pharmaceutical industry activity (12.6-16.2 

MGD). City two (C2), PE of 86,000 people, generates a similar quantity of wastewater 

(18-20 MGD) primarily from mixed residential and commercial property (16.2-18 

MGD). (Figure 2). Sites chosen within each city included different source types; 1) 

upstream residential sewer pipes prior to sewages receiving hospital wastewater, 2) 

hospital wastewaters, 3) industrial (e.g. paper mill, metal foundry) wastewater, and 4) 

influent samples from the WWTP facility for each city (Figure 2). Specifically, C1 

included two residential (C1R1 and C1R2), one hospital (C1H1), one major industry 

(C1I) which accounts for over 90% of total sewage generation, and WWTP influent 

(C1W). C2 included two residential (C2R1 and C2R2), two hospital (C2H1 and C2H2), 

and one WWTP influent (C2W) sample (Appendix A: Table S1). Each site was sampled 

at least once during the summer and winter months between 2016 and 2018. The 

residential and hospital sewage samples were collected using an automated ISCO sampler 

(Teledyne model 6712 or 3700) from a manhole connected to the outlet of hospital 

wastewater or residential community (PE 549-718 households). 

The sampler collected 100-250 ml samples every 30-60 minutes over a 24 hour 

period in four, six-hour increment sample bottles representing morning, afternoon, 

evening, and night. 24-hour composite sample were prepared by pulling equal volumes 
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from each 6-hour composite bottle. Industrial and WWTP influent samples were 

collected as a 24-hour composite directly from the facility. All samples were stored on 

ice (~4 ℃) during sampling and transported to the laboratory for processing within 12 

hours. Temperature, pH, conductivity, and dissolved oxygen were also measured during 

the sampling. 

 

Figure 3. Diagram of sampling sites including characteristics of wastewaters and 
source types per city. Approximate productions in million gallons per day (MGD) for 
each site listed in parentheses. Population estimates and flow data taken from local 
wastewater treatment plan, 2010 census, or provided from city municipal partners. 
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2.2 Processing and DNA extraction 

Two hundred milliliters of sample, in triplicate, was filtered through a 0.14-mm 

stainless steel mesh filter to remove large debris. Biomass of the filtrate was pelleted by 

centrifugation at 20,000×g. DNA was extracted using a Qiagen DNeasy PowerSoil Kit 

according to manufacturer's protocol with the following modifications; a 3 times freeze-

thaw step was added prior to lysis process and DNA was eluted using 40 µl 

RNase/DNase-free molecular grade water. Concentrations were quantified using a 

Qubit® Fluorometer with the dsDNA HS Assay. Genomic material was stored at -20 ℃ 

until qPCR and high-throughput amplicon sequencing analysis. 

2.3 Quantification of ARGs using Conventional qPCR and MF-qPCR 

MF-qPCR and conventional qPCR were performed for the quantification of 48 

genes including those encoding for 16S rRNA, heavy metal resistance, integron-

intergrase, and genes encoding resistance to most classes of antibiotics24. DNA samples 

from each 24-hour composite sample were pooled in duplicate and specific target 

amplification reactions were performed prior to MF-qPCR to increase the number of 

target molecules25. Positive controls, negative control, and aliquots of the assay and 

sample premixes were loaded into a BioMark Gene Expression 96.96 IFC chip and mixed 

using an IFC controller RX and a BioMark HD Reader (Fluidigm; South San Francisco, 

CA, USA) as per manufacturer's instruction. The PCR was performed under the 

following conditions: 70 °C for 40 min, 60 °C for 30 sec, 95 °C for 1 min, followed by 

40 cycles of 96 °C for 5 sec, and 60 °C for 20 sec. A melt curve from 60 °C for 3 min to 

95 °C followed.  
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Additionally, conventional qPCR analysis was used to verify MF-qPCR 

quantification for five genes: 16S rRNA, TetO, VanA, Sul1, and TEM genes using probed-

based and SYBR Green (TEM gene only) based method (Table 1). Ten-fold serial 

dilution standards were designed from preamplifed and gel electrophoresis verified 

environmental DNA. Samples and standards were run in triplicate. The reaction mixture 

(20 µl) contained iTaq™ Universal Probes Supermix (Bio-Rad, Hercules, CA, USA) 

or iTaq™ Universal SYBRⓇ Green Supermix (Bio-Rad), 500 nM of each forward and 

reverse primer, 200 nM concentration of probe for probe-based qPCR, and 0.2ng (16S 

rRNA) or 1ng (non 16S rRNA genes) of genomic template. qPCR was carried out with a 

StepOnePlus™ Real-Time PCR System (Applied Biosystems; Foster City, CA, USA). 

Probe-based qPCR was performed in triplicate under the following condition: 50 ℃ for 2 

min, 95 ℃ for 10 min, 40 cycles of 95 ℃ for 15 sec, and 60 ℃ for 1 min. SYBR Green 

based cycling program ran as follows; 50 ℃ for 2 min, 95 ℃ for 10 min, 40 cycles of 95 

℃ for 15 sec, and 60 ℃ for 60 sec, and 95 ℃ for 15 sec. The amplification efficiency of 

all qPCR runs ranged between 85% and 105% (Appendix A: Table S2). For SYBR Green 

qPCR analysis, the products were confirmed by a melt curve analysis. 

2.4 High-throughput DNA sequencing analysis 

DNA samples (n = 364) were submitted to the University of Minnesota Genomics 

Center for sequencing (Minneapolis, MN, USA), using universal primers targeting the V4 

region of the 16S rRNA gene, as described previously26. Sequencing was performed on 

the Illumina MiSeq platform, using a 2 × 300-bp paired end, dual indexing protocol. 

Sequences were analyzed using mothur and classified against the RDP training set v.9 

using an 80% bootstrap confidence score27. Operational taxonomic units (OTUs) were 
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clustered at a 97% similarity and compared against the SILVA v.132 16S rRNA 

database28. The number of sequence reads were rarefied to the lowest read depth of 2,443 

per sample for abundance and diversity analysis.  

2.5 Statistical Analysis of Data 

MF-qPCR amplified 36 of 48 target genes with efficiencies of 90-110% providing 

gene abundance data. Kruskal-Wallis and Wilcox tests were performed with a significant 

threshold set at α = 0.05 on these data. ARG loads to WWTP were generated for C1 and 

C2 by multiplying the flow rate by the ARG concentration (total flow rate × measured 

ARG copies/L WWTP influent) under the assumption of a steady state system. Flow rate 

data was collected from the local wastewater treatment plan, the 2010 census, or provided 

from city partners.  

Bacterial community abundance and diversity were calculated using Shannon and 

Simpson indices. Sequence reads were center log ratio transformed for a Principal 

Component Analysis (PCA) and a Redundancy Analysis to describe the relations 

between identified bacterial communities and environmental variables. The Bayesian 

classifier program SourceTracker33 was used to predict the contribution of upstream 

sewage to WWTP influent. All statistical analyses were performed using R Studio 

(v.3.6.0).
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Table 1. Primers and Probes used in quantitative polymerase chain reaction (qPCR) 

Primer/ 
Probe 

Target 
Gene 

Sequence (5'-3') Reference 

16S 331F 
16S 
rRNA TCC TAC GGG AGG CAG CAG T 

29 

16S 797R 
16S 
rRNA GGA CTA CCA GGG TAT CTA ATC CTG TT 

29 

BacTaq 
16S 
rRNA 

/56-FAM/CGT ATT ACC GCG GCT GCT GGC 
AC/3BHQ_1/ 

29 

    

tetOF tet(O) AAGAAAACAGGAGATTCCAAAACG 21, 30 

tetOR tet(O) CGAGTCCCCAGATTGTTTTTAGC 21, 30 

tetOP tet(O) FAM–ACGTTATTTCCCGTTTATCACGGAAGCG–BHQ-1 21, 30 

    

qSUL653f sul1 CCGTTGGCCTTCCTGTAAAG 31 

qSUL719r sul1 TTGCCGATCGCGTGAAGT 31 

tpSUL1 sul1 FAM-CAGCGAGCCTTGCGGCGG-TAMRA 31 

    

TEM F 285 TEM TACGGATGGCATGACAGTAA This paper 
TEM R 405 TEM GTGCAAAAAAGCGGTTAGCT This paper 
    
vanAF vanA CTGTGAGGTCGGTTGTGCG 21, 32 
vanAR vanA TTTGGTCCACCTCGCCA 21, 32 
vanAP vanA FAM–CAACTAACGCGGCACTGTTTCCCAAT–BHQ-1 21, 32 
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Chapter 3. Results and Discussion 

3.1 Physicochemical parameters of wastewater sources 

 Physicochemical parameters of wastewater were measured during the sample 

collection. Dissolved oxygen was highest in hospital wastewater compared to residential 

and industry wastewater overall (Table 2). Industry wastewater was acidic while pH of 

hospital and residential wastewater were circumneutral. Hospital wastewater showed the 

highest level of dissolved oxygen at 63±20% in summer months. Residential samples 

show seasonal variations of higher pH and DO but lower conductivity. Insufficient data is 

available to compare seasonal variation for either hospital or industry wastewater sites. 

While each source type has slightly different characteristics, no conclusions can be made 

due to high standard deviations and missing data.  

Table 2. Average physicochemical parameters with standard deviations of wastewater 
separated by season. Parameters include pH, dissolved oxygen (DO) (%), and 
conductivity (µs/cm). No data collected (NA). 

 Hospital  Residential  Industry  
Parameter Summer Winter Summer Winter Winter Summer 
pH 8.4±0.2 8.0±0.2 7.7±0.2 8.0±0.2 4.0±3.8 NA 
DO (%) 63±20 NA 18±16 37±20 23±7 NA 
Conductivity 
(µS/cm) 328±52 586±271 681±64 571±61 344±285 NA 

3.2 Occurrence and abundance of ARGs in wastewater sources 

In total, 28 ARGs, 4 metal resistance genes, 3 integron-intergras genes, and the 

16s rRNA gene were detected in wastewater samples using MF-qPCR. The 16S rRNA 

gene was used as a measure of total bacterial biomass. Its abundance ranged from 

7.4×109 to 1.8×1012 copies/L with the lowest abundances observed in C1’s industry 
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source (Figure 3). This range of 16S rRNA is similar to other findings related to hospital 

effluent studies (1.58x1011copies/L)34. Sewage samples contained up to 1011 copies/L of 

ARGs, metal resistance genes, and integron-intergrase genes with widely varying 

abundances between sources (Figure 4). Gene abundance of hospital (6.7×103 to 3.4×1010 

copies/L) and residential (9.9×103 to 1.3×1011copies/L) sources were greater than those 

from industry sources (2.1×103 to 1.3×109copies/L). Only 14 genes were detected in 

industry sources. The genes associated with sulfonamides, tetracycline, and heavy metal 

resistance showed significantly lower abundance when compared to hospital and 

residential sources (p < 0.05, Kruskal-Wallis test).  

Figure 3. Absolute gene abundance (copies/L) for 16S rRNA genes as a measure of 
total bacterial biomass as a function of wastewater types and season. 



13 
 

 Unlike industry wastewater, the occurrence of ARGs in residential and hospital 

wastewaters appear to be similar overall. However, patterns differ noticeably by 

antibiotic class. Overall, aminoglycoside, beta-lactam, and tetracycline resistance genes 

were the most abundant ARG types along with integron-intergrase and metal-resistance 

genes (Figure 5). Hospital wastewaters harbored greater abundance of aminoglycoside-; 

aacA, arr2, carbapenem-; blaKPC , glycopetitde-; vanA, quinolone-; qnrA, and 

sulfonamide-; sul2 resistant genes than residential wastewaters, suggesting these genes 

are hospital-related ARGs. Specifically, the high abundance of blaKPC and vanA genes 

corresponds with highly prescribed in-patient antibiotics in these communities (Appendix 

A: Table S3). The greater concentration of blaKPC and vanA in hospital wastewater 

supports findings in previous studies that suggested them to be indicator genes to monitor 

AR of hospital origins to environment. Conversely, higher abundances of marcrolide, 

tetracycline-resistance, and integron-intergrase genes were associated with residential 

sources (Figures 4 and 5).  

Gene abundance additionally showed seasonal variations (Figure 3 and Appendix 

A: S1 and S2) based on wastewater sources. Wastewater collected during the winter 

season (air temperatures greater than 15.5°C) generally contained greater level of ARGs 

across hospital and residential sources. This seasonal difference in ARG abundances was 

more evident for residential sources over hospital sources (Figure S1). More than 14 

genes showed seasonal variations (Kruskal-Wallis, p <0.05) in residential wastewaters, 

while only 4 genes, arr2, ermF, aadA5, and tetL showed significant abundance 

differences in hospital wastewaters. Moreover, aadA5 and tetL showed the opposite trend 

of greater abundance in summer (Figure S2). These are consistent with findings from 
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previous studies looking specifically at tetracycline, sulfonamide, and vancomycin 

resistant genes35,36. Seasonal changes of ARG abundance, higher in winter, has also been 

shown to coincide with antibiotic prescription rates, also higher in winter37(Appendix A: 

Table S3) 
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Figure 4. Absolute abundance (copies/L) of 36 ARG, integron and metal resistance genes from wastewater samples as a function of 
source type for city one (C1) and city two (C2). Associated antibiotic classes for genes are listed on the top of the graph. 
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Figure 5. Absolute abundance (copies/L) of antibiotic resistant, heavy metal 
resistant, and integron genes in wastewater origins by antibiotic class for both 
cities. (A) All sourc types divided by season and (B) hospital and residetnial 
source types divided by season. DHFR; dihydrofolate reductase, qac; quaternary 
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3.3 Contribution of ARGS from wastewater sources to WWTP by city 

ARGs concentration and loads to WWTP were calculated to observe how 

wastewater sources differently affect the dissemination of ARGs to WWTP. The 

occurrence and abundance of ARGs in both cities were shown to be influenced by the 

proportion (flow and concentration) of hospital, residential, and industrial wastewaters 

(Figure 6 & 7). The concentration of ARGs in WWTP of C1 was generally comparable or 

lower to those in upstream wastewater sources (Figure 6A). As C1 receives over 90% of 

its wastewater from industry with low ARG abundance, the lower concentration of ARGs 

in WWTP influent of C1 is likely due to large contribution of industrial wastewater to 

WWTP influent. Interestingly, sulfonamide, quaternary ammonium compounds, and 

tetracycline-resistant genes appear to increase in WWTP influent, indicating potential 

amplification during wastewater transport in sewer lines. In contrast to C1, the 

concentration of ARGs in WWTP influent of C2 were generally greater than those in 

upstream sewage samples across all genes except for metal resistance genes (Figure 7A).  

Moreover, loads of ARGs into the WWTP of each city were estimated using flow 

rate and ARG concentration of wastewater generated from each source (Total flow rate x 

proportion of wastewater generation from each source type × measured ARG copies/L 

upstream wastewater source) based on the data provided by the cities and WWTP. The 

estimated loads were compared with measured ARGs in WWTP influent (total flow rate 

× measured ARG copies/L WWTP influent) by antibiotic class (Figure 6B and 7B). The 

loads were calculated under two assumptions: measured ARG levels of the upstream 

sewage samples are representative to those of each sewage source type and there is no 

changes (e.g. enrichment or degradation) of ARGs occur in sewer lines to WWTP. The 
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estimated and measured ARG loads in C1 were comparable, showing only minor 

differences (Figure 6B). This suggests no or minimal enrichment or degradation between 

source and WWTP influent in C1.  

 Measured loads of C2 were much greater than calculated loads suggesting 

enrichment occurred in the lines between the source and WWTP influent (Figure 7B). The 

largest differences were observed in the aminoglycodise, beta lactamase, DHFR inhibitors, 

glycopeptide, quinolone, and tetracycline antibiotic classes. These classes contain 

clinically relevant ARGs aacA, arr2, vanA and blaKPC. The amount of ARGs entering the 

WWTP from the hospital was a substantial relative daily contribution; an estimated 

70~95% of ARGs entering the WWTP came from the hospital even though the flow was 

only estimated to be 4-7% of the total influent flow to the WWTP. A possible explanation 

is the potential enrichment of ARGs by either vertical gene transfer (VGT) or horizontal 

gene transfer (HGT) during wastewater transport in the sewer environment (e.g. 

temperature, biofilm in pipes). 

 

3.4 Characterization of bacterial communities 

A mean of 2,151 ± 96 OTUs were identified among wastewater sources and 

WWTP influents in both cities with the classification to 23 order and 83 phyla. When 

measured by the Shannon index, industrial wastewaters had significantly lower alpha 

diversity than samples from residential and hospital wastewaters. Hospital, residential, 

and WWTP wastewaters had similar Shannon diversity values in both cities. Generally, 

diversity index of C2 samples was slightly greater and less variable than C1 regardless of 

wastewater sources (Appendix A: Figure S3).  
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Figure 6. ARG (A) concentration (copies/L) and (B) loads (copies/day) divided by 
class, integron-intergrase genes, and heavy metal genes in sewage systems for 
industry centered community one (C1). The first box plot in each set is ARG 
levels in upstream sewages including all sources, the second is those in WWTP 
influent. The loads of ARGs from upstream sewages into WWPT were calculated 
with flow rate and gene copy numbers of sewage generated from each origin and 
compared with measured load of genes in WWTP influent (total flow rate × 
measured ARG copies/L). If boxplot is absent for a set, no genes were detected. 
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Figure 7. ARG (A) concentration (copies/L) and (B) loads (copies/day) divided by 
class, integron-intergrase genes, and heavy metal genes in sewage systems for 
residential centered community two. The first box plot in each set is ARGs in 
upstream sewages including all sources and the second is those in WWTP influent. 
The loads of ARGs from upstream sewages into WWPT were calculated with flow 
rate and gene copy numbers of sewage generated from each origin and compared 
with measured load of genes in WWTP influent (total flow rate × measured ARG 
copies/L). If boxplot is absent for a set, no genes were detected.  
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 Bacterial community composition was distinctive by wastewater sources. The top 

20 taxa at the order level cover more than 90% of relative abundance between the two 

cities (Figure 8). Pseudomonadales and Clostridiales accounted for high relative 

abundance in hospital wastewaters (C1= 44.7%, C2= 33.5%) and they decrease in 

abundance in WWTP influent. Residential wastewaters had similar bacterial assembly to 

hospital wastewaters with less abundance of Pseudomonadales and Clostridiales. This 

decrease in residential wastewaters is expected as Pseudomonadales contain bacteria that 

are known to have originated from hospitals38. Clostridiales are also associated with 

hospitals as they contain the species C. difficile a pathogenic bacteria that hospitalizes 

over 223,900 patients in the United States each year for treatment4. Members of the 

orders of Burkholderiales and Flavobacteriales dominated industry abundance at 40.7% 

and 16.5% respectively. These taxa could be contributing to their proliferation in the 

downstream WWTP influent since contributions from hospital and residential sources are 

lower in abundance, particularly in C1. The high temperatures and long residence time of 

wastewater in C1 (Figure 2) could be assisting this proliferation.  

Relative abundance of pathogenic associated OTUs were also observed at the 

genus level and accounted for less than half a percent of the total abundance (Figure 9). 

The genus list used includes urgent, serious, and concerning pathogenic strains the CDC 

listed in the 2019 report on Antibiotic Resistant Threats in the United States4. 

Actinobacter was the dominant taxa across both cities regardless of wastewater source 

with the expectation of C1’s WWTP which was largely Streptococcus. Hospital 

wastewater from C1 also contained notable abundances of Pseudomonas, Escherichia 

Shigella, and Streptococcus. 
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The proportional abundance of bacterial communities present in WWTP influent 

based on wastewater sources were identified using SourceTacker (V1) (Appendix A: 

Figure S4). While SourceTracker does not predict the directionality of bacterial transfer, 

it likely occurs from a high-density reservoir source to a lower concentration sink. The 

bacterial communities of WWTP influent for C1 largely mimics that of industry 

wastewater bacterial communities (~79%) (Appendix A: Figure S4A). Conversely, C2’s 

WWTP influent resembled those of residential wastewaters by over 95% (Appendix A: 

Figure S4B). The majority of flow from C1 to the WWTP influent came from industry 

(~90%) even though lower biomass and target genes were quantified (Figures 3 and 4). In 

C2 residential sources were the major flow contributor. These data lend support to flow 

contributions and loading values (Figures 6B and 7B).based on wastewater source type. 

Ordination of Bray-Curtis distances by PCA revealed clustering of OTUs by 

wastewater source (Figure 10). OTUs associated with hospital and residential 

wastewaters are clearly separated however, hospital OTUs had larger variability in 

community composition. OTUs associated with C1’s WWTP were most closely related to 

industry wastewater while C2’s WWTP trended toward the cluster of residential 

wastewaters. This separation was supported by permutational multivariate analysis of 

molecular variance (PERMANOVA, P<0.001). The differences in OTU clustering is 

likely attributable to the differences in families among sources. Hospital and residential 

sources show differences in Moraxellaceae, Campylobacteraceae, Comamonadaceae, 

and Enterobacteriaceae families. While the dominant family for industry sources is 

Burkholderiales. These data are consistent with the proportional abundance of bacterial 

communities after analysis using SourceTracker. 
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Figure 8. Relative abundance of the twenty most abundant taxa found in wastewater samples at the order level for city one (C1) and 
city two (C2). Dominant bacterial orders of Burkholderiales, Pseudomonadales, Flavobaceriales, and Clostridiales. 
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Figure 9. Relative abundance of pathogenic OTUs at Genus rank.Figure Relative 
abundance of the most pathogenic taxa of interest found in wastewater at the genus 
level for city one (C1) and city two (C2). Data was bootstrapped to lowest read count 
and OTUs representing less than 2 percent of any sample were dropped. 
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3.5 Relationship of physiochemical parameters, ARGs, and bacterial communities 

To determine which physiochemical parameters and ARGs abundances are 

associated with variation in phylogenetic structures among wastewater samples, a 

redundancy analysis (RDA) was conducted with physiochemical parameters (independent 

variables, n=5), abundance of ARGs quantified by qPCR (independent variables, n=36) 

and the relative order abundance (dependent variable, n=20). Figure 11 displays a RDA 

Figure 10. Principal component analysis (PCA) plot showing the OTU compositional 
difference among 327 wastewater samples from different source types. Data was 
center log ratio transformed for normal distribution prior to analysis and centered 
during analysis 
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with physiochemical parameters including pH, DO, conductivity, season (air_temp), and 

bacterial biomass (qpcr_conc) as red lines. Season, bacterial biomass, and pH had the 

strongest influence on bacterial community composition. There is a strong correlation 

between the order of Bacteroidales, Burkholderiales, and Clostridiales and hospital 

wastewater (blue symbols) along with pH and DO. Seasons and bacterial biomass were 

closely correlated with the order of Selenomonadales, Rhodospirillales, and 

Actinomycetales. The first eigenvalue dominates the axes (26.5%) while the second and 

beyond show a large decrease in explanatory weight of the correlation (≤11.3%). This 

shows that seasonal variation and physicochemical parameters can explain variations in 

OTUs but not to an ecologically significant degree. 

ARG abundances were also associated with relative order abundance using a 

constrained RDA (Figure 12). The analysis shows a stronger relationship between certain 

ARGs (red lines) and the bacterial communities of wastewater sources (blue symbols). 

Bacterial communities appear to be associated with two groups of ARGs, one for hospital 

and one for residential. Distinct groups are difficult to discern however, genes coding for 

bacterial communities associated with residential wastewaters appear strongly correlated 

with the aadA5 gene. Similarly, blaKPC and catB8 were strongly correlated with 

Bacillales, Rhizobiales, and Aeromonadales of hospital wastewaters. The blaKPC gene 

coding for carbapenem resistance, is linked to clinical use as carbapenem antibiotics are 

used for treating severe or high-risk bacterial infections like sepsis4. Aeromonas genus 

bacteria are naturally resistant to most narrow spectrum antibiotics like ampicillin and 

penicillin39 and can be treated with other antibiotics such as carbapenem. There was no 

relationship of ARGs and bacterial communities for industrial wastewater.  
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For Figure 12, ARGs variables (red lines) that could be expressed with other 

variables were removed from weighted analysis including: aacA, aar2, ermB , intI1, 

qacF, strB, sul1, tetM, tetW, tetX, vanA, and vanB. This implies our target ARGs 

appropriately covered the range of antibiotic resistance we were observing. A subset of 

these ARGs could reasonable be used as explanatory indicators for the majority of 

bacterial communities associated for these source types. This could allow future studies 

to include other genes of interest expanding the potential for larger scale association 

analysis without loss of information. 
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Figure 11. Redundancy analysis of microbial communities rank order with physicochemical parameters and sites. Parameters (red) 
include pH, DO, conductivity, 16S rRNA abundance (qpcr_conc), and season of sample collection (air_temp). Length of arrow 
indicates strength of correlation between microbial communities and parameters. Sites (blue) hospital (H), residential (R), and 
industry (I) for city one (C1) and city two (C2) locations correlate with microbial communities. 
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Figure 12. Redundancy analysis of microbial communities rank order with 36 genes encoding for resistance to most classes of 
antibiotics, heavy metals, and integron-intergrase genes. Twenty-three redundant genes not shown. Length of arrow indicates 
strength of correlation between microbial communities and genes. Sites (blue) hospital (H), residential (R), and industry (I) for city 
one (C1) and city two (C2) locations correlate with microbial communities. 
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Chapter 4. Conclusion and Implications 

4.1 Summary 

Increasing numbers of antibiotic resistance microbes in wastewater continues to 

be a major health concern for the release of ARG pollutants into the environment 40,41. 

ARGs levels in WWTPs could potentially be reduced prior to their entry to the facility, as 

conventional WWTPs are not designed to treat antibiotic resistance microbes and ARGs 

as non-regulated and emerging pollutants. Controlling them upstream in concentrated 

sources through satellite treatment or pretreatment programs prior to entry into regional 

WWTPs could be a useful mitigation strategy. Characterizing the levels of ARGs and the 

source types that release them into the sewer system is essential to identify significant 

contributors of antibiotic resistance loading into WWTPs and to develop appropriate 

source control strategies. This study assessed ARG levels and bacterial communities in 

wastewater from three source types, hospital, residential, and industry along with WWTP 

influent using MF-qPCR and 16S rRNA amplicon sequencing. The relationship of ARG 

levels with bacterial communities and anthropogenic factors associated with each source 

was evaluated to identify ARGs hotspots into WWTPs using statistical analyses such as 

Kruskal-Wallis tests, Wilcox tests, PCA, and RDA. ARGs and bacterial community 

loading from source to WWTP influent were also calculated. 

This study found abundance of ARGs and bacterial community composition were 

correlated with individual wastewater sources either residential, hospital, or non-

pharmaceutical industry. The abundance of ARGs in hospital wastewater was relatively 

constant and associated with clinically relevant antibiotics. ARG abundance in residential 
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wastewater showed seasonal variations with high levels in winter associated with 

outpatient antibiotics. High levels of integron-integrase genes, a proxy for horizontal 

gene transfer and anthropogenic impacts, were also observed in residential wastewaters. 

These data confirm that in these two cities both hospital and residential sources are 

hotspots for the release of ARGs into wastewaters. Industry wastewaters are not sources 

of ARG release but do contribute to loading of bacterial communities at WTTP influent 

on account of high flow contribution.  

The mobile genetic elements, integron-integrase genes (intI1, intI2, and intI3) 

were used as a proxy for horizontal gene transfer and were the most abundant of the 

target genes studied across all source types. This suggests that wastewater bacterial 

populations have a high potential for gene acquisition. Class 1 integrons (intI1) have also 

been suggested as anthropogenic markers23,42 being that they are the most ubiquitous of 

the integron-integrase genes43 among other properties. Residential wastewater contained 

higher abundances of integrons compared to hospital and industry sources. This high 

abundance of integron-integrase genes indicates these residential wastewaters contain 

bacterial populations with a high potential for gene acquisition. This poses additional 

potential risk to antibiotic resistance bacteria proliferation by HGT of ARGs when 

residential sewage is combined with hospital wastewater which contain clinically-

relevant ARGs and pathogens. As a considerable amount of antibiotics are prescribed to 

outpatients in winter months37, the antibiotics and their associated resistant genes are 

excreted into residential sewer systems. This is a likely cause of the seasonal variation we 

observed of ARGs abundance in residential wastewaters increasing in winter. The 

contribution of residential wastewater to ARG loading into WWTPs is also substantial 
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due to high flow rates. For these reasons, we suggest residential wastewaters as a primary 

source of antibiotic resistance. 

As hospital wastewater is a high-risk source of clinically relevant ARGs and 

bacteria that acquired resistance to antibiotics, it is a likely candidate for on-site satellite 

treatment in these cities. Moreover, hospital effluent also dispense human pathogens and 

antibiotics; two factors that encourage antimicrobial resistance34. Greater abundance of 

potential pathogens (genera of Staphylococcus, Streptococcus, Pseudomonas, 

Escherichia-Shigella, Acinetobacter) were observed in hospital wastewater over other 

sources. On-site treatment of hospital wastewaters in these cities could decrease the 

possibility of clinically relevant ARGs dissemination and gene exchange between 

different commensal (normal microflora) and pathogenic fecal bacteria in downstream 

wastewater. These findings reinforce the call for hospital effluent treatment to reduce 

antimicrobial resistant vectors that have been highlighted in other studies 34,44.  

Industry sources that introduce selective pressure for antibiotic resistance (e.g. 

metals and temperature) could act as hotspots for ARG selection in sewers. However, the 

contribution of industrial wastewater from this study was not significant as the lowest 

gene abundance was observed from this source. Even metal-resistance genes were not 

abundant in industrial wastewater. Great flow contribution (~95% to total sewage 

generation) of industrial wastewater with low abundance in C1 reflects lower ARG loads 

to WWTP influent in comparison to those in C2. The industrial wastewater was acidic 

and higher temperature (37-40 °C) which was up to 2 times higher than C1. We speculate 

the large volume of high temperature water released form the industry along with the 
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long residence time (up to 8 hours) prior to treatment at the WWTP could be creating an 

environment conducive to ARB proliferation and HGT of ARGs as shown in the previous 

research45. However, no significant difference in upstream wastewater and downstream 

WWTP influent was observed, warranting a more in depth study on this. 

 
4.2 Wastewater treatment options 

  Our findings suggest satellite treatment or pretreatment options for hospital and 

residential sources direct at ARG reduction to decrease their release into the WWTP and 

subsequent release into the environment. There are many treatment options relating to the 

decomposition and removal of antibiotics, ARGs, and ARBs. These options encompass a 

broad spectrum of mediums such as water, soil, manure, sediment, and wastewater 

through biological and physio-chemical processes. The following are examples of various 

treatment options that have been previously tested or employed for these mediums. 

Conventional activated sludge process uses microorganisms such as bacteria and 

protozoa to breakdown contaminants and clean water. The exploration of other 

nontraditional biological organisms like microalgae46,47 and fungi48 are rapidly growing. 

Leng et al 2020 reviewed multiple microalgae based technologies with a focus on 

antibiotic removal. They compiled multiple experiments with the successful removal of 

antibiotics up to 97% in a specific study using C. pyrenoidosa to remove amoxicillin46,49. 

However, they note the removal rate and efficiencies are specific to the bacteria, 

antibiotic class, and antibiotic concentration46. Similar to activated sludge system, 

constructed wetlands and oxidation ponds have shown ARG removal rates between 

59.5% and 98.6% for aqueous domestic ARGs50 and between 50 and 92% for swine 
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wastewater2,51. Membrane biological reactors (MBR)36 and anaerobic-aerobic sequences 

(AAS reactors)52 decrease ARG concentrations in wastewater as well2.  

Recently, biochars, pours materials produced through heating of a carbon rich 

biomass in an anoxic environment were evaluated to remove antibiotics and ARGs in 

biofiltration system53. It captures pollutants mainly through the process of sorption2. 

Biochars shows potential for removing antibiotics in soil and water53 but also from 

preventing their accumulation in vegetation2,54. ARG removal from manure revealed 

increases in removal of tetC and drfA7 genes with 10% biochar supplementation55. 

Chemical and membrane treatments like chlorination ozone, reverse osmosis, UV 

radiation, and advanced oxidation processes (AOPs) have had success removing ARGs, 

ARB, and some antibiotics from wastewaters 2,56. For example, fluoroquinolone class 

antibiotics were degraded using photocatalysis57,58. Klavarioti et al provides a more in-

depth discussion on the various types of AOPs and their application for the removal of 

pharmaceuticals from numerous sources. Various coagulants are used for the removal of 

contaminants in the tertiary treatment process of WWTP. Organic or inorganic coagulants 

are selected based on their efficacy in removal of target pollutants. For ARG pollutants 

inorganic FeCl3 and polymer coagulant polymeric chloride effectively reduced 

sulfonamide resistant, tetracycline resistant, and class one integrons up to 3.1 log 

reduction2,59. 

Of the above treatment systems, no one is ideal for all situations. Additionally, 

certain combinations of systems function cohesively and efficiently together. Chemical 

treatment and coagulation process can generate secondary pollutants which require their 
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own proper disposal60. Constructed wetlands require large amounts of space and are 

susceptible to efficiency variations based on seasonal temperatures50. Biochars show 

potential for antibiotic resistant treatments however, they lack the support needed for 

implementation at this time. Biological treatments can be exceedingly complex, as the 

needs of the organism must be balanced with efficiency rates of degradation or removal 

of the pollutant.  

Here we suggest the most likely candidates for onsite treatment at hospitals as 

advanced oxidation processes. AOPs as a pretreatment option to biological post-

treatments or coupled with other systems are gathering more interest and show promising 

results61,62. The copious treatment options within the AOPs would provide alternatives 

that address the needs and resources of each hospital. This tailored treatment would allow 

flexibility in the efficiency and removal rates of antibiotics, ARG, and ARBs as removing 

each of these resistance sources independently can be challenging enough. Antibiotic 

removal should be the focus if only a single resistance source can be targeted for the 

cities in this study. This is because the removal of antibiotics can decrease selection 

pressure downstream from their release63,64 and the percent of relative pathogenic 

bacteria found at the hospital sites in this study accounted for less than one percent of all 

bacteria present. Other items that must be considered for a more comprehensive approach 

but are not addressed here include; flow of effluent, retention time on site, cost of 

implementation and maintenance, and other socioeconomic factors. 

We also suggest treating residential wastewaters; however, satellite treatment of 

these wastewaters are less practical, as they are diverged sources compared to hospital or 
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industrial wastewaters65. In order to tackle the dissemination of ARGs from residential 

wastewater, a collaborative and multispectral approach to source reduction maybe 

needed.  

 

4.3 Health practices 

The Centers for Disease Control and Prevention (CDC), the World Health Organization 

(WHO), and other organizations from around the world are turning to a One Health 

approach for the treatment of antibiotic resistance66. The CDC defines One Health as “ A 

collaborative, multisectoral, and trans-disciplinary approach—working at the local, 

regional, national, and global levels—with the goal of achieving optimal health outcomes 

recognizing the interconnection between people, animals, plants, and their shared 

environment,”4. The One Health approach has helped develop programs and tools to 

monitor antibiotic resistance, educate physicians and the public, and conduct research to 

treat this increasing threat. Antibiotic Stewardship Programs (ASPs), for example, are 

designed to track the use of antibiotics in hospitals to ensure appropriate use and dosage 

to minimize the development of antimicrobial resistance67. ASPs have been found to be 

effective in reducing AR DOTS (amount of antibiotics prescribed) and cost-effective for 

hospitals 67–70. The methodology used in this study could be a surveillance tool that 

assesses the success of an ASP over time within a city.  

There are many benefits to using a methodology as the one described in this study. Large 

amounts of data can be collected from a city of any size while maintaining individual 

anonymity. The assays employed allow some way to quantify changes in prescription 
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practices with changes in consumption practices. Also, the high-through put data 

platforms, 16S rRNA sequencing and MF-qPCR, have the capacity and sensitivity to 

quickly obtain large volumes of data compared to culture based assays23. These platforms 

can also decrease the workload and cost23 making it more appealing to a broad range of 

geographical areas and research studies. The protocol could also be easily adjusted to 

look at genes of interest specific to the local area. 

Additionally, innovation to enhance the effectiveness of antibiotics prescribed 

may have potential to reduce antibiotic resistance. Nanomaterials (NM) can be designed 

for many uses including combating antibiotic resistance. NMs target cellular mechanisms 

differently than those of traditional antibiotics in 3 ways71; membrane damage72, release 

of toxic metals73, and generation of reactive oxygen 73,74. It is suggested that these 

different mechanisms could be a way to target multidrug resistant organisms2,71. In a 

study conducted by Brown et al. gold and silver nanoparticles containing ampicillin were 

successful in killing Pseudomonas aeruginosa bacteria a known multidrug resistant 

bacteria, in vitro62. 

In conclusion, the data collected here provides important information on 

residential and hospital wastewater sources identified as hotspots for release of antibiotic 

resistance into wastewaters within these two cities. Treating wastewater for antibiotic 

resistant genes (ARGs) at their source prior to sewage treatment at the wastewater 

treatment plant could help decrease their potential proliferation during activated sludge 

treatment and their subsequent release to the environment. These data can be used to 

develop effective satellite treatments of ARGs at hospital wastewater sources, such as 
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advanced oxidation processes, and or as a baseline for monitoring the spread of ARGs 

within the residential communities using Antibiotic Stewardship Programs. Controlling 

the release of ARGs into the environment and mitigating their environmental impacts 

within these cities will benefit local public health and the global problem of antibiotic 

resistance. 
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Appendix A: Supporting Information 

Figure S1. Absolute abundance (copies/L) of 36 different genes in upstream wastewater samples as a function of season (summer = 
purple, winter = blue) in two cities for residential source type samples. Associated antibiotic classes for genes are listed on the top 
of the graph. 
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Figure S2. Absolute abundance (copies/L) of 36 different genes in upstream wastewater samples as a function of season (summer = 
purple, winter = blue) in two citices for hospital source type samples. Genes strB and sul1 where not detected. Associated antibiotic 
classes for genes are listed on the top of the graph. 
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Figure S3. Alpha Diversity boxplots of bootstrapped 16S rRNA sequence counts per 
sample stratified by wastewater source type. City One (C1) is shown in red and city 
Two (C2) is shown in blue. 
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Figure S4. SourceTracker of microbial communities. Proportions of source type 
microbial communities that match WWTP influent microbial communities divided (A) 
industry centered City One (C1) and (B) residential centered City Two (C2). Grouped 
by collection data. Graphs generated using Phyloseq (V1.30.0) in R Studio 
(V1.2.5033) following Source Tracker (v1) workflow.  
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Table S1. Sample collection information including date collected, defined season, site, 
ciy, and source type. Air temperature was used as a proxy for season (winter < 15.5°C, 
summer > 15.5°C). 

date season site city source 
7/12/2017 summer C2H1 C2 hospital 
7/12/2017 summer C2H1 C2 hospital 
7/12/2017 summer C2H2 C2 hospital 
7/12/2017 summer C2H2 C2 hospital 
7/19/2017 summer C2R1 C2 residential 
7/19/2017 summer C2R1 C2 residential 
7/25/2017 summer C1I C1 industry 
8/1/2017 summer C1I C1 industry 
8/2/2017 summer C1H1 C1 hospital 
8/2/2017 summer C1H1 C1 hospital 
8/8/2017 summer C1R1 C1 residential 
8/8/2017 summer C1R1 C1 residential 
8/8/2017 summer C1R2 C1 residential 
8/8/2017 summer C1R2 C1 residential 
8/15/2017 summer C2R2 C2 residential 
8/15/2017 summer C2R2 C2 residential 
9/21/2017 summer C2W C2 WWTP influent 
9/21/2017 summer C2W C2 WWTP influent 
9/21/2017 summer C1W C1 WWTP influent 
9/21/2017 summer C1W C1 WWTP influent 
11/15/2017 winter C2H1 C2 hospital 
11/15/2017 winter C2H1 C2 hospital 
11/15/2017 winter C2H2 C2 hospital 
11/15/2017 winter C2H2 C2 hospital 
12/1/2017 winter C1H1 C1 hospital 
12/1/2017 winter C1H1 C1 hospital 
12/6/2017 winter C2R2 C2 residential 
12/6/2017 winter C2R2 C2 residential 
12/13/2017 winter C2R1 C2 residential 
12/13/2017 winter C2R1 C2 residential 
12/18/2017 winter C1I C1 industry 
12/19/2017 winter C1R1 C1 residential 
12/19/2017 winter C1R1 C1 residential 
12/19/2017 winter C1R2 C1 residential 
12/19/2017 winter C1R2 C1 residential 
12/19/2017 winter C1I C1 industry 
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Table S2. Microfluidic quantitative polymerase chain reaction (MF-qPCR) standard 
curve slopes and efficiencies (E) for each target gene. * indicates target genes outside of 
acceptable range (90% < E > 110%) that were dropped from subsequent analysis. 

Target gene Slope Efficiency (%) 
16s* 2.17* 188.95* 
aacA 3.20 104.94 
aadA5 3.34 98.92 
aadD 3.23 103.63 
acrD* 3.63* 88.41* 
ampC* 4.37* 69.35* 
arr2 3.21 104.76 
blaKPC 3.44 94.96 
blaNDM-1* 4.25* 71.84* 
blaNPS 3.43 95.45 
blaOXA 3.36 98.39 
blaSHV* 4.42* 68.30* 
blaVIM* 3.098* 110.43* 
cadA* 3.92* 79.88* 
catB8 3.20 105.03 
chrA 3.31 100.16 
cmlB 3.26 102.30 
copA* 3.89 80.50* 
ctx-m-32 3.44 95.26 
dfr13 3.30 100.88 
ereB* 4.19* 73.13* 
ermB 3.39 96.92 
ermF 3.40 96.69 
floR 3.21 104.80 
imp13 3.35 98.84 
intl1 3.30 100.80 
intl2 3.30 100.71 
intl3 3.35 98.80 
mefE* 4.23* 72.24* 
merA 3.50 92.89 
mexB* 4.17* 73.52* 
nikA 3.28 101.52 
qacF 3.44 95.18 
qnrA 3.51 92.71 
qnrB 3.31 100.25 
rcnA 3.36 98.07 
strB 3.28 101.56 
sul1 3.28 101.65 
sul2 3.10 109.77 
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sul3 3.25 103.05 
tet(A)* 3.90* 80.44* 
tet(L) 3.38 97.63 
tet(M) 3.52 92.17 
tet(S) 3.32 100.00 
tet(W) 3.27 102.17 
tet(X) 3.27 101.95 
vanA 3.42 95.87 
vanB 3.37 97.99 
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Table S3 Clinically relevant antibiotics from local hospital ranked most prescribed (1) to least prescribed (11). Distribution method 
listed in parenthesis. Antibiotic classification, associated antibiotic gene, and common uses of antibiotic listed in subsequent columns. 

Antibiotic Name Rank Class Gene (s) Prescribed for  
Piperacillin-tazobactam 1 Beta-lactamases Bla genes lung infections     

skin infections     
bone and joint infections     
stomach infections     
blood infections     
heart and heart valve infections     
urinary tract infections (UTI) 

     
Cefazolin 2 Beta-lactamases 

(cephalosporins) 
Bla genes meningitis (inflammation of tissue covering brain and spinal cord) 

bone and join infections     
lower respiratory tract infections     
urinary tract infections (UTI)     
pelvic inflammatory disease     
gonorrhea     
ear infections     
skin infections     
septicemia (blood stream poisoning by bacteria) 

     
Vancomycin 3 Glycopeptide vanA, vanB intestinal illness (C. diff)     

heart valve disease     
endocarditis (inflammation of the lining of the heart) 

     
Ceftriaxone 4 Beta-lactamases 

(cephalosporins) 
Bla genes meningitis (inflammation of tissue covering brain and spinal cord) 

intra-abdominal infections     
lower respiratory tract infections     
urinary tract infections (UTI) 
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pelvic inflammatory disease     
gonorrhea     
ear infections     
skin infections     
septicemia (blood stream poisoning by bacteria)     
bone and join infections 

     
Metronidazole (IV) 5 

  
skin infections     
stomach infections and ulcers     
joint infections     
vaginal infections     
respiratory tract infections 

     
Vancomycin (oral soln) 6 Glycopeptide vanA, vanB intestinal illness (C. diff)     

heart valve disease     
endocarditis (inflammation of the lining of the heart) 

     
Meropenem 7 Beta-lactamases 

(carbapenems) 
bla_KPC, 
bla_OXA 

skin infections 
meningitis (inflammation of tissue covering brain and spinal cord)     
stomach infections 

     
Azithromycin 8 MLS (Macrolides) ermB, ermF cat-scratch disease     

ear infections     
infections of the skin or surrounding tissue      
throat or tonsil infections     
respiratory infections     
bronchitis     
sinusitis     
pneumonia 
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COPD     
whooping cough (pertusis)     
genital infections and sexually transmitted diseases     
gonorrhea     
infections of urethra or cervix     
genital ulcers     
pelvic inflammatory disease 

     
Clindamycin 9 MLS (Lincosamides) 

 
Severe middle ear infections (acute otitis media) 
Acne     
Severe sinus infection caused by bacteria     
Meningitis caused by Streptococcus bacteria     
Bacterial community-acquired pneumonia (CAP)     
Vaginal infection caused by bacteria     
Pelvic inflammatory disease (PID) 

     
Ciprofloxazin (oral) 10 Fluroqunionlones 

 
inner ear infections (otitis media)     
outer ear canal (swimmers ear) 

     
Cefepime 11 Beta-lactamases 

(cephalosporins) 
Bla genes urinary tract infections  

pneumonia     
skin infections 
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