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1. Introduction 

 

Antibiotic resistance of bacteria has been proclaimed a serious threat to human health, food 

security and development by the World Health Organization (WHO, 2020). Antibiotic 

resistant bacteria (ARB) and antibiotic resistance genes (ARGs) might lead us to a post-

antibiotic era, where the medicine we have relied on for decades wouldn’t work anymore. 

One important aspect of antibiotic resistance is the mobility of the genes. Mobile genetic 

elements (MGEs) are segments of DNA coding for proteins that mediate the movement of 

DNA within genomes (intracellular mobility) or between bacterial cells (intercellular mobility), 

thus facilitating the movements of ARGs (Frost et al., 2005). To be able to understand the 

dynamics of antibiotic resistance, it is crucial to study mobile genetic elements as well. 

Hospitals can be considered hotspots for the development and spread of antibiotic resistant 

bacteria and antibiotic resistance genes (ARGs) due to their high and constant use of 

antibiotics (Hocquet et al., 2016). In 2006, 30% of patients in European hospitals received 

antibiotic treatment during their stay (Ansari et al., 2009). The high use of antibiotics and 

even small concentrations of antibiotic residues can result in a selective pressure selecting 

for ARB (Sandegren, 2014; Cairns et al. 2017). Carbapenem of the beta lactam antibiotics 

is a broad-spectrum antibiotic and one of the most reliable medicines for treating infections 

caused by bacteria responsible for Hospital Acquired Infections (HAIs) such as 

Acinetobacter baumannii. A hospital in the United States recently suffered an outbreak of 

carbapenem-resistant A. baumannii during a peak in coronavirus disease 2019 (COVID-19) 

admissions (Perez et al., 2020). In 2015, an outbreak of New Delhi Metallo-beta-lactamase 

(NDM)-producing Klebsiella pneumoniae cost a UK hospital group €1,1 million (Otter et al., 

2016). Resistant HAI-bacteria outbreaks pose a significant problem for hospitals, as these 

outbreaks are highly costly, and the bacteria cannot be treated using one of the last-resort 

antibiotics (Bonardi & Pitino, 2019). Early detection of the outbreaks would have allowed the 

hospitals to take preventive measures and limit the spread of infections caused by resistant 

bacteria. This study has a special focus on genes conferring resistance to carbapenems, 

because of their vital nature to human medicine. 

During the SARS-CoV-2 pandemic, monitoring of wastewater with quantitative PCR (qPCR) 

has been used successfully to assess the amount of viral matter in community wastewater 

(Kitajima et al., 2020). This has been an important tool for epidemiologists and physicians 
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to assess the scale of the spread of the virus. High-throughput qPCR (HT-qPCR) can be 

used to monitor a considerable number of antibiotic resistance related genes at the same 

time, which gives important insights into the dynamics of the genes, such as possible 

correlations between ARGs and MGEs (Muurinen et al., 2017). 

A cornerstone of the guidance on first line treatment is up-to-date monitoring of antibiotic 

resistance levels. In addition, informative monitoring can alert hospitals to the emergence of 

potential outbreaks as well as help prioritise interventions and evaluate their outcomes 

(WHO, 2015). However, there are two important limitations to how antibiotic resistance is 

currently monitored in hospitals: first, monitoring focuses on a limited number of pathogens, 

which means that ARG profiles often carried by commensal bacteria are not captured. 

Second, monitoring is often based on passive surveillance of pathogens isolated from 

patients, which leads to delayed detection of outbreaks. Wastewater monitoring using 

culture-independent methods can potentially provide an efficient alternative to current 

approaches for monitoring antibiotic resistance (Hendriksen et al., 2019). Hospital 

wastewater reflects inpatient activity within hospitals such as length of hospital stay (Perry 

et al., 2019). In addition, wastewater sampling is cost-effective and straightforward to 

implement, and analysis of such samples does not require informed consent from patients 

(Aarestrup & Woolhouse, 2020).  

Here, this study seeks to demonstrate proof-of-concept for wastewater monitoring of 

antibiotic resistance in hospitals using a newly developed digital platform, ResistApp 

(Resistomap, Finland). HT-qPCR produces a lot of raw data, which can be difficult to 

manage and analyse if one is not used to analysing qPCR data. To answer this need, 

ResistApp combines culture-independent, high throughput gene quantification with the 

efficiency of automated data analysis to synthesise and visualise monitoring data in an 

interactive dashboard. The ResistApp dashboard will potentially allow researchers to 

compare antibiotic resistance profiles in wastewater between hospitals and over time.   
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2. Materials and Methods 

 

2.1 Sampling sites and sample collection 

 
The wastewater of two Helsinki University Hospitals (Meilahti Triangle Hospital, HUS1 and 

New Children’s Hospital, HUS2) was monitored. A summary of antibiotic use at each 

hospital is shown in Table 1. HUS1 uses a higher number of antibiotic doses than HUS2. 

Beta lactam, macrolide-lincosamide-streptogramin B (MLSB), quinolone, and vancomycin 

are the most common antibiotics used in the hospitals. 

Wastewater samples were collected from a sewage system containing only outgoing 

wastewater from each hospital. The sewage was sampled once a week from both hospitals 

for nine weeks between June and August 2020 (weeks 25 – 33). Samples were taken using 

sterilized equipment and personal protective equipment were used. Wastewater was 

collected as grab samples in sterile 1 litre bottles (ISOLAB, Germany) and kept cold during 

the 1-hour transportation to the laboratory. Each sample of 100 ml was directly concentrated 

through a Nalgene Rapid-Flow PES 0.2 μm filter (Thermo Fisher Scientific, MA, USA) upon 

arrival at the laboratory. The filters were transferred to PowerWater bead tubes (QIAGEN, 

Netherlands) and kept in -20 °C until DNA isolation.  

 

Table 1. Information of the two studied hospitals that belong to Helsinki University Hospitals (HUS), 

Finland. 

 
HUS 1 HUS 2 

Name of 
hospital 

Meilahti Triangle Hospital New Children’s 
Hospital 

Amount of 
antibiotic use: 
(DDD*/ 1000 
patients) 
Jun 2020 
Jul 2020 
Aug 2020 

 

2 222 
2 455 
2 070 

 

333 
359 
362 

Number of beds 193 125 

Hospital 
speciality 

Cardiology, Neurology, Infectious Diseases, 
Hematology, and Internal Medicine 

Pediatric Medical 
Care 



8 

Location 60°11'19.7"N 24°54'25.8"E 60°11'14.2"N 
24°54'36.2"E 

*DDD : Defined Daily Dose 

 

2.2 DNA isolation 

 
DNA isolation was performed directly from the filters using the DNeasy PowerWater Kit 

(QIAGEN, Netherlands) according to the manufacturer’s instructions. QIAcube Connect 

(QIAGEN, Netherlands) was used to automate the DNA isolation process for consistent 

quality. DNA was quantified and the quality was inspected using NanoDrop One (Thermo 

Fisher Scientific, MA, USA). The isolated DNA was stored in -20 °C until downstream 

processing. 

 

2.3 High-throughput quantitative PCR analysis 

Samples were pre-screened using the 384 - Primer Set 2.0 (Stedtfeld et al., 2018) to select 

215 primer sets with a positive detection (Table S1). Three other validated primer sets for 

Class D of carbapenem resistance gene, blaOXA-48 (Monteiro et al., 2012) and 

aminoglycoside resistance genes, armA and rmtB (Hu et al., 2013) were added to 

complement the array of primer sets. Out of all 215 monitored genes, 32 were beta lactam 

resistance genes, 15 macrolide-lincosamide-streptogramin B (MLSB) resistance genes, 

eight quinolone resistance genes, 13 vancomycin resistance genes, 28 genes associated 

with MGEs, four integrase genes of integrons and eight taxonomic genes associated with 

clinically relevant bacteria, genus or phyla. In addition, 30 aminoglycoside-, 13 phenicol-, 4 

sulfonamide-, 20 tetracycline-, 7 trimethoprim- and 20 multidrug resistance genes in addition 

to 13 other genes which are associated with ARGs were monitored. One primer set for the 

16S rRNA gene was used to normalize the abundances of genes detected in each sample. 

Gene quantification of the 216 primer sets was completed using HT-qPCR, the SmartChip 

Real-Time PCR system (Takara Bio, USA). The HT-qPCR SmartChip system has been 

widely used as a culture-independent method to profile antibiotic resistance genes from 

environmental samples, including wastewater (Waseem et al., 2019). Briefly, SmartChip has 

5184 reaction wells with a volume of 100 nL. Each 100 nL reaction comprised of 1 × 

SmartChip TB Green Gene Expression Master Mix (TakaraBio, CA, USA), nuclease-free 
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PCR-grade water, 300 nM of each primer and a DNA template of 2 ng μL-1. The chips are 

filled using the SmartChip Multisample Nanodispenser (Takara Bio, USA). PCR cycling 

conditions and initial data processing was done as previously described (Stedtfeld et al., 

2018).  

 

2.4 Data analysis and visualization in ResistApp 

 
Data from the HT-qPCR SmartChip system was processed and analysed using ResistApp 

(Figure 1). The data analysis was implemented in Python as part of the ResistApp analysis. 

Mean of the cycle threshold (Ct) of three technical replicates in each qPCR reaction was 

used to calculate the ΔCt values, unless the genes were detected in only one of the three 

technical replicates, in which case they were removed. The 2−ΔCt method (where ΔCt = Ct 

detected gene – Ct 16S rRNA gene) was used to calculate the relative abundances of the 

detected gene relative to the 16S rRNA gene in each sample (Schmittgen & Livak, 2008). 

The limit of detection is Ct cut-off = 27.  

 

ResistApp stores the resulting gene abundances in an online PostgreSQL database and 

visualizes the results in interactive configurations of a front-end dashboard, an online user 

interface for exploratory analysis using Typescript, React and VX. 
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Figure 1. ResistApp, a digital platform for antibiotic resistance monitoring in wastewater; using the 

SmartChip qPCR for the detection and quantification of ARGs, all the resulting data is collected into 

an open database of ARGs and an interactive dashboard that allows users to view detailed 

information on the presence and abundance of ARGs in wastewater.   

 

 

2.5 Statistical analysis 

 

To examine similarities in the gene profiles of hospital wastewaters, non-metric 

multidimensional scaling (NMDS) ordination of detected ARGs and MGEs was performed 

and plotted using vegan library in RStudio Version 1.1.463. Correlations between 

carbapenem resistance genes, integrons, and MGEs were calculated for analysing co-

occurrence in wastewater samples from each hospital. This analysis was completed using 

Python and only correlations with Spearman’s correlation values greater than 0.8 were used 

(all !-values < 0.01).  
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3. Results 

 
3.1 The dynamics of gene profiles in hospital wastewater 

 
Figure 2 shows that the NMDS-ordination of detected ARG and MGE profiles in weeks 27-

30 were grouped separately from other sampling times in both HUS1 and HUS2. The 

numbers of detected genes in weeks 27-30 were also higher in both hospitals compared to 

other sampling times (Table 2). The median of detected ARG abundances relative to the 

16S rRNA genes in HUS1 (10-3) were ten times higher compared to HUS2 (10-4) (Figure 3), 

even though the abundances of 16S rRNA genes in wastewater from both hospitals were 

similar, approximately 3x107 to 5x107 copy numbers (Table 3). The NMDS ordination also 

shows that the gene profiles in HUS1 and HUS2 form distinct clusters. 

 

 

Figure 2. Non-metric multidimensional scaling (NMDS) ordination of antibiotic resistance gene and 

mobile genetic element profiles in wastewater from two Helsinki University hospitals, HUS1 and 
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HUS2 for nine weeks, week 25-33 in June, July and August 2020. The ellipse line indicates 95% 

confidence regions of the centers in each hospital wastewater group. 
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Figure 3. ResistApp dashboard for 164 out of 175 antibiotic resistance genes detected in 

wastewater from two Helsinki University hospitals, HUS1 and HUS2 for nine weeks, weeks 25-33 in 

June, July and August 2020: the bar chart shows the numbers of detected genes which are grouped 

by antibiotics; the box-plot chart shows the abundances of detected genes relative to the 16S rRNA 

genes. Each box plot represents (from top to bottom) maximum, upper-quartile, median, lower-

quartile and minimum values. Within each box plot, “x” shows the average of gene abundances; A 

heatmap shows detected gene profiles in hospital wastewater. The colors in the heatmap show the 

tenfold change of gene abundances relative to the 16S rRNA gene in which red is more abundant 

and blue is less abundant. The limit of detection was set to Ct cut-off = 27.  White means the genes 

were not detected. 
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Table 2. Numbers of genes by class of antibiotics detected in at least one wastewater sample during the sampling period in hospital wastewater. 

 
 
 
 
 
 
 

 
Antibiotic Class 

 
 
 
 
 
 
 

Total numbers of 
analysed genes 

Numbers of detected genes 

Week 25 Week 26 Week 27 Week 28 Week 29 Week 30 Week 31    Week 32     Week 33 

HUS1 HUS2 HUS1 HUS2 HUS1 HUS2 HUS1 HUS2 HUS1 HUS2 HUS1 HUS2 HUS1 HUS2 HUS1 HUS2 HUS1 HUS2 

MLSB 15 11 13 13 13 12 13 13 13 13 13 13 12 13 12 13 12 13 12 

Aminoglycoside 30 23 24 24 25 26 26 27 27 27 26 28 26 26 25 27 24 25 25 

Other 13 6 9 9 9 11 11 9 11 12 11 11 10 7 8 8 8 8 8 

Sulfonamide 4 3 2 3 4 4 4 3 4 3 4 4 4 3 2 3 2 2 2 

Tetracycline 20 13 16 17 17 17 16 16 18 18 18 17 17 18 18 17 14 17 16 

MDR 20 16 17 17 19 19 20 20 20 20 20 19 19 18 18 19 18 16 18 

Beta Lactam 32 20 17 24 23 21 21 28 24 26 20 26 25 19 17 21 11 21 18 

Vancomycin 13 10 5 9 8 11 8 11 7 10 9 11 9 10 7 9 6 10 6 

Quinolone 8 2 4 4 5 5 5 6 6 5 5 5 5 4 4 4 3 4 5 

Phenicol 13 9 10 9 10 12 12 13 12 13 11 12 12 8 8 8 7 8 8 

Trimethoprim 7 4 3 5 3 4 4 6 5 5 3 5 4 5 3 5 2 6 3 

Total  175 117 120 134 136 142 140 152 147 152 140 151 143 131 122 134 107 130 121 
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3.2 Presence and abundance of carbapenem resistance genes and HAI-bacteria 

Eight carbapenem resistance genes were analysed: blaGES and blaKPC of Class A, blaVIM 

and blaNDM of Class B, blaCMY and blaMOX/CMY of Class C, and blaOXA48 and 

blaOXA51 of Class D in HUS1 (Figure 4A) and HUS2 (Figure 5A). The most abundant and 

prevalent detected carbapenem resistance gene during the sampling period in both HUS1 

and HUS2 was blaGES. Other detected carbapenem resistance genes were more prevalent 

and abundant in HUS1 compared to HUS2. BlaOXA48 was only detected at one sampling 

point in both HUS1 and HUS2. BlaOXA51 was not detected in either hospital during the 

sampling period. 

Three taxonomic genes of bacteria causing hospital-acquired infections (HAIs) were 

analysed: A. baumannii, Klebsiella pneumoniae and Pseudomonas aeruginosa (Figures 4B 

and 5B). A. baumannii was prevalent in both hospitals, however, the abundances were low 

(10-5 -10-4 relative to the 16S rRNA genes) (Table 3). There was a noticeable peak in the 

prevalence of K. pneumoniae in HUS1 during sampling weeks 27-29. 
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Figure 4. A) Gene abundances relative to the 16S rRNA gene of eight carbapenem resistance 

genes and B) three bacteria causing hospital acquired infections in HUS1 during the 9-week 

sampling period, weeks 25-33 in June, July and August 2020. Black dashlane shows the median of 

all detected antibiotic resistance gene abundances and detected taxonomic bacterial gene 

abundances in hospital wastewater. 
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Figure 5. A) Gene abundances of eight carbapenem resistance genes B) and three bacteria 

causing hospital acquired infections in HUS2 during the 9-week sampling period, weeks 25-33 in 

June, July and August 2020. Black dashlane shows the median of all detected antibiotic resistance 

gene abundances and detected taxonomic bacterial gene abundances in hospital wastewater. 
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Table 3. Gene abundances of carbapenem resistance genes and bacteria causing Hospital Acquired Infections (HAIs) relative to the 16S rRNA 

genes, and copy numbers of the 16S rRNA gene in wastewater samples from two Helsinki University Hospitals (HUS1 and HUS2) in Finland for 

nine weeks between June and August 2020. Weeks with higher abundances of carbapenem resistance and bacterial genes have been highlighted 

in red. 
 
 

Carbapenem 
resistance genes 

Gene abundances 

HUS1 HUS2 

W25 W26 W27 W28 W29 W30 W31 W32 W33 W25 W26 W27 W28 W29 W30 W31 W32 W33 

blaGES 4*10-2 3*10-2 4*10-2 6*10-2 8*10-2 2*10-2 3*10-2 2*10-2 2*10-2 1*10-
2 

1*10-2 9*10-3 7*10-3 6*10-3 ND 9*10-3 ND 5*10-3 

blaKPC ND 5*10-4 1*10-3 2*10-2 2*10-3 1*10-3 ND ND 3*10-3 6*10-
5 

3*10-5 ND ND ND 9*10-5 3*10-5 ND ND 

blaVIM 4*10-2 3*10-2 1*10-2 2*10-2 3*10-2 8*10-3 3*10-2 3*10-2 3*10-2 ND ND 2*10-3 3*10-3 2*10-3 ND 7*10-3 3*10-3 3*10-3 
blaNDM 4*10-5 1*10-3 9*10-4 2*10-4 3*10-4 1*10-4 1*10-4 9*10-5 1*10-4 ND ND 1*10-4 3*10-4 7*10-5 ND 7*10-5 ND ND 

blaCMY_2 2*10-4 3*10-4 2*10-4 4*10-3 1*10-3 4*10-5 3*10-4 8*10-5 5*10-4 ND 2*10-5 ND 1*10-5 ND 5*10-5 3*10-5 ND ND 

blaMOX/CMY 5*10-5 4*10-5 4*10-5 2*10-4 7*10-4 1*10-4 ND ND ND 1*10-
4 

2*10-5 3*10-5 2*10-5 ND 1*10-4 ND ND ND 

blaOXA48 ND ND ND 2*10-5 ND ND ND ND ND ND ND ND 3*10-5 ND ND ND ND ND 

blaOXA51 ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 

MEDIAN of all 
detected ARGs 

1*10-3 5*10-4 3*10-3 3*10-3 2*10-3 1*10-3 2*10-3 1*10-3 2*10-3 2*10-
4 

5*10-4 3*10-4 4*10-4 4*10-4 5*10-4 3*10-4 3*10-4 2*10-4 

ND: Not detected 
 
 

HAI-bacteria 

Gene abundances 
HUS1 HUS2 

W25 W26 W27 W28 W29 W30 W31 W32 W33 W25 W26 W27 W28 W29 W30 W31 W32 W33 

A. baumannii 1.10-4 5*10-5 1*10-4 3*10-4 3*10-4 3*10-4 1*10-4 3*10-4 6*10-5 3*10-5 1*10-4 9*10-5 1*10-4 1*10-4 2*10-4 4*10-5 5*10-5 5*10-5 
K. pneumoniae ND ND 4*10-5 3*10-4 5*10-5 5*10-5 ND 7*10-5 6*10-5 ND ND ND ND ND 2*10-5 ND ND ND 

P. aeruginosa ND ND 2*10-5 ND 2*10-5 ND ND ND ND ND ND ND 1*10-5 ND ND ND ND ND 
MEDIAN of all 

detected bacterial 
groups 

8*10-2 1*10-1 2*10-2 3*10-2 6*10-3 1*10-2 1*10-1 6*10-3 5*10-3 2*10-2 1*10-1 2*10-1 2*10-4 2*10-1 4*10-4 7*10-2 1*10-1 4*10-2 

16S rRNA copies 3*107 3*107 4*107 4*107 4*107 5*107 3*107 4*107 3*107 3*107 4*107 4*107 5*107 5*107 5*107 4*107 5*107 4*107 
ND: Not detected
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3.3 Correlation between carbapenem resistance genes and MGEs 

The correlation analysis revealed significant positive correlations between the most 

abundant carbapenem resistance gene, blaGES with transposase gene tnpA_1 of the IS6 

group in HUS1 and with ISPps in HUS2 (Table 4). In HUS1, a strong positive association 

was observed between blaKPC and Klebsiella pneumoniae (Spearman correlation = 0,99). 

More significant positive correlations were found between carbapenem resistance genes 

and MGEs in HUS 1 compared to HUS 2. 
 
 
Table 4. Correlations between carbapenem resistance genes and mobile genetic elements in 

wastewater from HUS1 and HUS2 hospitals. Only correlations with Spearman’s correlation values 

greater than 0,8 were used (all !-values < 0,01).  
 

Class Gene HUS1 HUS2 

intI1_2 tnpA_1 tnpA_2 tnpA_3 IS6100 Tn3 trbC intI2_2 Tn5403 tnpA_3 ISPps IS1247_2 intl3 
orf37-
IS26 

Class 
A blaGES   0,9                 0,83       
Class 
A blaKPC           0,85 0,87 0,87 0,90 0,82   0,88     
Class 
B blaVIM 0,83   0,95 0,88 0,93                   

Class 
B blaNDM                         0,86 0,83 

Class 
C blaCMY_2                             

Class 
C blaMOX/blaCMY                             

Class 
D blaOXA48                             
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4. Discussion 
 
The NMDS ordination analysis showed that samples from week 27-30 were grouped 

separately from other samples and the gene profiles in HUS1 were grouped separately from 

those of HUS2. The median of detected ARG abundances was higher in HUS1 than HUS2. 

Besides blaGES, other detected carbapenem resistance genes were more abundant and 

prevalent in HUS1 compared to HUS2.  

Carbapenems are used to treat patients that suffer from severe infections. As HUS1 

specialises in infectious, hematological and internal diseases, the number of patients treated 

with carbapenems is likely to be higher at HUS1 than HUS2 (Luyt et al., 2014). As shown in 

Table 1, the amount of antibiotics given to patients in HUS1 was six times higher than in 

HUS2. This may lead to a larger selection pressure when the antibiotics are secreted into 

wastewater, thus increasing the selection and prevalence of ARGs in HUS1 wastewater 

(Hocquet et al., 2016). The selection of ARGs could also occur in patients’ gut microbiomes 

before being released into wastewater (Kim et al., 2017). The findings of this study indicate 

that there were changes in detected gene profiles in hospital wastewater over time and that 

the two hospitals, which use different amounts of antibiotic, have distinct resistance profiles. 

However, there might be other factors that contribute to the differences in the genetic profiles 

between the two hospitals, such as the age-related differences in patients’ microbiomes, 

different diets and other treatments. 

Both integrons and MGEs are known to facilitate the mobility of ARGs (Frost et al., 2005). 

As shown in the correlation analysis, the most abundant and prevalent carbapenem 

resistance gene, blaGES was positively associated with MGEs in both hospitals. These 

correlations may show co-occurrence between the genes, which in turn might explain the 

abundance and prevalence of blaGES in hospital wastewater. There were also more 

positive associations between carbapenem resistance genes and MGEs in HUS1, 

suggesting the risk of carbapenem resistance gene transfer and spread in HUS1 could be 

higher than in HUS2. The correlation analysis also showed a strong positive association 

between carbapenem resistance gene, blaKPC and one HAI-bacteria, K. pneumoniae in 

HUS1 wastewater. Klebsiella pneumoniae carbapenemases (KPCs) were first found in 1996 

and are currently globally spread and often carried by K. pneumoniae (Munoz-Price et al., 

2013). Thus, the presence of blaKPC, which was notably observed in weeks 27-30 in HUS1, 

may be explained by the prevalence of K. pneumoniae. It was also observed that the amount 
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of antibiotics used in July (weeks 27-30) was higher compared to June and August in HUS1, 

however, I do not have information on the specific types of antibiotics used. This study 

demonstrates that in addition to comprehensive, routine monitoring of ARGs, MGEs, 

integrons, and HAI-bacteria in hospital wastewater, detailed information on antibiotic use is 

needed to better understand the abundance and prevalence of ARGs. 

Previous studies have examined antibiotic resistance in hospital wastewater, although not 

from the hospital’s perspective of monitoring. Other studies have reported the abundances 

of several ARGs using culture independent qPCR (Narciso-da-Rocha et al., 2014; 

Rodriguez-Mozaz et al., 2015; Le et al., 2016), analysed the presence of 84 genes using 

HT-qPCR (Khan et al., 2019) and conducted a comprehensive ARG profiling using 

sequencing analysis (Perry et al., 2019). Importantly, none of the previous studies examined 

ARG profiles over time. As a result, we still know little about the dynamics of ARG profiles 

in hospital wastewater. To my knowledge, this is the first study to report comprehensive and 

routine wastewater monitoring for 175 antibiotic resistance genes as well as the application 

of a digital monitoring platform. However, it is also important to note potential limitations of 

the present study: first, grab samples were used, which are only reflective of the time at 

which they are collected. Composite samples collected for a 24-hour time period would give 

more representative information about the profiles of ARGs in wastewater. Second, even 

though a wide range of ARGs and MGEs were monitored using HT-qPCR, qPCR methods 

only target known ARGs and MGEs as qPCR relies on primer sets from known gene 

sequences in available databases. Thus, we may miss other variations or new resistance 

mechanisms in the samples.  

In recent years, data digitalisation in clinical microbiology and infectious disease has made 

significant progress (Egli, 2020). Digitalisation and automated analysis also provide 

opportunities to improve the monitoring of antibiotic resistance. For effective monitoring, 

hospitals need to be able to obtain and compare timely, reliable and standardised data. As 

demonstrated in this proof-of-concept study, ResistApp can provide hospitals in-depth 

information on ARG and HAI-bacteria levels in wastewater and allow comparison of 

resistance data between hospitals and over time. With ResistApp’s interactive dashboard, 

ARG monitoring data can also be visualised according to genes of interest, which could 

possibly help hospitals monitor clinically relevant ARGs, such as carbapenem resistance 

genes or specific bacteria. When combined with routine wastewater monitoring, ResistApp 
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can potentially be used as an early warning system to detect emerging outbreaks of resistant 

bacteria in hospitals.  

However, I recognise that antibiotic use in Finland is low (WHO, 2018) and, as shown in the 

results, the most prevalent of HAI-bacteria A. baumannii abundances were low in all 

samples. Further research in regions with higher antibiotic use and more frequent outbreaks 

is required to further evaluate the capabilities and proof-of-value of ResistApp. In summary, 

this is the first study to report comprehensive routine wastewater monitoring for antibiotic 

resistance, as well as the application of a digital monitoring solution. Digitalisation and 

methods such as HT-qPCR make large-scale monitoring more efficient, but at the same 

time large amounts of data is produced. ResistApp could potentially help answer this need 

by simplifying the analysis and visualisation processes.  
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Supplementary materials 
 
 
Table S1. 216 primer sets, their assay numbers, genes they code, target antibiotics and 

primer sequences used in the study. 

Assay Target 
Gene 

Target antibiotics 
(major) 

Forward Primer Reverse Primer 

AY1 16S rRNA 16S rRNA GGGTTGCGCTCGTTGC 
ATGGYTGTCGTCAGCTCGT
G 

AY2 aacC2 Aminoglycoside 
ACGGCATTCTCGATTGCTT
T 

CCGAGCTTCACGTAAGCAT
TT 

AY4 aacA/aphD Aminoglycoside 
AGAGCCTTGGGAAGATGA
AGTTT 

TTGATCCATACCATAGACTA
TCTCATCA 

AY6 aac(6')-II Aminoglycoside CGACCCGACTCCGAACAA 
GCACGAATCCTGCCTTCTC
A 

AY7 aphA3_1 Aminoglycoside 
AAAAGCCCGAAGAGGAAC
TTG 

CATCTTTCACAAAGATGTTG
CTGTCT 

AY8 aac(6')-Ib_1 Aminoglycoside CGTCGCCGAGCAACTTG 
CGGTACCTTGCCTCTCAAA
CC 

AY9 aadA2_1 Aminoglycoside ACGGCTCCGCAGTGGAT 
GGCCACAGTAACCAACAAA
TCA 

AY10 aadA_1 Aminoglycoside 
GTTGTGCACGACGACATC
ATT 

GGCTCGAAGATACCTGCAA
GAA 

AY13 aadD Aminoglycoside 
CCGACAACATTTCTACCAT
CCTT 

ACCGAAGCGCTCGTCGTAT
A 

AY17 aphA1/7 Aminoglycoside 
TGAACAAGTCTGGAAAGAA
ATGCA 

CCTATTAATTTCCCCTCGTC
AAAAA 
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AY21 aadE Aminoglycoside 
TACCTTATTGCCCTTGGAA
GAGTTA 

GGAACTATGTCCCTTTTAAT
TCTACAATCT 

AY22 str Aminoglycoside 
AATGAGTTTTGGAGTGTCT
CAACGTA 

AATCAAAACCCCTATTAAAG
CCAAT 

AY24 strB Aminoglycoside 
GCTCGGTCGTGAGAACAA
TCT 

CAATTTCGGTCGCCTGGTA
GT 

AY328 aadA5_2 Aminoglycoside 
ATCACGATCTTGCGATTTT
GCT 

CTGCGGATGGGCCTAGAA
G 

AY331 aadA2_3 Aminoglycoside 
CAATGACATTCTTGCGGGT
ATC 

GACCTACCAAGGCAACGCT
ATG 

AY393 
aac(3)-
iid_iia Aminoglycoside CGATGGTCGCGGTTGGTC TCGGCGTAGTGCAATGCG 

AY399 aac(6)-im Aminoglycoside 
CGTGAGCATTATACAGAGC
AATGG 

CCATTTCCGTTCGTAGATAT
TGGC 

AY406 aac6-aph2 Aminoglycoside 
CCAAGAGCAATAAGGGCA
TACCAA 

GCCACACTATCATAACCAC
TACCG 

AY408 aadA10 Aminoglycoside 
ACAGGCACTCAACGTCATC
G 

CGCGGAGAACTCTGCTTTG
A 

AY409 aadA16 Aminoglycoside ACGGTGGCCTGAAGCC 
GAATTGCAGTTCCCGTCTG
G 

AY410 aadA1_2 Aminoglycoside TGTACGGCTCCGCAGTG 
CACGGAATGATGTCGTCGT
G 

AY411 aadA6 Aminoglycoside 
CCATCGAGCGTCATCTGG
AA CCCGTCTGGCCGGATAAC 

AY412 aadA7 Aminoglycoside CACTCCGCGCCTTGGA TGTGGCGGGCTCGAAG 

AY413 aadB Aminoglycoside CCTGCTTGGTGGGCAGAC CGGCACGCAAGACCTCAA 

AY415 ant6-ia Aminoglycoside TCGCCATGAGCTGCTGA 
CCTATCATACTCCGGATAG
GCATA 
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AY416 ant6-ib Aminoglycoside 
AGAACATCCGACAGCACG
TTC 

CCAACCTTCCATGAAATCA
TTCGC 

AY418 aph(3'')-ia Aminoglycoside 
TAACAGCGATCGCGTATTT
CG 

TCCGACTCGTCCAACATCA
ATA 

AY420 aph3-iii Aminoglycoside 
CAGAAGGCAATGTCATACC
ACTTG GACAGCCGCTTAGCCGAA 

AY424 aph4-ib Aminoglycoside GGGAACACCGTGCTCACC GTTGGTCCCGTGCAGGTC 

AY97 cfiA Beta Lactam GCAGCGTTGCTGGACACA 
GTTCGGGATAAACGTGGTG
ACT 

AY101 
blaMOX/bla
CMY Beta Lactam 

CTATGTCAATGTGCCGAAG
CA 

GGCTTGTCCTCTTTCGAAT
AGC 

AY105 blaVEB Beta Lactam 
CCCGATGCAAAGCGTTAT
G 

GAAAGATTCCCTTTATCTAT
CTCAGACAA 

AY108 blaOXY Beta Lactam CGTTCAGGCGGCAGGTT 
GCCGCGATATAAGATTTGA
GAATT 

AY109 blaPSE Beta Lactam 
TTGTGACCTATTCCCCTGT
AATAGAA TGCGAAGCACGCATCATC 

AY111 cphA_1 Beta Lactam 
GCGAGCTGCACAAGCTGA
T CGGCCCAGTCGCTCTTC 

AY114 cfxA Beta Lactam 
TCATTCCTCGTTCAAGTTT
TCAGA 

TGCAGCACCAAGAGGAGAT
GT 

AY115 cepA Beta Lactam 
AGTTGCGCAGAACAGTCC
TCTT 

TCGTATCTTGCCCGTCGAT
AAT 

AY125 blaGES Beta Lactam 
GCAATGTGCTCAACGTTCA
AG 

GTGCCTGAGTCAATTCTTT
CAAAG 

AY126 blaSFO Beta Lactam CCGCCGCCATCCAGTA GGGCCGCCAAGATGCT 

AY127 blaTLA Beta Lactam 
ACACTTTGCCATTGCTGTT
TATGT 

TGCAAATTTCGGCAATAAT
CTTT 
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AY129 blaVIM Beta Lactam 
GCACTTCTCGCGGAGATT
G CGACGGTGATGCGTACGTT 

AY131 pbp5 Beta Lactam 
GGCGAACTTCTAATTAATC
CTATCCA 

CGCCGATGACATTCTTCTT
ATCTT 

AY134 
blaCTX-
M_5 Beta Lactam 

GCGATAACGTGGCGATGA
AT 

GTCGAGACGGAACGTTTCG
T 

AY138 penA Beta Lactam 
AGACGGTAACGTATAACTT
TTTGAAAGA GCGTGTAGCCGGCAATG 

AY147 
blaCTX-
M_8 Beta Lactam 

CGTCACGCTGTTGTTAGGA
A 

CGCTCATCAGCACGATAAA
G 

AY152 blaNDM Beta Lactam 
GGCCACACCAGTGACAAT
ATCA CAGGCAGCCACCAAAAGC 

AY339 blaCMY_2 Beta Lactam 
AAAGCCTCAT 
GGGTGCATAAA 

ATAGCTTTTGTTTGCCAGC
ATCA 

AY432 blaCTX-M Beta Lactam 
CGTACCGAGCCGACGTTA
A CAACCCAGGAAGCAGGCA 

AY433 blaFOX Beta Lactam 
CCTACGGCTATTCGAAGG
AAGATAAG CCGGATTGGCCTGGAAGC 

AY435 blaOXA51 Beta Lactam 
CGACCGAGTATGTACCTG
CTTC 

TCAAGTCCAATACGACGAG
CTA 

AY436 blaOXY1 Beta Lactam AAAGGTGACCGCATTCGC CCAGCGTCAGCTTGCG 

AY438 blaSHV11 Beta Lactam TTGACCGCTGGGAAACGG 
TCCGGTCTTATCGGCGATA
AAC 

AY439 blaTEM Beta Lactam 
CGCCGCATACACTATTCTC
AG 

GCTTCATTCAGCTCCGGTT
C 

AY440 blaKPC Beta Lactam 
GCCGCCAATTTGTTGCTGA
A GCCGGTCGTGTTTCCCTTT 

AY443 beta_B2 Beta Lactam 
GTAACGCCTACTGGAAGT
CCA 

CAGCTTCTCCTTGAGAATG
CAG 



32 

AY444 blaACT Beta Lactam AAGCCGCTCAAGCTGGA GCCATATCCTGCACGTTGG 

AY446 blaCARB Beta Lactam 
TGATTTGAGGGATACGACA
ACTCC 

CTGTAATACTCCGAGCACC
AA 

AY451 blaLEN Beta Lactam 
TGTTCGCCTGTGTGTTATC
TCC 

GCAGCACTTTAAAGGTGCT
CAC 

AY452 blaMIR Beta Lactam 
CGGTCTGCCGTTACAGGT
G AAAGACCCGCGTCGTCATG 

AY453 
blaBEL-
nonmobile Beta Lactam 

ATGTCCATGGCACAGACT
GTG 

CCTGTCTTGTCACCCGTTA
CC 

AY289 intI1_2 Integrons 
CGAAGTCGAGGCATTTCT
GTC 

GCCTTCCAGAAAACCGAGG
A 

AY293 intI1_1 Integrons 
CGAACGAGTGGCGGAGGG
TG 

TACCCGAGAGCTTGGCACC
CA 

AY500 intl3 Integrons CAGGTGCTGGGCATGGA CCTGGGCAGCATCACCA 

AY199 acrB_1 MDR 
AGTCGGTGTTCGCCGTTAA
C 

CAAGGAAACGAACGCAATA
CC 

AY201 acrF MDR GCGGCCAGGCACAAAA 
TACGCTCTTCCCACGGTTT
C 

AY202 adeA MDR 
CAGTTCGAGCGCCTATTTC
TG CGCCCTGACCGACCAAT 

AY207 acrA_1 MDR 
GGTCTATCACCCTACGCG
CTATC GCGCGCACGAACATACC 

AY208 emrD_1 MDR 
CTCAGCAGTATGGTGGTAA
GCATT ACCAGGCGCCGAAGAAC 

AY211 mdtE MDR CGTCGGCGCACTCGTT 
TCCAGACGTTGTACGGTAA
CCA 

AY224 oprD MDR 
ATGAAGTGGAGCGCCATT
G GGCCACGGCGAACTGA 

AY226 ttgA MDR ACGCCAATGCCAAACGATT GTCACGGCGCAGCTTGA 
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AY228 mexE MDR 
GGTCAGCACCGACAAGGT
CTAC 

AGCTCGACGTACTTGAGGA
ACAC 

AY353 tolC_2 MDR 
CAGGCAGAGAACCTGATG
CA CGCAATTCCGGGTTGCT 

AY484 bexA/norM MDR 
TCGGGCATCCCGTTTATGA
TC 

GTAGGCTGCGCATAATACC
CA 

AY485 mdtA MDR ACAAGCCCAGGGCCAAC 
CCTTAATGGTGCCTTCGGT
TTC 

AY486 mdtH MDR-chromo 
ATGCTGGCTGTACAAGTGA
TG CACTCCAGCGGGCGATA 

AY487 
cefa_qacelt
a MDR-mobile 

TAGTTGGCGAAGTAATCGC
AAC 

TGCGATGCCATAACCGATT
ATG 

AY489 qacF/H MDR-mobile 
CTGAAGTCTAGCCATGGAT
TCACTAG 

CAAGCAATAGCTGCCACAA
GC 

AY490 arsA MDR-mobile 
CAGGTCAGCCGCATCAAC
C 

GCCTGAAACACGGCAATTT
CTTC 

AY491 cadC MDR-mobile 
CGCTCTGTGTCAGGATGA
AGAG 

CTTTCTTATGTGCTAGGGC
GATCA 

AY495 pcoA MDR-mobile 
TGGCGTATGGAGTTTCAAT
GC 

GAATAATGCCGTGCCAGTG
AA 

AY497 sugE MDR-mobile 
CTTAGTTATTGCTGGTCTG
CTGGA GCATCGGGTTAGCGGACTC 

AY498 tcrB MDR-mobile 
GTGCCGGAACTCAAGTAG
CA 

GCACCGACTGCTGGACTTA
A 

AY297 Tp614 MGE 
GGAAATCAACGGCATCCA
GTT 

CATCCATGCGCTTTTGTCT
CT 

AY298 IS613 MGE 
AGGTTCGGACTCAATGCAA
CA 

TTCAGCACATACCGCCTTG
AT 

AY299 tnpA_1 MGE 
GCCGCACTGTCGATTTTTA
TC GCGGGATCTGCCACTTCTT 
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AY300 tnpA_2 MGE 
CCGATCACGGAAAGCTCA
AG 

GGCTCGCATGACTTCGAAT
C 

AY301 tnpA_3 MGE GGGCGGGTCGATTGAAA GTGGGCGGGATCTGCTT 

AY302 tnpA_4 MGE 
CATCATCGGACGGACAGA
ATT 

GTCGGAGATGTGGGTGTA
GAAAGT 

AY303 tnpA_5 MGE 
GAAACCGATGCTACAATAT
CCAATTT 

CAGCACCGTTTGCAGTGTA
AG 

AY304 tnpA_6 MGE 
TGCAGATGGTTTAACCTTG
GATATTT 

TCGGTTCATCAAACTGCTT
CAC 

AY307 orf37-IS26 MGE 
GCCGGGTTGTGCAAATAG
AC TGGCAATCTGTCGCTGCTG 

AY309 ISPps MGE 
CACACTGCAAAAACGCATC
CT 

TGTCTTTGGCGTCACAGTT
CTC 

AY310 IS1247_2 MGE TGGATCGACCGGTTCCAT 
GCTGACCGAGCTGTCCATG
T 

AY311 ISAba3 MGE 
TCAGAGGCAGCGGTATAC
GA 

GGTTGATTCAGTTAAAGTA
CGTAAAACTTT 

AY312 ISEfm1 MGE 
AGGTGTCCATGACGTGAA
AGTG 

TCCTTTGTCCCCTAGGATA
TTGG 

AY315 Tn5 MGE 
TCAGAGGCAGCGGTATAC
GA 

GGTTGATTCAGTTAAAGTA
CGTAAAACTTT 

AY316 IncN_rep MGE 
AGTTCACCACCTACTCGCT
CCG 

CAAGTTCTTCTGTTGGGAT
TCCG 

AY318 IncP_oriT MGE 
CAGCCTCGCAGAGCAGGA
T 

CAGCCGGGCAGGATAGGT
GAAGT 

AY506 IS1247_1 MGE CGGCCGTCACTGACCAA TCGGCAGGTTGGTGACG 

AY509 IS200_2 MGE 
GCACACCCGATGGAACTG
TAAA 

TCGGCGGGATCTCCAGAA
G 
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AY510 
IS21-
ISAs29 MGE 

GGTCCGTCAGGCACAAGT
C 

GGGATCGTATCGGCAAGC
C 

AY511 IS256 MGE 
CTTGCGCATCATTGGATGA
TGG 

AAGAACGGCTCCAATTAAG
CGA 

AY512 IS26_1 MGE 
ATGGATGAAACCTACGTGA
AGGTC 

CGGTACTTAATCTGTCGGT
GTTCA 

AY513 IS3 MGE CGGTCTGAGCTTCGGGAA 
AGAACTGTCACTCCGGTCT
G 

AY516 IS6100 MGE 
CGCACCGGCTTGATCAGT
A CTGCCACGCTCAATACCGA 

AY519 ISCR1 MGE ATGGTTTCATGCGGGTT CTGAGGGTGTGAGCGAG 

AY520 ISEcp1 MGE CATGCTCTGCGGTCACTTC 
GACGCACCTTCTTGATGAC
C 

AY523 Tn3 MGE 
GCTGAGGTGTTCAGCTAC
ATCC 

GCTGAGGTAGTCACAGGCA
TTC 

AY524 Tn5403 MGE AAGCGAATGGCGCGAAC CGCGCAGGGTAAACTGC 

AY527 trbC MGE 
CGGYATWCCGSCSACRCT
GCG 

GCCACCTGYSBGCAGTCM
CC 

AY46 ermF_1 MLSB 
CAGCTTTGGTTGAACATTT
ACGAA 

AAATTCCTAAAATCACAACC
GACAA 

AY528 ereA MLSB 
GATAATTCTGCTGGCGCAC
A GCAGGCGTGGTCACAAC 

AY533 ermB_2 MLSB 
GAACACTAGGGTTGTTCTT
GCA 

CTGGAACATCTGTGGTATG
GC 

AY536 lnuB MLSB 
GGATCGTTTACCAAAGGA
GAAGG 

AGCATAGCCTTCGTATCAG
GAA 

AY537 lnuC MLSB 
GGGTGTAGATGCTCTTCTT
GGA 

CTTTACCCGAAAGAGTTTC
TACCG 
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AY538 mefA MLSB 
TAATTATCGCAGCAGCTGG
TTC 

GTTCCCAAACGGAGTATAA
GAGTG 

AY539 mphA MLSB 
TCAGCGGGATGATCGACT
G GAGGGCGTAGAGGGCGTA 

AY544 ermE MLSB 
GTCACGCAGCTGGAGTTC
G 

CGGTGAAGCACAGCTCGA
C 

AY546 ermX_2 MLSB TGATGACGGCTCAGTGG GTGCACCAGCGCCTGA 

AY547 ermB_3 MLSB 
TGAAAGCCATGCGTCTGA
C TTCAGCTGGCAGCTTAAGC 

AY549 lnuF MLSB 
ATACCGGTCATTTCCACTT
GGC 

GCATCAGGCTGATGAGGTT
CAA 

AY551 mefB MLSB 
CCGATAGGCTTACTTGTTG
CAG 

AGTCCACTTGCGGTTTCAT
TG 

AY553 msrE MLSB 
CGGCAGATGGTCTGAGCT
TAAA 

CGCACTCTTCCTGCATAAA
GGA 

AY142 ttgB Other 
TCGCCCTGGATGTACACCT
T 

ACCATTGCCGACATCAACA
AC 

AY186 nisB_1 Other 
GGGAGAGTTGCCGATGTT
GTA 

AGCCACTCGTTAAAGGGCA
AT 

AY188 nimE Other 
TGCGCCAAGATAGGGCAT
A 

GTCGTGAATTCGGCAGGTT
TA 

AY191 merA Other GTGCCGTCCAAGATCATG 
GGTGGAAGTCCAGTAGGG
TGA 

AY197 crAss56 Other 
CAGAAGTACAAACTCCTAA
AAAACGTAGAG 

GATGACCAATAAACAAGCC
ATTAGC 

AY198 crAss64 Other 
TGTATAGATGCTGCTGCAA
CTGTACTC 

CGTTGTTTTCATCTTTATCT
TGTCCAT 

AY204 sat4 Other 
GAATGGGCAAAGCATAAAA
ACTTG 

CCGATTTTGAAACCACAATT
ATGATA 
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AY218 qacE∆1_1 Other 
TCGCAACATCCGCATTAAA
A 

ATGGATTTCAGAACCAGAG
AAAGAAA 

AY236 qacE∆1_3 Other 
GTCGGTGTTGCTTATGCAG
TCT 

CAACCAGGCAATGGCTGTA
A 

AY465 bacA Other ATCCGCGGCACCCTGA 
CCTGCTTGATGGACTTGAT
GAAGA 

AY466 mcr1 Other 
CACATCGACGGCGTATTCT
G 

CAACGAGCATACCGACATC
G 

AY471 arr2 Other 
TTGGCGATTGGTGACTTGC
TAA 

ATCGTCTTCGAACGGTCCT
G 

AY472 fabK Other 
CAGGAGCAGGAAATCCAA
GC 

CCAGCTTCCATTCCTTCTG
C 

AY29 catB3 Phenicol 
GCACTCGATGCCTTCCAAA
A 

AGAGCCGATCCAAACGTCA
T 

AY30 catB8 Phenicol 
CACTCGACGCCTTCCAAA
G 

CCGAGCCTATCCAGACATC
ATT 

AY31 ceoA Phenicol 
ATCAACACGGACCAGGAC
AAG 

GGAAAGTCCGCTCACGATG
A 

AY35 cmlA_2 Phenicol 
TAGGAAGCATCGGAACGT
TGAT 

CAGACCGAGCACGACTGTT
G 

AY37 cmxA Phenicol GCGATCGCCATCCTCTGT TCGACACGGAGCCTTGGT 

AY38 catA1 Phenicol 
GGGTGAGTTTCACCAGTTT
TGATT 

CACCTTGTCGCCTTGCGTA
TA 

AY559 catB2 Phenicol 
GCTACTATTCCGGCTATTA
CCATG 

GGGCTCCTCGTTCATGTAG
A 

AY561 catP Phenicol 
CCTTTGGACTGAGTGTAAG
TCTGA 

TAAAGCCATCGAAGGTTGA
CCA 

AY562 catQ Phenicol 
AGGTGCACTTACAGTATGA
CTGC 

AACGTGGGAAGTTCTCGTC
ATAC 



38 

AY563 cmlV Phenicol GCCCTCATCACCGTCTTCG 
GGACGTTGGCGATGGAGA
G 

AY566 floR Phenicol AACCCGCCCTCTGGATCA 
GCCGTCGAGAAGAAGACG
AA 

AY95 qnrA Quinolone 
AGGATTTCTCACGCCAGG
ATT 

CCGCTTTCAATGAAACTGC
AA 

AY96 qnrB Quinolone 
GCGACGTTCAGTGGTTCA
GA GCTGCTCGCCAGTCGAA 

AY456 qepA Quinolone GGGCATCGCGCTGTTC GCGCATCGGTGAAGCC 

AY457 qnrB4 Quinolone TCACCACCCGCACCTG 
GGATATCTAAATCGCCCAG
TTCC 

AY458 qnrB_2 Quinolone 
CGACGTTCAGTGGTTCAG
ATCTC GCCAAGCCGCTCCATGAG 

AY459 qnrD Quinolone 
CGCTGGAATGGCACTGTG
A 

GCTCTCCATCCAACTTCAC
TCC 

AY461 qnrS2 Quinolone 
TCCCGAGCAAACTTTGCCA
A 

GGTGAGTCCCTATCCAGCG
A 

AY463 qnrVC_2 Quinolone 
TTCCTTTAAACGGGCAAAC
CTC 

CGATACCTGATTCATGAAG
CTAGC 

AY241 sul4 Sulfonamide 
TCAACGTCACTCCAGACAG
C 

TGGAAATAACGACGTCCAC
A 

AY245 sul1_2 Sulfonamide 
GCCGATGAGATCAGACGT
ATTG CGCATAGCGCTGGGTTTC 

AY365 sul2_2 Sulfonamide 
TCATCTGCCAAACTCGTCG
TTA 

GTCAAAGAACGCCGCAATG
T 

AY249 tet36_1 Tetracycline 
AGAATACTCAGCAGAGGT
CAGTTCCT 

TGGTAGGTCGATAACCCGA
AAAT 

AY250 tet32 Tetracycline 
CCATTACTTCGGACAACGG
TAGA 

CAATCTCTGTGAGGGCATT
TAACA 
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AY254 tetA_2 Tetracycline 
CTCACCAGCCTGACCTCG
AT 

CACGTTGTTATAGAAGCCG
CATAG 

AY255 tetA/B_1 Tetracycline 
AGTGCGCTTTGGATGCTGT
A 

AGCCCCAGTAGCTCCTGTG
A 

AY259 tetQ Tetracycline 
CGCCTCAGAAGTAAGTTCA
TACACTAAG 

TCGTTCATGCGGATATTAT
CAGAAT 

AY260 tetH Tetracycline 
TTTGGGTCATCTTACCAGC
ATTAA 

TTGCGCATTATCATCGACA
GA 

AY263 tetW Tetracycline 
ATGAACATTCCCACCGTTA
TCTTT 

ATATCGGCGGAGAGCTTAT
CC 

AY264 tetO_2 Tetracycline 
CAACATTAACGGAAAGTTT
ATTGTATACCA 

TTGACGCTCCAAATTCATT
GTATC 

AY267 tetX Tetracycline 
AAATTTGTTACCGACACGG
AAGTT 

CATAGCTGAAAAAATCCAG
GACAGTT 

AY268 tetC_2 Tetracycline 
ACTGGTAAGGTAAACGCC
ATTGTC 

ATGCATAAACCAGCCATTG
AGTAAG 

AY269 tetS Tetracycline 
TTAAGGACAAACTTTCTGA
CGACATC 

TGTCTCCCATTGTTCTGGTT
CA 

AY273 tetE Tetracycline 
TTGGCGCTGTATGCAATGA
T 

CGACGACCTATGCGATCTG
A 

AY276 tetT Tetracycline 
CCATATAGAGGTTCCACCA
AATCC 

TGACCCTATTGGTAGTGGT
TCTATTG 

AY367 tetL_2 Tetracycline 
ATGGTTGTAGTTGCGCGCT
ATAT ATCGCTGGACCGACTCCTT 

AY568 tet39 Tetracycline 
TATAGCGGGTCCGGTAATA
GGTG 

CCATAACGATCCTGCCCAT
AGATAAC 

AY571 tetD Tetracycline 
AATTGCACTGCCTGCATTG
C 

GACAGATTGCCAGCAGCAG
A 

AY572 tetG Tetracycline TCGCGTTCCTGCTTGCC CCGCGAGCGACAAACCA 
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AY574 tetM Tetracycline 
GGAGCGATTACAGAATTAG
GAAGC 

TCCATATGTCCTGGCGTGT
C 

AY576 tet44 Tetracycline 
CTCATGTAGATGCAGGAAA
GACG 

GTAACTGCTGCCTGAATTG
TGA 

AY577 tetR Tetracycline 
CCGTCAATGCGCTGATGA
C 

GCCAATCCATCGACAATCA
CC 

AY284 dfrA1_1 Trimethoprim 
GGAATGGCCCTGATATTCC
A 

AGTCTTGCGTCCAACCAAC
AG 

AY285 dfrA12 Trimethoprim 
CCTCTACCGAACCGTCACA
CA 

GCGACAGCGTTGAAACAAC
TAC 

AY580 dfrA15 Trimethoprim 
AGGCCGAAAGACTTTCGA
GTC 

TCACCTTCTGGCTCAATGT
CG 

AY581 dfra17 Trimethoprim 
CGGGAACGGCCCTGATAT
TCC 

CGTGTTGCGACCGCATACT
TTC 

AY586 dfrA27 Trimethoprim GCCGCTCAGGATCGGTA 
GTCGAGATATGTAGCGTGT
CG 

AY590 dfrAB4 Trimethoprim 
CGGTTCGCATTCCCATCAA
A 

CGCAGTCATGGGATAAATC
TGG 

AY593 dfrG Trimethoprim 
TCAATCGGAAGAGCCTTAC
CTGA 

TGGGCAAATACCTCATTCC
ATTCC 

AY156 vanC_2 Vancomycin CCTGCCACAATCGATCGTT 
CGGCTTCATTCGGCTTGAT
A 

AY159 vanB_1 Vancomycin 
TTGTCGGCGAAGTGGATC
A AGCCTTTTTCCGGCTCGTT 

AY161 vanD Vancomycin 
CAGAGGAACATAATGTTTC
GATAAAATCT 

GCCGGATTTTGTGATTCCA
A 

AY163 vanHB Vancomycin 
GAGGTTTCCGAGGCGACA
A CTCTCGGCGGCAGTCGTAT 

AY170 vanXB Vancomycin 
AGGCACAAAATCGAAGAT
GCTT 

GGGTATGGCTCATCAATCA
ACTT 
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AY174 vanRB Vancomycin GCCCTGTCGGATGACGAA 
TTACATAGTCGTCTGCCTC
TGCAT 

AY181 vanTG Vancomycin 
CGTGTAGCCGTTCCGTTCT
T 

CGGCATTACAGGTATATCT
GGAAA 

AY182 vanYB Vancomycin 
GGCTAAAGCGGAAGCAGA
AA 

GATATCCACAGCAAGACCA
AGCT 

AY381 vanTC_2 Vancomycin 
ACAGTTGCCGCTGGTGAA
G CGTGGCTGGTCGATCAAAA 

AY595 vanA Vancomycin GGGCTGTGAGGTCGGTTG 
TTCAGTACAATGCGGCCGT
TA 

AY596 vanC2 Vancomycin TGACTGTCGGTGCTTGTGA 
GATAGAGCAGCTGAGCTTG
TTC 

AY597 vanG Vancomycin 
TGTTTCGCAGAACCGTGTC
AA 

CCCTGCACTGTTCCATCTT
CTC 

AY599 vanSB Vancomycin 
GAAGATAAAGAGGGAAGC
GTACTC 

CCGAATTGTCAGCCCTTGA
TAA 

AY294 intI2_2 Integrons TGCTTTTCCCACCCTTACC 
GACGGCTACCCTCTGTTAT
CTC 

AY43 ermD_1 MLSB 
GGACTCGGCAATGGTCAG
AA 

CCCCGAAACGCAATATAAT
GTT 

AY71 vgaA_1 MLSB 
CGAGTATTGTGGAAAGCA
GCTAGTT 

CCCGTACCGTTAGAGCCGA
TA 

AY33 yidY/mdtL Phenicol 
GCAGTTGCATATCGCCTTC
TC CTTCCCGGCAAACAGCAT 

AY34 mdtL Phenicol 
TGCTGATCGGGATTCTGAT
TG CAGGCGCGACGAACATAAT 

AY244 sul3_1 Sulfonamide 
TCCGTTCAGCGAATTGGTG
CAG 

TTCGTTCACGCCTTACACC
AGC 

AY473 
A. 
baumannii Taxanomic 

TCTTGGTGGTCACTTGAAG
C 

ACTCTTGTGGTTGTGGAGC
A 
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AY474 
Bacteroidet
es Taxanomic 

GGARCATGTGGTTTAATTC
GATGAT 

AGCTGACGACAACCATGCA
G 

AY475 
Campylobac
ter Taxanomic 

CTGCTTAACACAAGTTGAG
TAGG 

TTCCTTAGGTACCGTCAGA
A 

AY476 Enterococci Taxanomic 
AGAAATTCCAAACGAACTT
G 

CAGTGCTCTACCTCCATCA
TT 

AY477 Firmicutes Taxanomic 
GGAGYATGTGGTTTAATTC
GAAGCA 

AGCTGACGACAACCATGCA
C 

AY478 
K. 
pneumoniae Taxanomic 

ACGGCCGAATATGACGAA
TTC AGAGTGATCTGCTCATGAA 

AY479 
P. 
aeruginosa Taxanomic 

AGCGTTCGTCCTGCACAA
GT 

TCCACCATGCTCAGGGAGA
T 

AY480 
Staphylococ
ci Taxanomic 

CGCAACGTTCAATTTAATT
TTGTTAA 

TGGTCTTTCTGCATTCCTG
GA 

AY601 blaOXA48 Beta Lactam TGTTTTTGGTGGCATCGAT GTAAMRATGCTTGGTTCGC 

AY602 armA Aminoglycoside 
TGCATCAAATATGGGGGTC
T 

TGAAGCCACAACCAAAATC
T 

AY603 rmtB Aminoglycoside 
GCTGTGATATCCACCAGG
GA 

AAGCTTAAAAATCAGCGCC
A 

 


