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Antibiotic Resistant Bacteria and their Resistance Genes in Sewage Sludge and Wastewater 
(Their spread through the Environment, a Public Health Crisis) 

 

• Increasing levels of Antibiotic-Resistant Bacteria (ARB) carrying antibiotic resistance genes (ARGs) 
in the environment, especially in water and wastewater is a human health issue (Rizzo et al., 
2013; Devarajan et al., 2015; Sharma et al., 2016; Li H. et al., 2017). 

• It is reported that drug-resistant tuberculosis kills around 250,000 people each year (WHO, 2017). 

• Antimicrobial resistance claims 25,000 lives in Europe and 23,000 in the US every year (Sachdeva 
et al., 2017). 

• ARB cause serious disease, for example, methicillin-resistant Staphylococcus aureus (MRSA) can 
cause skin infections, pneumonia, endocarditis, and toxic shock syndrome. 

• Other ARB that can cause life-threatening disease are vancomycin-resistant Enterococcus, multi-
drug-resistant Mycobacterium tuberculosis, and carbapenem-resistant Enterobacteriaceae gut 
bacteria. 

• WHO scientists in July 2017 warned that antibiotic-resistant gonorrhea is growing and gonorrhea 
can cause very serious complications and sometimes is impossible to treat. 

• Drug-resistant Salmonella species are a serious problem for public health worldwide (Su et al., 
2004). 

• The emergence of multiple drug resistant pathogenic species are even more problematic. 

• Antibiotic resistance challenge is getting worse while new antibiotics exploration is decreasing, 
hence it is possible that there would be no defenses against infection in the future (McKinney 
and Pruden, 2012). 

 
Water Res. 2016 May 15;95:11-8. doi: 10.1016/j.watres.2016.03.006. Epub 2016 Mar 3. 
Persistence of naturally occurring antibiotic resistance genes in the bacteria and bacteriophage 
fractions of wastewater. 
Calero-Cáceres W1, Muniesa M2. 
The emergence and prevalence of antibiotic resistance genes (ARGs) in the environment is a serious 
global health concern. ARGs from bacteria can be mobilized by mobile genetic elements, and recent 
studies indicate that phages and phage-derived particles, among others, could play a role in the spread 
of ARGs through the environment. ARGs are abundant in the bacterial and bacteriophage fractions of 
water bodies and for successful transfer of the ARGs, their persistence in these environments is crucial. 
In this study, three ARGs (blaTEM, blaCTX-M and sul1) that naturally occur in the bacterial and phage 
fractions of raw wastewater were used to evaluate the persistence of ARGs at different temperatures 
(4 °C, 22 °C and 37 °C) and pH values (3, 7 and 9), as well as after various disinfection treatments 
(thermal treatment, chlorination and UV) and natural inactivation in a mesocosm. Gene copies (GC) 
were quantified by qPCR; then the logarithmic reduction and significance of the differences between 
their numbers were evaluated. The ARGs persisted for a long time with minimal reductions after all the 
treatments. In general, they showed greater persistence in the bacteriophage fraction than in the 
bacterial fraction. Comparisons showed that the ARGs persisted under conditions that reduced 
culturable Escherichia coli and infectious coliphages below the limit of detection. The prevalence of 
ARGs, particularly in the bacteriophage fraction, poses the threat of the spread of ARGs and their 
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incorporation into a new bacterial background that could lead to the emergence of new resistant 
clones. PMID: 26978717   DOI: 10.1016/j.watres.2016.03.006 
 
Environ Pollut. 2017 Apr;223:384-394. doi: 10.1016/j.envpol.2017.01.035. Epub 2017 Jan 23. 
The occurrence of antibiotic resistance genes in a Mediterranean river and their persistence in the 
riverbed sediment. 
Calero-Cáceres W1, Méndez J1, Martín-Díaz J1, Muniesa M2. 
The spread of antibiotic resistance genes (ARGs) in the environment is a serious concern. Bacterial 
ARGs can spread via different mobile genetic elements as phage particles, which thereby emerge as 
novel vectors for environmental dissemination. To assess how climate events, such as heavy rains or 
water scarcity, could affect the spread of ARGs, it is necessary to know their prevalence and abundance 
in aquatic environments as well as the potential reservoirs from which they could become mobile. This 
study evaluates the occurrence of ARGs in the water and sediment of a Mediterranean river. Six 
clinically relevant ARGs (blaTEM, blaCTX-M, qnrA, qnrS, mecA and sul1) were quantified by qPCR in the 
bacterial and phage fractions of 69 water and 70 sediment samples from the River Llobregat (NE 
Spain), collected during both dry and rainy periods. blaTEM and sul1 were the most prevalent and 
abundant ARGs; the others were more variable. Significant seasonal differences in ARG prevalences 
and abundances were observed. Since ARGs were detected in the sediment, the persistence of the 
most abundant ARGs naturally occurring in that sediment (blaTEM and sul1) was evaluated under 
three conditions. No ARG inactivation occurred in fresh sediment over 14 days; while the ARGs 
declined by less than 2 log10 units over 35 days in semi-dry and dry sediment. The occurrence of ARGs 
in water and sediment is influenced by seasonal conditions and they can be mobilized by bacteria and 
phage particles. In sediment, ARGs persist for long periods and hence sediment can be a natural 
reservoir of ARGs, from where they can spread and cause the emergence of new resistant strains. 
PMID: 28126386  DOI: 10.1016/j.envpol.2017.01.035 
 
Environ Sci Technol. 2014 Jul 1;48(13):7602-11. doi: 10.1021/es501851s. Epub 2014 Jun 10. 
Sludge as a potential important source of antibiotic resistance genes in both the bacterial and 
bacteriophage fractions. 
Calero-Cáceres W1, Melgarejo A, Colomer-Lluch M, Stoll C, Lucena F, Jofre J, Muniesa M. 
The emergence and prevalence of antibiotic resistance genes (ARGs) in the environment is a serious 
global health concern. ARGs found in bacteria can become mobilized in bacteriophage particles in the 
environment. Sludge derived from secondary treatment in wastewater treatment plants (WWTPs) 
constitutes a concentrated pool of bacteria and phages that are removed during the treatment 
process. This study evaluates the prevalence of ARGs in the bacterial and phage fractions of anaerobic 
digested sludge; five ARGs (blaTEM, blaCTX-M, qnrA, qnrS, and sul1) are quantified by qPCR. 
Comparison between the wastewater and sludge revealed a shift in the prevalence of ARGs (blaTEM 
and sul1 became more prevalent in sludge), suggesting there is a change in the bacterial and phage 
populations from wastewater to those selected during the secondary treatment and the later 
anaerobic mesophilic digestion of the sludge. ARGs densities were higher in the bacterial than in the 
phage fraction, with high densities in both fractions; particularly for blaTEM and sul1 (5 and 8 log10 
gene copies (GC)/g, respectively, in bacterial DNA; 5.5 and 4.4 log10 GC/g, respectively, in phage DNA). 
These results question the potential agricultural uses of treated sludge, as it could contribute to the 
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spread of ARGs in the environment and have an impact on the bacterial communities of the receiving 
ecosystem. PMID: 24873655   DOI: 10.1021/es501851s 
 
Appl Microbiol Biotechnol. 2018 Jan;102(2):597-604. doi: 10.1007/s00253-017-8665-y. Epub 2017 Dec 
2. 
Bacterial perspectives on the dissemination of antibiotic resistance genes in domestic wastewater 
bio-treatment systems: beneficiary to victim. 
Wu D1,2,3, Dolfing J4, Xie B5,6,7. 
Domestic wastes, ranging from sewage and sludge to municipal solid waste, are usually treated in 
bioprocessing systems. These systems are regarded as main conduits for the elevated levels of 
antibiotic resistance genes (ARGs) observed in the environment. This paper mainly reviews recent 
studies on the occurrence and dynamics of ARGs in wastewater bio-treatment systems and discusses 
the ins and outs of ARG dissemination from the perspective of the microbial community. Our analysis 
shows that concentration of antibiotics through adsorption to microbial aggregates triggers the 
bacteria to acquire ARGs, which can be facilitated by the presence of mobile genetic elements. 
Notably, the acquisition and flow of ARGs during the rapid dissemination process is directed towards 
and for the best interests of the microbial community as a whole, and is influenced by surrounding 
nutrient levels, toxicant types, and sensitivities of the species in the prevailing antibiotic-stressed 
conditions. Furthermore, our review argues that predation of ARG-carrying bacteria by bacteriophages 
does periodically enhance the accessibility of ARGs to bacteria, which indirectly facilitates the 
recruitment of ARGs into environmental microbial communities. 
PMID: 29198067   DOI: 10.1007/s00253-017-8665-y 
 
Sci Total Environ. 2017 Dec 15;605-606:906-914. doi: 10.1016/j.scitotenv.2017.06.250. Epub 2017 Jul 5. 
Quantitative and qualitative changes in antibiotic resistance genes after passing through treatment 
processes in municipal wastewater treatment plants. 
Lee J1, Jeon JH1, Shin J1, Jang HM1, Kim S2, Song MS3, Kim YM4. 
In this study, quantitative and qualitative changes in antibiotics resistance genes (ARGs) were 
investigated in two municipal wastewater treatment plants (WWTPs) treating pretreated livestock or 
industrial wastewater as well as municipal sewage. Total eight ARGs (tetX, tetM, tetA, sul1, sul2, ermB, 
qnrD, and blaTEM) were quantified, and their relative abundance was assessed by ARGs copies/16S 
rRNA gene copies. The fate of ARGs was observed to be different between two WWTPs: sul, qnrD, and 
blaTEM were proliferated during the treatment processes only in the WWTP1 which received 
pretreated livestock wastewater. Furthermore, dynamic shifts in patterns of ARGs occurrence were 
observed during biological, secondary sedimentation and coagulation processes. During biological 
treatment in both WWTPs, relative abundance of tet and ermB changed: tet increased significantly by 
211.6-357.6%, while ermB decreased by 70.4-92.0%. Little variation was observed in sul, qnrD and 
blaTEM. Subsequently, the relative abundance of tet decreased during the secondary sedimentation 
and coagulation in both WWTPs: tet decreased by 56.0-86.3% during sedimentation and by 48.2-75.7% 
during coagulation, respectively. During the final treatment, different responses of antibiotic resistance 
bacteria (ARB) and ARGs to ultraviolet (UV) disinfection were found: removal efficiencies of ARB were 
observed in the range of 34-75%, while obvious reduction in ARGs was not observed at the UV dose of 
27mJ/cm2. Although ARGs underwent various treatment processes, considerable levels of ARGs 
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remained at discharge amounting to 4.2×1018 copies/day from WWTP1 and 5.4×1016 copies/day from 
WWTP2, respectively. 
PMID: 28686994   DOI: 10.1016/j.scitotenv.2017.06.250 
 
Water Res. 2017 Oct 15;123:468-478. doi: 10.1016/j.watres.2017.07.002. Epub 2017 Jul 2. 
Metagenomic analysis reveals wastewater treatment plants as hotspots of antibiotic resistance 
genes and mobile genetic elements. 
Guo J1, Li J2, Chen H3, Bond PL3, Yuan Z3. 
The intensive use of antibiotics results in their continuous release into the environment and the 
subsequent widespread occurrence of antibiotic resistant bacteria (ARB), antibiotic resistance genes 
(ARGs) and mobile genetic elements (MGEs). This study used Illumina high-throughput sequencing to 
investigate the broad-spectrum profiles of both ARGs and MGEs in activated sludge and anaerobically 
digested sludge from a full-scale wastewater treatment plant. A pipeline for identifying antibiotic 
resistance determinants was developed that consisted of four categories: gene transfer potential, ARG 
potential, ARGs pathway and ARGs phylogenetic origin. The metagenomic analysis showed that the 
activated sludge and the digested sludge exhibited different microbial communities and changes in the 
types and occurrence of ARGs and MGEs. In total, 42 ARGs subtypes were identified in the activated 
sludge, while 51 ARG subtypes were detected in the digested sludge. Additionally, MGEs including 
plasmids, transposons, integrons (intI1) and insertion sequences (e.g. ISSsp4, ISMsa21 and ISMba16) 
were abundant in the two sludge samples. The co-occurrence pattern between ARGs and microbial 
taxa revealed by network analysis indicated that some environmental bacteria (e.g. Clostridium and 
Nitrosomonas) might be potential hosts of multiple ARGs. The findings increase our understanding of 
WWTPs as hotspots of ARGs and MGEs, and contribute towards preventing their release into the 
downstream environment. 
PMID: 28689130   DOI: 10.1016/j.watres.2017.07.002 
 
Appl Microbiol Biotechnol. 2018 Jan;102(2):597-604. doi: 10.1007/s00253-017-8665-y. Epub 2017 Dec 
2. 
Strategies to Combat Antibiotic Resistance in the Wastewater Treatment Plants 
Fateme Barancheshme and Mariya Munir* 
The main goal of this manuscript is to review different treatment strategies and mechanisms for 
combating the antibiotic resistant bacteria (ARB) and antibiotic resistant genes (ARGs) in the 
wastewater environment. The high amount of antibiotics is released into the wastewater that may 
promote selection of ARB and ARGs which find their way into natural environments. Emerging 
microbial pathogens and increasing antibiotic resistance among them is a global public health issue. 
The propagation and spread of ARB and ARGs in the environment may result in an increase of 
antibiotic resistant microbial pathogens which is a worldwide environmental and public health 
concern. A proper treatment of wastewater is essential before its discharge into rivers, lake, or sewage 
system to prevent the spread of ARB and ARGs into the environment. This review discusses various 
treatment options applied for combating the spread of ARB and ARGs in wastewater treatment plants 
(WWTPs). It was reported that low-energy anaerobic–aerobic treatment reactors, constructed 
wetlands, and disinfection processes have shown good removal efficiencies. Nanomaterials and 
biochar combined with other treatment methods and coagulation process are very recent strategies 
regarding ARB and ARGs removal and need more investigation and research. Based on current studies 
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a wide-ranging removal efficiency of ARGs can be achieved depending on the type of genes present 
and treatment processes used, still, there are gaps that need to be further investigated. In order to find 
solutions to control dissemination of antibiotic resistance in the environment, it is important to (1) 
study innovative strategies in large scale and over a long time to reach an actual evaluation, (2) 
develop risk assessment studies to precisely understand occurrence and abundance of ARB/ARGs so 
that their potential risks to human health can be determined, and (3) consider operating and 
environmental factors that affect the efficiency of each treatment mechanism. 
Introduction 
Environmental impact 
Recently, World Health Organization (WHO) announced that antibiotic resistance is growing, and we 
are fast running out of treatment options (Lawe-Davies and Bennett, 2017). Antibiotics serve as 
selective pressure and the development of antibiotic resistant bacteria (ARB) is linked with the type of 
antibiotic and the bacterial species (Kolár et al., 2001) therefore measuring the concentration of 
antibiotics in wastewater, the effluent of WWTPs, and natural water is important. The concentrations 
of various antibiotics in an effluent-receiving river in Beijing China were characterized where samples 
were collected from the upstream before the WWTP and the downstream after the WWTP. It was 
observed that the concentration of tetracycline in the downstream of river was equal to the effluent of 
WWTP and the concentration of total sulfonamides in the effluent was around 2-fold higher than in the 
receiving river water suggesting that the effluent containing antibiotics are contaminating the natural 
water bodies (Table (Table1;1; Xu et al., 2015). In another study in Spain occurrence of nine antibiotics 
was measured at different points to assess the effect of hospitals and WWTPs effluents on a river. In 
this study, antibiotics, namely ofloxacin, azithromycin, trimethoprim, and metronidazole, were 
detected at high concentrations in downstream river samples (up to 131.0 ng/L for ofloxacin) with no 
detection in upstream of the WWTP discharge, and ciprofloxacin and sulfamethoxazole showed around 
ten-fold higher concentrations in downstream rather than in upstream samples (Rodriguez-Mozaz et 
al., 2015). These studies suggest that discharge of antibiotic through effluent into the natural 
environment can lead to selective pressure for the occurrence of antibiotic resistance. 
Table 1 
Antibiotics concentrations in the WWTP and receiving river (Xu et al., 2015). 

Site Location Tetracyclines (ng L−1) Sulfonamides (ng L−1) Quinolones (ng L−1) 

WWTP influent 1615.8 2263.0 3664.0 

WWTP effluent 195.0 2001.0 3866.0 

Upstream 265.2 648.1 728.8 

Downstream 345.1 1111.0 2769.0 

Removal efficiency 87.9% 11.6% Increaseda 

aThe release of adsorbed Ofloxacin from sludge or suspended particles may contribute to the high 
level of quinolones at this site. 
The abuse of antibiotics for a long time has resulted in multi-resistant bacteria which carry multiple 
resistance genes (Icgen and Yilmaz, 2014; Lv et al., 2015; Xu et al., 2017). Multiple drug resistant 
pathogens are emerging with alarming rate. On September 20, 2017, WHO announced the antibiotic-
resistant infections as the greatest risk to health, expected to reach a time in future when people fear 
common infections and threat their lives from minor surgery. It is reported that drug-resistant 
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tuberculosis kills around 250,000 people each year (WHO, 2017). Antimicrobial resistance claims 
25,000 lives in Europe and 23,000 in the US every year (Sachdeva et al., 2017). ARB cause serious 
disease, for example, methicillin-resistant Staphylococcus aureus (MRSA) can cause skin infections (a 
pimple, impetigo, and scalded skin syndrome), pneumonia, endocarditis, and toxic shock syndrome. 
Other ARB that can cause life-threatening disease are vancomycin-resistant Enterococcus, multi-drug-
resistant Mycobacterium tuberculosis, and carbapenem-resistant Enterobacteriaceae gut bacteria. 
WHO scientists in July 2017 warned that antibiotic-resistant gonorrhea is growing and gonorrhea can 
cause very serious complications and sometimes is impossible to treat. Drug-resistant Salmonella 
species are a serious problem for public health worldwide (Su et al., 2004). The emergence of multiple 
drug resistant pathogenic species are even more problematic. Antibiotic resistance challenge is getting 
worse while new antibiotics exploration is decreasing, hence it is possible that there would be no 
defenses against infection in the future (McKinney and Pruden, 2012). 
Increasing levels of ARB carrying antibiotic resistance genes (ARGs) in the environment, especially in 
water and wastewater is a human health issue (Rizzo et al., 2013; Devarajan et al., 2015; Sharma et al., 
2016; Li H. et al., 2017). Diverse ARGs have reduced susceptibility of pathogens to different antibiotics 
like sulfonamide (sul), tetracycline (tet), fluoroquinolone (qnr), macrolide (erm), chloramphenicol (cml, 
flo), methicillin (mec), and b-lactam (bla). High concentrations of ARB and ARGs in industrial, 
community, clinical, and farming wastewaters are threats to the ecosystems (Devarajan et al., 2015). 
Surprisingly, based on a study in China, the total ARGs and ARB concentrations in sludge from hospitals 
were 3 to 4 orders of magnitude higher in residential area samples (Li et al., 2015). 
A study on a WWTP using activated sludge and chlorination in their treatment trail showed that the 
concentration of total tetracycline resistance genes was 6.4 × 105 copies/mL in biosolids and 6.4 × 103 
copies/mL in the effluent (Al-Jassim et al., 2015). In another study, at WWTP which applied activated 
sludge, chlorination and UV irradiation, the concentrations of tet(Q) and tet(G) in biosolid and effluent 
was reported to be 2.2 × 109 and 3.4 × 104 copies/mL, respectively. In addition, the copies of 
resistance genes normalized to the number of bacterial 16S rRNA genes at different sites of a natural 
river (Cache La Poudre River) ranged from 10−7 to 10−3 for ARGs [sul(1), sul(2), tet(W), and tet(O)](Pei 
et al., 2006). Therefore, the concentration of ARGs in the effluent of WWTPs is often more than the 
concentration of ARGs in the natural rivers, and discharge of WWTPs' effluent in the natural rivers lead 
to dissemination of ARGs in the environment. The study of ARGs occurrence in sediments, lakes, rivers, 
and soils prove this correlation (Sharma et al., 2016). In another study conducted by Xu et al. (2015) on 
a river that received the effluent of a WWTP and it was shown that the measured ARGs in the river 
were identical as found in the WWTP including nine tetracycline resistance genes, four sulfonamide 
resistance genes, and six quinolone resistance genes (Xu et al., 2015). Additionally, in another study, 
microbial analysis of water samples collected from 12 stations along Kizilirmak river showed that all the 
isolates have the multi antibiotic resistant ability. Resistance to aztreonam (63%), pefloxacin (54%), 
trimethoprim-sulfamethoxazole (54%), gentamicin (50%), oxacillin (46%), penicillin (38%), piperacillin 
(38%), and ampicillin (38%) were very common (Icgen and Yilmaz, 2014). 
On February 2017, WHO published its first ever list of antibiotic-resistant “priority pathogens.” The list 
includes three classes sorted by the urgency (critical, high and medium priority) with which new 
antibiotics are needed. Overall, 12 families of bacteria are the greatest threat to human health, as 
shown in Table Table22. 
Table 2 
WHO priority pathogens that need new antibiotics (Lawe-Davies and Bennett, 2017). 
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Bacteria Antibiotic resistance 

PRIORITY 1: CRITICAL 

Acinetobacter baumannii Carbapenem 

Pseudomonas aeruginosa Carbapenem 

Enterobacteriaceae Carbapenem, ESBLa-producing 

PRIORITY 2: HIGH 

Enterococcus faecium Vancomycin 

Staphylococcus aureus Methicillin, vancomycin-intermediate, and resistant 

Helicobacter pylori Clarithromycin 

Campylobacter spp. Fluoroquinolone 

Salmonellae Fluoroquinolone 

Neisseria gonorrhoeae Cephalosporin, fluoroquinolone 

PRIORITY 3: MEDIUM 

Streptococcus pneumoniae Penicillin-non-susceptible 

Haemophilus influenzae Ampicillin 

Shigella spp. Fluoroquinolone 

aExtended Spectrum Beta-Lactamases. The ESBL enzyme breaks down and destroys most antibiotics 
causing them to be inactive, which is why they are not effective against infections caused by these 
types of bacteria. 
 
Sources of ARGs 
A low-level antibiotic resistance can occur via natural selection, however, the high level of ARB and 
ARGs in the environment is due to human activities. ARGs enter the environments from various 
sources, mainly human and animal sources. WWTPs are among the main anthropogenic sources for 
occurrence and spread of ARGs while land applications of manure are animal sources (Kemper, 2008; 
Rizzo et al., 2013). WWTPs receive the discharges from various sources and are hotspots for ARGs that 
are associated with clinical pathogens (Gao et al., 2012; Pruden et al., 2012; Riquelme et al., 2013; 
Devarajan et al., 2015; Di Cesare et al., 2016). Many studies demonstrated the presence of ARGs in 
wastewater that are associated with clinical pathogens (Tseng et al., 2009; Huerta et al., 2013; Rizzo et 
al., 2013; Devarajan et al., 2015; von Wintersdorff et al., 2016). These ARGs can move along the water 
cycle by means of wastewater discharge into other aquatic environments (Rizzo et al., 2013). Aquatic 
ecosystems are ideal sites for occurrence and spread of ARGs since they are constantly polluted by 
antimicrobial compounds resulting from anthropogenic activities (Rodriguez-Mozaz et al., 2015). 
The genetic reactor is the term given to the places where genetic evolution occurs frequently and 
possibly evolving antibiotic resistance. There are four major places where the genetic evolution occurs 
frequently and antibiotic resistance evolves; 1. Human and animal microbiota, 2. Hospitals and 
longstanding care facilities, 3. Wastewater and any form of biological residues and 4. Soil and the 
surface or groundwater environments (Baquero et al., 2008). 
The urban wastewaters may not ideally undergo an appropriate treatment, so the receiving 
environments may be impacted by wastewater discharges and antimicrobial compounds can be 
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present at detectable concentration (Rodriguez-Mozaz et al., 2015). There are many rivers that have 
high concentrations of antibiotic, ARB, and ARGs in their sediment samples. Most of these rivers are 
impacted by urban wastewater while their pristine origins have no antibiotic or antibiotic resistant 
contaminations (Pei et al., 2006). 
Agriculturally influenced regions, such as broiler feedlots and fishponds are known as important 
sources of ARGs in the environment (He et al., 2014; Yu et al., 2016). Researchers at the Arizona State 
University's Biodesign Institute inspected antibiotic use in shrimp, salmon, catfish, trout, tilapia, and 
swai, originating from 11 countries. In this study, the 47 antibiotics were assessed and researchers 
discovered traces of five antibiotics (Done and Halden, 2015). Animal husbandry is a major subscriber 
to the environmental burden of ARGs. Pig manure, with its abundant and diverse ARGs and sheer 
volume, is a major source of ARGs (Zhu et al., 2013). A study led by He et al. (2014) suggested 
investigating molecular signatures of more common ARGs like tet(W) and sul(1) or the ratio of tet(W): 
sul(1) to track probable sources of ARGs in complex aquatic environments. Based on these studies 
consideration of an array of ARGs on behalf of various classes will be beneficial to tracing 
anthropogenic sources of ARGs (He et al., 2014). 
Another hotspot for the ARGs is constructed a wetland, and ARGs accumulated in constructed 
wetlands sediments are an imperative source of aqueous ARGs because of the regular release of 
microbes from sediments to water. The variation in patterns and concentrations of ARGs is greatly 
dependent on the operational and environmental factors of the constructed wetlands rather than to 
the pollutant source and the major source of ARGs in the constructed wetland is observed to be 
domestic sewage. In this regard, an integrated surface flow constructed wetland has been studied by 
Fang et al. (2017), and sul(1), sul(3), tet(A), tet(C), tet(E), and qnr(S) was observed. In this study, the 
microbial species, the presence of ARB, and the amount of absorbed contaminate like antibiotics and 
metals have been investigated (Fang et al., 2017). In another study, six mesocosm-scale constructed 
wetland with three flow types (surface flow, horizontal subsurface flow, and vertical subsurface flow) 
were set up. Based on this study, sul(1), sul(2), sul(3), tet(G), tet(M), tet(O), tet(X), erm(B), erm(C), 
cml(A) and flo(R) were observed in the wetlands (Chen et al., 2016). 
Healthcare centers and hospitals are most important facilities with regard to antibiotic consumption 
and they are sources of ARB and ARGs (Devarajan et al., 2015; Rowe et al., 2017). Many ARGs including 
tet(M), tet(O), tet(S), tet(Q), tet(W), and mec(A) have been identified in microbial communities of 
hospital wastewaters due to the wide consumption of human antibiotics in the environments of the 
hospital (Zhang et al., 2009). The study on three hospital wastewaters showed that fluoroquinolones 
(among antibiotic families), and blaTEM, qnr(S), erm(B), sul(1) and tet(W) (among ARGs) were detected 
at the highest concentration (Rodriguez-Mozaz et al., 2015). Devarajan et al. (2015) studied fate of a 
WWTP effluent that was receiving a wastewater from quite a few health care centers like Centre 
Hospitalier Universitaire Vaudois which is one of the biggest and the most significant facilities. The 
effluent of this WWTP was discharged in Lake Geneva and qPCR quantification of fecal indicator 
bacteria and ARGs in sediment of that lake showed that the average of total bacterial load is 2.75 × 
1011 copy number per each gram of dry sediment, and the relative abundance of blaCTX−M and 
blaSHV in core samples, top layers samples, and surface of core samples were 1.97 × 10−3, 1.30 × 10−3, 
and 3.64 × 10−6. The reason for these high concentrations of ARGs is related to continuing medical 
usage of antibiotics like penicillin and aminoglycosides (Devarajan et al., 2015). Wastewater from 
hospitals is possibly the main source of pathogenic and antibiotic-resistant organisms and as well as 
the ARGs that are released into the environment. A study was conducted in Oslo city hospitals showed 
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that hydrophobic antibiotics, like tetracycline or ciprofloxacin, were detected in all sludge samples of 
the hospital and fluoroquinolones were consistently found in hospital effluents (Baquero et al., 2008). 
The preliminary disinfection of hospital wastewater before its discharge into the sewage system or 
rivers can prohibit the spread ARGs into the environment. 
Many studies aimed at the detection and quantification of ARGs in the aquatic and terrestrial 
environment like soil, surface waters, constructed wetlands, and WWTPs (Kemper, 2008; Pruden et al., 
2013; Fang et al., 2017; Zheng et al., 2017). Among the main sources of ARB and ARGs, more attention 
should be given to leachates of municipal solid waste landfills. The high amount of antibiotics can 
dominate in municipal solid waste landfill leachates and may be a source of ARB and ARGs to the 
environment. The presence of antibiotics, metals, and organic pollutants in municipal solid waste and 
landfill leachate possibly will intensify the persistence of ARGs (Wu et al., 2015). 
Spread 
WHO classified ARB and ARGs as two major threats to public health in the twenty-first century, and 
spread of ARGs in aquatic ecosystems as an increasing concern (Rodriguez-Mozaz et al., 2015). One of 
the reasons why ARGs bear great concern is that they are related to mobile genetic elements and can 
easily pass between microorganisms by horizontal gene transfer (HGT). The HGT is one of the most 
important mechanisms leading to the distribution of antibiotic resistance in the environment. The 
transfer can happen from donor bacteria, phages, free DNA, or even from the dead cells to living cells 
(McKinney and Pruden, 2012; Sharma et al., 2016). There are four different mechanisms of HGT: 
conjugation that is a process at which DNA is transferred from the donor cell to the recipient cell via 
sexual pilus and requires cell-to-cell contact. Then the recipient cell that was susceptible bacteria 
previously, become resistant as coded by these freshly acquired resistance genes, 
transformation includes uptake, integration, and functional expression of naked DNA by naturally 
transformable bacteria, 
transduction that is transfer of DNA from one bacterium into another through bacteriophages, 
and gene transfer agents (GTAs) are bacteriophage-like elements made by several bacteria. GTAs carry 
random segments of DNA present in the host bacterium, which can be transduced to a recipient cell. 
GTA particles can be free through cell lysis and spread to a recipient cell (von Wintersdorff et al., 2016). 
Aquatic ecosystems are ideal sites for occurrence and spread of ARGs since they are constantly 
polluted by antimicrobial compounds resulting from anthropogenic activities (Rodriguez-Mozaz et al., 
2015). These ARGs accumulate in the ecosystem and transfer to clinical pathogens through HGT, 
causing the failure of antibiotic treatment in the future (Zhou et al., 2016). A study led by Zhou et al. 
(2016) explored prevalence of ARGs in dairy farms and detected a variety of ARGs and mobile genetic 
elements (transposase) in feces and soil samples. The results showed the positive correlation (p < 
0.001) between the total amount of transposase genes and ARGs and suggested the high mobility of 
ARGs (Zhou et al., 2016). 
Considerable amounts of one type of ARGs, such as class 1 integron gene (intI1), may lead to 
subsequent HGT in the WWTP and the spread and occurrence of ARGs and multi-resistant 
microorganisms (Du et al., 2015). It has been illustrated through a case study on observing variation of 
ARGs in municipal WWTP that adopted anaerobic/anoxic/aerobic membrane biological reactor (MBR) 
(Du et al., 2015). It is notable that different genes encoding for specific antibiotic are often located in 
the same position of chromosomes or mobile genetic elements which lead to multiple resistances (Xu 
et al., 2017). Therefore, mobile genetic elements for instance plasmids, transposons, and integrons 
play a significant role in the emergence and spread of ARGs (Zhu et al., 2013). The transposases mostly 
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belong to a family of insertion sequences and are typically found flanking an array of resistance genes. 
Integrons contain resistance cassettes encoding different ARGs including aminoglycoside and 
sulfonamide resistance genes, as well as qacEΔ1 efflux pump genes (Zhu et al., 2013). These multi-gene 
cassettes can encode different ARGs under a mutual promoter and help co-selection of ARGs, hence, 
selection pressure applied by one antibiotic may select for ARGs associated with diverse antibiotics 
within the gene cassette of the integron (Miller et al., 2013; Di Cesare et al., 2016). MRSA is a relevant 
example of the gaining a gene cassette that results in the transfer of multiple ARG simultaneously 
(Sharma et al., 2016). Trimethoprim resistance mechanism is also the replacement of a trimethoprim-
sensitive dihydrofolate reductase by a plasmid-, transposon-, or cassette-borne trimethoprim-resistant 
dihydrofolate reductase (Zhang et al., 2009). 
Although the spread and distribution of ARGs in different environmental systems are well studied, the 
ecological properties that could result in the selection of ARGs are lesser known, for example, the 
presence of heavy metals in the environment can cause co-selection of antibiotic and heavy metal 
resistance. Typical heavy metals such as Cu and Zn are used widely in industry and play important roles 
in increasing the abundance of certain ARGs (Li H. et al., 2017). Heavy metals are natural compounds 
present in different ecosystems and are known as a selective pressure on antibiotic resistance and 
heavy metals exposure may be responsible for antibiotic resistance in either the absence or the 
presence of antibiotics themselves (Peltier et al., 2010). Understanding heavy metal resistance in 
natural ecosystems may help to understand antibiotic resistance in the environment since the 
molecular mechanisms influencing the selection of genes are similar and there are relations between 
the occurrence of heavy metal resistance genes (HMRGs) and ARGs (Knapp et al., 2017). The elements 
involved in the resistance to heavy metals are encoded in the chromosomes of bacteria like Ralstonia 
metallidurans (Mergeay et al., 2003), which is well adapted for surviving in naturally heavy metals-rich 
habitats (e.g., volcanic soils). 
The fate of various ARGs and HMRGs have been studied and the results show that these genes can be 
divided into two groups. The first group includes genes that co-presence does not hint to their co-
occurrence. For example, co-presence of tet(A), qnr(S) (ARGs), and ars(B), czc(A) (HMRGs) in WWTPs is 
just because WWTPs are hotspots of different microbial communities of both gram-positive and gram-
negative bacteria. The second group of ARGs and HMRGs is showing a strong correlation to each other. 
For example, Di Cesare and his co-workers obtained a strong correlation between sul(2) and czc(A), 
however, the potential mechanisms of such co-selection were never explored (Di Cesare et al., 2016). 
Environmental factors are significant subscribers to any types of ecosystems to the transport and 
spread of antibiotic resistance in the community (Riquelme et al., 2013). It is important to understand 
the mechanisms that lead to antibiotic resistance and detect factors that provide selective pressures in 
wastewater habitats (Rizzo et al., 2013). For example, antibiotics, quaternary ammonium compounds 
or high concentrations of heavy metals resulted in the selection of class 1 RIs-harboring bacteria (Rizzo 
et al., 2013). Total organic carbon (TOC) concentrations that is one of the environmental factors can 
affect the selection for some certain genes [tet(A), erm(B), and qnr(S)]. Hence an effluent of a WWTP 
with high TOC concentrations can change the magnitude and distribution of ARGs in receiving 
environments (Di Cesare et al., 2016). 
Treatment strategies 
The high amount of ARGs and antibiotics can dominate in WWTPs, landfills, municipal solid waste 
leachates, the soil of dairy farms, and surface waters. In order to limit the occurrence and spread of 
antibiotic resistance, treatment methods should be able to destroy ARGs in addition to inactivating 
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pathogens (McKinney and Pruden, 2012). Efforts that have been made to combat ARGs are 
summarized in Table Table33 and are further discussed in this section. 
Table 3 
Removal of ARGs by different treatment processes. 

Target Log removal References 

ANAEROBIC AND/OR AEROBIC TREATMENT REACTORS 

tet(G), tet(W), tet(X), sul(1), and intI(1) – Du et al., 2015 

sul(1), tet(W), and tet(O) 2.37 to 7.06a Munir et al., 
2011 

BIOCHAR 

sul genes 1.21 Ye et al., 2016 

CONSTRUCTED WETLANDS 

sul(1), sul(2), sul(3), tet(G), tet(M), tet(O), tet(X), 
erm(B), erm(C), cml(A) and flo(R) 

0.44 to 0.80 Chen et al., 
2016 

sul(1), tet(A), tet(C), tet(E), qnr(S), sul(1), sul(3), 
tet(A), tet(C), tet(E), and qnr(S) 

0.39 to 0.65 removal rates of total 
14 targeted ARGs 

Fang et al., 
2017 

DISINFECTION 

tet(C), tet(G), tet(W), tet(X), sul(2), drfA1, drfA7, 
erm(B), erm(F), erm(Q), and erm(X) 

0.1 to 2.3 Li H. et al., 
2017 

ere(A), ere(B), erm(A), erm(B), tet(A), tet(B), 
tet(M), and tet(O) 

0.42 and 0.10 removal of erm and 
tet genes, respectively 

Yuan et al., 
2015 

sul(1), tet(X), tet(G), intI(1), and 16S rRNA 1.30 to 1.49 Sharma et al., 
2016 

COAGULATION 

sul, tet, and integrase genes 0.5 to 3.1 Li N. et al., 
2017 

aConventional treatment plants and MBR facility. 
 
Anaerobic and/or aerobic treatment reactors 
Aerobic and anaerobic treatment processes are low energy and environmentally friendly strategies 
which are mostly used to treat chemical oxygen demand (COD), moreover, they can successfully 
remove ARB and ARGs (Christgen et al., 2015). The aerobic treatment processes occur in the presence 
of air and microorganisms which use oxygen to convert organic contaminants to carbon dioxide, water, 
and biomass (aerobes). The anaerobic treatment processes, on the other hand, take place in the lack of 
air and microorganisms which do not require air to convert organic contaminants to methane and 
carbon dioxide gas and biomass (anaerobes) (Grady et al., 1999). 
Samples of a municipal WWTP has been studied to evaluate the variation of five ARGs [tet(G), tet(W), 
tet(X), sul(1), and intI(1)] in the influent and effluent of each treatment unit. The WWTP possessed the 
anaerobic/anoxic/aerobic MBR process. The concentration of ARGs in wastewater diminished in the 
anaerobic and anoxic effluent, while increment in the aerobic effluent was observed. Later the ARGs 
concentration declined in the MBR discharge. Based on this study, it was concluded that anaerobic and 
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anoxic treatments are much more successful to remove ARGs rather than aerobic treatment since 
microorganism has lower bioactivity under anaerobic condition and the propagation of resistance 
genes are inhibited (Du et al., 2015). There was significant positive correlation observed between the 
reduction of tet(W), intI(1), and sul(1) and the reduction of 16S rDNA in the wastewater treatment 
process (Du et al., 2015). 
Anaerobic–aerobic sequence (AAS) bioreactors also is a low energy treatment option including an 
anaerobic treatment to diminish carbon concentration as a pretreatment and then aerobic treatment. 
Metagenomics studies of this treatment method showed the effect of this approach on antibiotic 
resistance in general and ARG in particular. AAS removed more than 85% of ARGs in the influent which 
means it was more efficient compared with aerobic and anaerobic units (83 and 62%, respectively; 
Christgen et al., 2015). 
In another study, occurrence and release of tetracycline-resistant and sulfonamide-resistant bacteria, 
as well as three genes [sul(1), tet(W), and tet(O)] in the effluent of five WWTPs was studied, and 
performance of different processes was compared. ARGs and ARB removal ranged 2.57-log to 7.06-log 
in MBR, and 2.37-log to 4.56- log in activated sludge, oxidative ditch and rotatory biological contactors 
(Munir et al., 2011). 
Removal of antibiotics including sulfamethazine, sulfamethoxazole, trimethoprim, and lincomycin had 
been studied in five different WWTPs using aerobic/anaerobic treatment methods (Behera et al., 
2011). It was found that the removal efficiency of antibiotics was low compared with other 
pharmaceutical compounds. The removal efficiency of sulfamethazine, sulfamethoxazole, 
trimethoprim, and lincomycin was 13.1, 51.9, 69.0, and −11.2%, respectively. High load of lincomycin 
led to its negative removal efficiency (Behera et al., 2011). 
To sum it up, biological treatment methods can remove antibiotics, ARB, and ARGs successfully if 
anaerobic and aerobic reactors operate in sequence, and aerobic reactors alone are not effective. If 
membrane-based technologies, like MBR, can be used in combination with biological treatment the 
better ARG removal efficiency would be achieved. 
Constructed wetlands 
Constructed Wetlands are small semi-aquatic ecosystems, in which a great population of different 
microbial community multiplies and various physical-chemical reactions happen. Over the past years, 
man-made wetlands have been designed and they are known as attractive municipal, industrial and 
agricultural wastewater treatment approaches because of their simplicity, cost efficiency, and effect on 
eliminating ARGs (Fang et al., 2017). Characteristics of constructed wetland can affect ARB and ARGs 
removal efficiency. These characteristics are namely, flow configuration, plant species and flow types 
including (surface flow, horizontal subsurface flow, and vertical subsurface flow). Biodegradation, 
substrate adsorption, and plant uptake all play a certain role in decreasing the loadings of nutrients, 
antibiotics, and ARGs in the constructed wetlands, however, biodegradation is the most vital process in 
the removal of these pollutants (Chen et al., 2016). 
Constructed Wetlands can efficiently remove aqueous ARGs however they can also act as reservoirs for 
specific ARGs. A study led by Fang et al. (2017) suggested constructed wetland as a domestic sewage 
treatment method. They attained 77.8 and 59.5% removal rates of total 14 targeted ARGs in the 
integrated surface flow constructed wetlands in the winter and summer season, respectively. The 
results of this study also found strong positive correlations between concentrations of intI1 and ARGs, 
indicating that mobile genetic elements affect the dissemination of ARGs in a constructed wetlands 
(Fang et al., 2017). 
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The removal of ARB and ARGs in raw domestic wastewater by differently constructed wetland has 
been investigated and 8 antibiotics and 12 genes, and 16S rRNA (bacteria) were studied in different 
matrices. The aqueous removal efficiencies of total antibiotics ranged from 75.8 to 98.6%, while those 
of total ARGs fluctuated between 63.9 and 84.0% by the constructed wetland. The presence of plants 
was beneficial to the removal of pollutants, and the subsurface flow constructed wetland had higher 
pollutant removal than the surface flow constructed wetlands, particularly for antibiotics (Chen et al., 
2016). 
Disinfection 
Disinfection of water and wastewater is a process that kills a significant percentage of pathogenic 
organisms that may cause bacterial, viral or parasitic diseases. The most popular disinfection process in 
wastewater treatment is chlorination since it is available and effective, however, ozone and UV 
radiation also are employed. WWTPs are hotspots for ARB and ARGs, and there are so many 
heterotrophic bacteria in the effluents exhibiting resistance to multiple antibiotics (Pang et al., 2016). 
Effective disinfection is a vital and regular process for disruption of ARB and ARGs and inactivation of 
harmful microorganisms. 
Effect of Chlorination on the removal of different antibiotics such as cephalexin, ciprofloxacin, 
chloramphenicol, erythromycin, gentamicin, rifampicin, sulfadiazine, tetracycline, and vancomycin 
have been previously monitored along with its effect on inactivation of ARB and ARGs. Advanced 
oxidation processes utilizing ozone, UV irradiation, Fenton reagent, and photocatalytic systems have 
also been applied to disinfection process. Some studies were also extended to two or more processes 
in regard to making a comparison of their efficacy and mechanism (Keen and Linden, 2013; Sharma et 
al., 2016). 
Yuan et al. (2015), studied fates of nine different ARB and two series of ARGs [ere(A), ere(B), erm(A), 
erm(B), tet(A), tet(B), tet(M), and tet(O)] in treated wastewater using chlorination. Their detailed 
quantitative real-time PCR examination and analysis showed 60 and 20% removal of these genes, 
respectively, applying various doses of chlorine ranging from 15 to 300 mg Cl2min. L. All the bacteria, 
other than sulfadiazine- and erythromycin-resistant bacteria, were inactivated fully by just 15 
mg Cl2min. L. Sulfadiazine- and erythromycin-resistant bacteria were inactivated when the chlorine 
dose was more than 60 mg Cl2min. L (Yuan et al., 2015). 
A recent study explored three disinfection methods including chlorination, single UV irradiation, and 
sequential UV/chlorination to compare their efficiency to combat ARGs in municipal WWTP (Sharma et 
al., 2016). ARGs including sul(1), tet(X), tet(G), intI(1), and 16S rRNA were considered and the results 
proved a positive relationship between the inactivation of ARG and the parameters involving dosage of 
chlorine, contact time, and the maximum inactivation. Based on the results, maximum inactivation was 
in the range from 1.30-log to 1.49-log at 30 mgmin. L of Cl2 (Sharma et al., 2016). Single UV irradiation 
was less effective while sequential UV/chlorination had the maximum ARGs removal efficiency. 
A similar lab-scale research was established to investigate the inactivation of sul(1), tet(G), and intI(1) 
by three different disinfection methods involving Chlorination, UV irradiation, and Ozonation. Samples 
for lab test were obtained from a municipal WWTP effluent and gene copies of sul(1), tet(G), intI(1), 
and 16S rDNA was measured (Zhuang et al., 2015). Results from this study suggest that chlorination 
was most effective in inactivation of ARGs compared to other methods (Zhuang et al., 2015). 
Nanomaterial 
Many diverse combinations of nanomaterial have proved that antimicrobial nanotechnology can be 
effective defenses against antibiotic resistance, ARB, and ARGs. Two different mechanisms are 
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probable when nanoparticles treat antibiotic resistance; in the first mechanism a functionalized 
nanomaterial is combined with antibiotics and nanomaterial enters inside ARB and then release 
considerable amounts of toxic ions. In the second mechanism, a combination of antibiotic and 
nanomaterials result in synergistic effects, that is they combat ARGs separately (Aruguete et al., 2013). 
The potential for antimicrobial nanomaterials to restrict the propagation of multi-drug resistant 
pathogens while avoiding the generation of new nanomaterial-resistant organisms was studied by a 
group of researchers led by Aruguete et al. (2013). They prepared a combination of nanomaterials 
functionalized with molecular antibiotics. This combination consisted of liposomes, dendrimers, and an 
antibiotic that is inside of a polymer nanoparticles capsules, and inorganic nanoparticles with antibiotic 
molecules attached to the surfaces (Aruguete et al., 2013). In this study, silver nanoparticles coated 
with a water-soluble polymer called polyvinylpyrrolidone were used to combat nanomaterial-resistant 
organisms (Aruguete et al., 2013). This experiment proved that nanomaterial combinations are able to 
perform like an antibiotic and are toxic to Pseudomonas aeruginosa bacteria which was resistant to 
multiple drugs (Aruguete et al., 2013). 
Nanomaterials have been considered as a defense against multiple drug resistance because of their 
antimicrobial activity (Shahverdi et al., 2007; Monteiro et al., 2009; Lam et al., 2016; Yu et al., 2016). 
Antibacterial activities of nanoparticles depend on two fundamental elements, physicochemical 
properties of nanoparticles and type of target bacteria. Despite the fact that there is a great correlation 
in a few aspects of the antibacterial activity of nanoparticles, individual studies are challenging to 
generalize because the majority of researchers perform experiments in light of accessible nanoparticles 
and bacteria, instead of targeting particular and preferred nanoparticles or bacteria (Hajipour et al., 
2012). Nanoparticles which are used in lab-scale studies are not well-known and correlating them with 
basic physicochemical properties for full-scale production is difficult. 
Recently, a mixture of nanomaterials and molecular antibiotics attracts much attention since they are 
effective in killing multi-drug resistant isolates of pathogenic bacterial species and combating a broad 
spectrum of ARB and ARGs (Aruguete et al., 2013; Sharma et al., 2016). A few studies in regard to 
nanoparticles and their role in combating ARB and ARG are summarized in Table Table44. 
 
Table 4 
Nanoparticles combating ARB and ARGs. 
 

Types of Nanoparticles Source Target References 

Nanosilver and sulfamethoxazole Sulfamethoxazole Anaerobic Digester 
Sludge 

ARGs: tet(O), tet(W), sul(1), 
sul(2), and intI(1) 

Miller et al., 
2013 

Silver nanoparticles An aquatic environment with Fe3+ or 
Fe2+ ions and natural organic matter 

ARB: Enterococcus faecalis 
Staphylococcus aureus 
Staphylococcus epidermidis 
Pseudomonas aeruginosa 
Klebsiella pneumoniae 

Adegboyega et 
al., 2014 

Silver Aqueous solution ARB: Mycobacterium 
tuberculosis 
Multi-drug resistant S. 
pneumoniae 

Singh et al., 
2014 

Nitric oxide releasing 
nanoparticles 

Aqueous solution ARB: Acinetobacter 
baumanii methicillin-
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Types of Nanoparticles Source Target References 

resistant S. aureus 
Klebsiella pneumoniae 
Pseudomonas aeruginosa 

Silver nanoparticles with NOM 
and Iron 

Aqueous solution ARB: methicillin-resistant S. 
aureus 

Sharma et al., 
2014 

Nanoparticles including copper 
oxide (CuO), zinc oxide (ZnO), and 
TiO2 

Aqueous environment ARB: E. coli and B. subtilis Pavithra et al., 
2015 

Ceftriaxone- ZnO Nanorods Aquatic solutions of E. coli with 
ceftriaxone, ZnO nanorods and 
ceftriaxone-ZnO nanorods with 
phosphate-buffered solution 

ARB: E. coli Luo et al., 2013 

Superparamagnetic iron oxide 
nanoparticles (conjugation of 
iron, zinc, and silver) 

Treatment of medical device infections ARB: multi- drug resistant 
S. aureus and antibiotic-
resistant biofilms 
ARGs: Staphylococcus 

Taylor et al., 
2012 

Nano alumina Water ARB: E. coli and Salmonella 
spp. 

Qiu et al., 2012 

Gold nanoparticles with 
vancomycin 

Aqueous solution of polyvinyl alcohol ARB: vancomycin resistant 
S. aureus, E. coli strain 

Mohammed 
Fayaz et al., 
2011 

Iron oxide nanoparticles Aqueous solution ARB: S. aureus Tran et al., 2010 

Open in a separate window 
 
Nanomaterials play controversial roles regarding antibiotic resistance; on one hand, as mentioned 
before, they have been considered as a defense against multiple drug resistance because of their 
antimicrobial activity. On the other hand, nanomaterials can encourage the development of antibiotic 
resistance in the environment (Aruguete et al., 2013; Miller et al., 2013) and also some of them have 
shown toxic effects on fauna, flora, and human beings, such as infection, cytotoxicity, tissue ulceration, 
and reduction of cell capability (Srivastava et al., 2015). In this regard, silver nanoparticles which are 
tremendously used for its application in drug delivery, like Citrate-coated silver nanoparticles, 
demonstrated genotoxicity and cytotoxicity in vitro and in vivo. Besides, iron and iron oxide 
nanoparticles are widely used because of their magnetic target drug delivery potential, however, their 
in vitro cytotoxicity has been established (Srivastava et al., 2015). 
Overall, more information is needed concerning the mechanisms behind the antimicrobial activity of 
nanomaterials and their potential for influencing the development of resistance and their toxic effect 
on the proper microflora of water or soil and more importantly on plants, animals, and humans. 
Coagulation 
Coagulation is an active method to remove colloidal particles in water and treat turbidity, color, natural 
organic matter, and heavy metals (Zainal-Abideen et al., 2012). Colloidal particles mostly have negative 
electrical charges while coagulants carry a positive charge. A coagulant neutralizes particles and makes 
them stick together when contact is made. The coagulation process as the tertiary treatment process 
in WWTPs is broadly utilized for improving water quality and removing contaminants. 
Different types of organic and inorganic coagulants have been prepared based on the target 
contaminants. A study has been conducted to treat drinking water and assess removal of the natural 
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organic matter by zirconium coagulant (Jarvis et al., 2012). Zirconium coagulant has improved water 
quality and provided lower dissolved organic carbon residual rather than iron coagulant (Jarvis et al., 
2012). Furthermore, the flocs formed by using zirconium coagulant were larger and stronger compared 
to iron and aluminum salts coagulant. For example, floc sizes were 930, 710, and 450 μm for zirconium, 
iron and aluminum coagulant, respectively (Jarvis et al., 2012). Phosphorus contamination also can be 
removed by coagulation. Residual phosphorus in the effluent of WWTPs can result in eutrophication 
and affect the environment. A research has been directed that used electrochemical coagulation and 
to remove phosphorus. The results showed 97% phosphorus removal regardless of initial 
concentration (Tran et al., 2012). A study on the coagulation behavior of polyferric chloride showed 
that it can influence density, the stability of flocs and improve removal of algal cell, turbidity, color, and 
humic acid in eutrophicated water (Lei et al., 2009). Persistent organic pollutants in surface water, like 
perfluorooctane sulfonate and perfluorooctanoate, can be removed from drinking water by using alum 
and ferric chloride as a coagulant (Xiao et al., 2013). Solution pH, coagulant dosage, coagulants, natural 
organic matter concentration, turbidity, and flocculation time can affect the removal efficiency (Xiao et 
al., 2013). 
In recent years, the effectiveness of coagulation technology in the removal of ARGs from treated 
wastewater has been investigated Li N. et al. (2017). Coagulation is an active method for ARG removal 
from WWTP effluent. Li H. et al. (2017) used inorganic coagulant FeCl3 and inorganic polymer 
coagulant poly ferric chloride (PFC) and examined the removal of sul genes, tet genes, and integrase 
genes. Significant removal correlations were detected between dissolved NH3-N and DOC1 and ARGs. 
ARGs removal efficiency ranged from 0.5-log to 3.1-log reductions (Li N. et al., 2017). 
Biochar 
Biochar is active charcoal derived from the pyrolysis of carbon-rich biomass. Biochar is a porous 
material that has rich mineral elements and large specific surface area (Ye et al., 2016), and thus 
provide the most sites to be filled by sorption of contaminants. 
IUPAC2 classification categorized the porosity of biochar into micropores (<2 nm), mesopores (2–50 
nm), and macropores (>50 nm) (Gray et al., 2014). The main treatment mechanism of biochar is 
sorption and base on the properties of contaminant, micropore-filling or macropore-filling would 
dominant for sorption on biochar. Moreover, electrostatic repulsion is another sorption mechanism 
that is attributed to complex properties of biochar. Different parameters including various proportions 
of carbon and inorganic fractions, pyrolytic temperature, and source of a compound that are used to 
prepare biochar would affect properties of biochar (Zheng et al., 2013). 
The effect of biochar on ARGs has been studied recently and based on the results significant change in 
the microbial communities was observed after addition of biochar in the soil. Various types of biochar 
prepared from different feedstocks cause different changes in microbial community structures. Change 
in bacterial phylogenetic compositions can result in a change of ARGs, and thus the addition of 
different biochar to the manure composting may have the effects on the relative abundance of ARGs 
(Cui et al., 2016). 
Biochar amendment has been recently studied to assess its effects on preventing antibiotic, ARB, and 
ARGs from accumulating in tissues of vegetable that was cultivated in contaminated soil. Ye et al. 
(2016) conducted experiments in pots and cultivated lettuce on a soil contaminated by sulfonamides. 
They concluded that lettuce cultivation with biochar amendment can dissipate sulfonamides from soil 
and offer the highest growth indices. Furthermore, the concentration of sulfonamides and bacterial 
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endophytes resistant to sulfonamides in roots and leaves were reduced by one to two orders of 
magnitude compared to vegetables grown without biochar amendment (Ye et al., 2016). 
In a research study, antibiotic removal has been studied using biochars produced at different 
temperatures. The Kd for the sorption of sulfamethoxazole was found to be ranging from 30 to 1,675 L 
kg−1 showing that biochar has the potential for remediation of soil or water containing sulfonamides 
(Zheng et al., 2013). 
Overall, using biochar is a practical strategy that can treat antibiotics contaminated soils and also 
prevent antibiotics, ARB, and ARGs from accumulating in the vegetation (Ye et al., 2016). 
Conclusion and recommendation 
The accelerating antibiotic resistance development among bacteria is a challenging issue that requires 
improvement of next-generation treatment processes. It has been observed that Low-energy 
anaerobic–aerobic treatment reactors reduce high concentrations of various ARGs from domestic 
wastewater. Over the past years, constructed wetlands with different flow configurations or plant 
species have been designed and they are known as attractive wastewater treatment approaches on 
eliminating ARGs from raw domestic wastewater. Most of the studies on the inactivation of ARG by 
disinfection have been conducted using chlorination, however, some studies were also extended to 
ultraviolet irradiation, allowing an evaluation of the two processes regarding their efficacy and 
mechanism. Recently, nanoparticles are known as antimicrobial agents that are effective to remove 
ARG and are known as a novel defense against ARB when accompanied by antibiotics. The coagulation 
process as the tertiary treatment process in WWTPs has recently known as an active method for ARGs 
removal and the use of biochar makes a notable change in the microbial communities and inactivate 
ARGs after addition of biochar amendment in the soil. 
The emergence of antibiotic resistance among pathogens increases the demand for novel treatment 
strategies. Even though significant efforts have been made to investigate the treatment methods 
combating ARB and ARGs, there are considerable gaps to fill in: 

• Studies have mainly been lab-scale or pilot-scale and over short operation time. It is important 
to conduct large-scale testing on real samples derived from the environment. 

• Develop risk assessment studies to estimate precise values of the abundance of ARB and ARGs 
in WWTP discharges that do not trigger human health issues. 

• Considering the effect of the operating conditions (pH, free available chlorine, HRT, SRT, 
Biomass concentration), environmental factors (temperature, COD, BOD, water flow), and 
mechanisms (mutation, selection, mechanisms of genetic exchange including conjugation, 
transduction, and transformation) that may increase antibiotic resistance bacteria and genes 
while treating water or wastewater in plants. 

• Assessing the feasibility of implementing modifications to improve existing water and 
wastewater treatment facilities to increase ARBs and ARGs in the effluent of plants. 

• Conduct further studies to determine the fate of ARBs and ARGs that encode the more 
extensive spectrum of antibiotics namely fluoroquinolone, ertapenem, and levofloxacin 
resistance in municipal wastewater. 

• Future studies on the effect of stress conditions on ARG horizontal transfer and fate of ARGs at 
anaerobic digesters and aerobic reactors. 

• Consider seasonal changes in ARB and ARGs amounts and perform experiments over sufficient 
time while using constructed wetlands as a treatment method. Exact factors controlling ARG 
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levels and patterns in sediments of the constructed wetland system must be studied since they 
affect variation and patterns of ARGs. 

• Investigating advanced treatment systems and combined disinfection methods to discover a 
suitable and cost-effective method to remove ARGs from WWTP effluents. Since the current 
disinfection units at WWTPs can only partially remove ARGs. 

• Gain more information to figure out the mechanisms behind the antimicrobial activity of 
nanomaterials and their probable effect on the increase of resistance in the environment. For 
example, molecular mechanisms causing antimicrobial activity in nanomaterials and microbial 
interactions with nanomaterials should be studied to prevent the development of microbial 
resistance nanomaterials. 

Current practices ensured that some coagulants partially eliminate ARGs, however, further removal of 
ARGs from WWTPs should be examined because coagulation is an essential part of treatment plants 
and their potential to treat ARB and ARGs would be practical for many existing plants. Case studies on 
using biochar for treating water and wastewater, for example, evaluating filtration applications of 
biochar. In light of all above-mentioned gaps in treatment strategies to combat ARB and ARGs, 
conducting further research in this area is essential to provide the opportunity to increase the 
efficiency of existing strategies or innovate new approaches. 
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Release of antibiotic resistant bacteria and genes in the effluent and biosolids of five wastewater 
utilities in Michigan. 
Munir M1, Wong K, Xagoraraki I. 
The purpose of this study was to quantify the occurrence and release of antibiotic resistant genes 
(ARGs) and antibiotic resistant bacteria (ARB) into the environment through the effluent and biosolids 
of different wastewater treatment utilities including an MBR (Membrane Biological Reactor) utility, 
conventional utilities (Activated Sludge, Oxidative Ditch and Rotatory Biological Contactors-RBCs) and 
multiple sludge treatment processes (Dewatering, Gravity Thickening, Anaerobic Digestion and Lime 
Stabilization). Samples of raw wastewater, pre- and post-disinfected effluents, and biosolids were 
monitored for tetracycline resistant genes (tetW and tetO) and sulfonamide resistant gene (Sul-I) and 
tetracycline and sulfonamide resistant bacteria. ARGs and ARB concentrations in the final effluent were 
found to be in the range of ND(non-detectable)-2.33 × 10(6) copies/100 mL and 5.00 × 10(2)-6.10 × 
10(5) CFU/100 mL respectively. Concentrations of ARGs (tetW and tetO) and 16s rRNA gene in the MBR 
effluent were observed to be 1-3 log less, compared to conventional treatment utilities. Significantly 
higher removals of ARGs and ARB were observed in the MBR facility (range of removal: 2.57-7.06 logs) 
compared to that in conventional treatment plants (range of removal: 2.37-4.56 logs) (p < 0.05). 
Disinfection (Chlorination and UV) processes did not contribute in significant reduction of ARGs and 
ARB (p > 0.05). In biosolids, ARGs and ARB concentrations were found to be in the range of 5.61 × 
10(6)-4.32 × 10(9) copies/g and 3.17 × 10(4)-1.85 × 10(9) CFU/g, respectively. Significant differences (p 
< 0.05) were observed in concentrations of ARGs (except tetW) and ARB between the advanced 
biosolid treatment methods (i.e., anaerobic digestion and lime stabilization) and the conventional 
dewatering and gravity thickening methods. 
PMID: 20850863   DOI: 10.1016/j.watres.2010.08.033 
 

https://www.ncbi.nlm.nih.gov/pubmed/28088717/
https://www.ncbi.nlm.nih.gov/pubmed/28088717/
https://www.ncbi.nlm.nih.gov/pubmed/28222348/
https://www.ncbi.nlm.nih.gov/pubmed/28222348/
https://www.ncbi.nlm.nih.gov/pubmed/26896719/
https://www.ncbi.nlm.nih.gov/pubmed/26896719/
https://www.ncbi.nlm.nih.gov/pubmed/23811180/
https://www.ncbi.nlm.nih.gov/pubmed/23811180/
https://www.ncbi.nlm.nih.gov/pubmed/26720134/
https://www.ncbi.nlm.nih.gov/pubmed/26720134/
https://www.ncbi.nlm.nih.gov/pubmed/26896719/
https://www.ncbi.nlm.nih.gov/pubmed/26896719/
https://www.ncbi.nlm.nih.gov/pubmed/23811180/
https://www.ncbi.nlm.nih.gov/pubmed/23811180/
https://www.ncbi.nlm.nih.gov/pubmed/26896719/
https://www.ncbi.nlm.nih.gov/pubmed/26896719/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5776126/
https://support.ncbi.nlm.nih.gov/ics/support/KBList.asp?Time=2018-04-20T17:08:01-04:00&Snapshot=%2Fprojects%2FPMC%2FPMCViewer@4.46&Host=ptpmc202&ncbi_phid=F4FC1A90ADA564910000000000380036&ncbi_session=F4FB0F6DADA48761_0078SID&from=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpmc%2Farticles%2FPMC5776126%2F&Db=pmc&folderID=132&Ncbi_App=pmc&Page=literature&style=classic&deptID=28049
https://www.ncbi.nlm.nih.gov/pubmed/20850863
https://www.ncbi.nlm.nih.gov/pubmed/?term=Munir%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20850863
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wong%20K%5BAuthor%5D&cauthor=true&cauthor_uid=20850863
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xagoraraki%20I%5BAuthor%5D&cauthor=true&cauthor_uid=20850863
https://doi.org/10.1016/j.watres.2010.08.033


30 
 

 
Microbes Environ. 2017 Sep; 32(3): 219–225.  
Published online 2017 Sep 27. doi:  10.1264/jsme2.ME17016 
PMCID: PMC5606691   PMID: 28781345 
Release of Antibiotic Resistant Bacteria by a Waste Treatment Plant from Romania 
Iulia Lupan,1,*† Rahela Carpa,2,† Andreea Oltean,1 Beatrice Simona Kelemen,1 and Octavian Popescu1 
Author information ► Article notes ► Copyright and License information ► Disclaimer 
The occurrence and spread of bacterial antibiotic resistance are subjects of great interest, and the role 
of wastewater treatment plants has been attracting particular interest. These stations are a reservoir 
of bacteria, have a large range of organic and inorganic substances, and the amount of bacteria 
released into the environment is very high. The main purpose of the present study was to assess the 
removal degree of bacteria with resistance to antibiotics and identify the contribution of a wastewater 
treatment plant to the microbiota of Someşul Mic river water in Cluj county. The resistance to 
sulfamethoxazole and tetracycline and some of their representative resistance genes: sul1, tet(O), and 
tet(W) were assessed in this study. The results obtained showed that bacteria resistant to 
sulphonamides were more abundant than those resistant to tetracycline. The concentration of bacteria 
with antibiotic resistance changed after the treatment, namely, bacteria resistant to sulfamethoxazole. 
The removal of all bacteria and antibiotic-resistant bacteria was 98–99% and the degree of removal of 
bacteria resistant to tetracycline was higher than the bacteria resistant to sulfamethoxazole compared 
to total bacteria. The wastewater treatment plant not only contributed to elevating ARG 
concentrations, it also enhanced the possibility of horizontal gene transfer (HGT) by increasing the 
abundance of the intI1 gene. Even though the treatment process reduced the concentration of bacteria 
by two orders of magnitude, the wastewater treatment plant in Cluj-Napoca contributed to an increase 
in antibiotic-resistant bacteria concentrations up to 10 km downstream of its discharge in Someşul Mic 
river. 
Bacterial resistance to antibiotics is a natural phenomenon that has been found in various 
environmental sites apparently free of antibiotics (24) or with trace amounts of antibiotics of a natural 
synthetic origin (27, 33). Even if antibiotic concentrations in the environment are not very high (in the 
range of μg L−1 or ng L−1) (5), together with the continuous synthesis of new antibiotics and their 
release into ecosystems, new mechanisms of resistance to antibiotics have increased and, thus, 
bacteria have developed resistance to multiple antibiotics (3). 
Although antibiotic-resistant bacteria (ARB) have not emerged as a result of antibiotic discovery, a 
relationship has been reported between higher quantity use and the emergence of ARB (16, 29). The 
main antibiotic sources in the environment are unused antibiotics and their unprocessed removal, the 
large quantities used for veterinary purposes, the manure of birds and animals that end up in the soil 
and ground water, feces of human origin, and wastewater treatment plants (WWTP) (19). Antibiotic 
concentrations do not correlate with antibiotic resistance genes (ARG) in the environment; bacteria 
with antibiotic resistance already present in the environment are more important than the presence of 
its active components (14). Among the various sources of antibiotics in the environment, WWTP have 
attracted particular interest. Lactam, sulfonamide, and tetracycline resistance genes are the most 
frequent in wastewater (13, 17). Several factors in wastewater favor the spread of bacteria with 
antibiotic resistance: increased levels of antibiotics and biocides, high concentrations of resistant 
bacteria, and the abundance of organic and inorganic substrates (10, 19). WWTP are reservoirs of 
chemicals, bacteria, and genes that confer antibiotic resistance (31), and treated water releases 
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numerous bacteria resistant to antibiotics into the environment (12, 20, 28). Some treatments of 
wastewater (longer hydraulic residence times) may improve the quality of treated water; however, a 
higher removal efficiency does not necessarily imply a significant decrease in antibiotic resistance 
percentages in the outflow (22). 
Although the overall increase in ARB release and ARG in the environment is not a great direct risk to 
human health, it may increase horizontal gene transfer (HGT) and the acquirement of resistance by 
environmental bacteria. Due to the absence of risk assessment models for adequate evaluations of 
antibiotic effects on the ARB and ARG emergence, it is important to monitor the dynamics and removal 
grades of ARB and ARG from wastewater. Most of the studies related to this topic have highlighted the 
presence or absence of bacteria resistant to antibiotics, whereas fewer have reported the quantitative 
aspects of this matter. In the present study, ARB and ARG were assessed using traditional cultivation 
methods and culture-independent techniques (qPCR). Two genes for resistance to tetracycline, tet(O) 
and tet(W) and the sulfonamide-resistant gene (sul1) were used. These genes were selected to 
monitor the removal of bacteria with antibiotic resistance in the environment for several reasons: 
tetracycline and sulfonamides are widely used antibiotics that are abundant in sewage, and their 
quantification methods have been described previously (20). 
In the present study, we also included monitoring of the integrase 1 gene (intI1), which is of clinical 
significance. Even if the gene for intI1 does not confer direct resistance to different classes of 
pollutants, it favors the acquisition and spread of multiple genes that confer resistance to various 
compounds. The intI1 gene has recently been proposed to be a marker for monitoring pollutants for 
various reasons: it is directly linked to the genes that confer resistance to antibiotics, chlorinated 
compounds, and heavy metals; it occurs in a large variety of bacteria, and its abundance varies with 
environmental conditions (9). The intI1 gene was selected because it is an indicator of exogenic 
pollution factors and its abundance correlates with the genes that confer resistance to antibiotics, such 
as the tet and sul1 genes (35). The aim of the present study was to assess the abundance and extent of 
removal of ARB and the clinically significant intI1 gene at the new modern treatment plant in Cluj-
Napoca, Romania. 
Materials and Methods 
Sample collection and processing 
Analyses were performed on water samples from 4 sites: S1— river water 10 km upstream of WWTP; 
S2—entrance to WWTP; S3—discharge of WWTP; S4—river water 10 km downstream of WWTP. 
Samples were collected during one day in Spring and in triplicate for each site. No significant 
differences were observed between the abundance of ARB and ARG during seasonal periods and the 
highest values were observed in the Spring (37). Water was filtered through a 0.22-μm sterile filter and 
stored at –80°C until DNA purification. 
Physicochemical analyses 
The following physicochemical parameters: pH, Eh, conductivity, O2 concentration, and temperature, 
were measured in situ using a portable multiparameter. 
Culture of heterotrophic bacteria 
The concentrations of total bacteria and ARB were evaluated by heterotrophic plate counts. Samples 
were diluted and plated on R2A agar media with and without antibiotics. Resistance to two antibiotics 
was tested: sulfamethoxazole (50 mg L−1) and tetracycline (16 mg L−1). Plates were incubated at 25°C 
for 7 d. 
DNA purification 
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Each membrane, through which 250 mL of water was filtered (except the S2 sample, through which it 
was only possible to filter 100 mL), was minced by cutting and total DNA was purified using the ZR 
Fungal/Bacterial DNA miniprepTM kit (ZymoResearch) according to the manufacturer’s instructions. 
qPCR 
The primers used and sizes of the amplified fragments are shown in Table 1. PCR reactions were 
conducted in 20 μL containing 10 μL of SensiFASTTM SYBR® No-ROX mix (Bioline), 0.4 μM each of the 
forward and reverse primers, and 3 μL of the template. All qPCR programs consisted of initial 
denaturation at 95°C for 3 min followed by 40 cycles: denaturing at 95°C for 10 s, annealing for 15 s, 
and extension at 72°C for 15 s. All qPCR assays were performed using a Rotor-Gene 6000 machine 
(Corbet). Standard curves were generated using recombinant plasmids produced by the cloning genes 
of interest into a cloning vector. Target gene fragments were amplified by PCR using gDNA extracted 
from a water treatment plant. PCR products were cloned into the pJET1.2 vector (Thermo Scientific) 
using PCR Cloning Kit CloneJET (Thermo Scientific). Three clones from each cloning experiment were 
selected for sequencing. Cloned sequences were compared with the NCBI database using BLASTN. 
Plasmid DNA concentrations were measured using the NanoDrop spectrophotometer ND-1000. In the 
standard curve for all bacteria, a fragment of the 16S rRNA gene from Escherichia coli was amplified by 
PCR with the universal primers 27F (5′-TCM TGA AGA TGG GTT CTC AG-3′) (15) and 1492R (5′-ACG ACT 
GTT CTT GGT TAC T-3′) (34) and then cloned. The correct recombinant plasmids were used for the 
generation of standard curves. 
 
Table 1 
Primers used for qPCR. 

Target gene 
Sequence (5′-3′) 
Forward 
Reverse 

Amplicon size (bp) Annealing temperature qPCR (°C) Reference 

tet(O) 
ACGGARAGTTTATTGTATACC 
TGGCGTATCTATAATGTTGAC 

171 50 (1) 

tet(W) 
GAGAGCCTGCTATATGCCAGC 
GGGCGTATCCACAATGTTAAC 

168 60 (1) 

rRNA 16S 
AAACTCAAAKGAATTGACGG 
CTCACRRCACGAGCTGAC 

180 60 (2) 

IntI1 
CGAACGAGTGGCGGAGGGTG 
TACCCGAGAGCTTGGCACCCA 

312 59 (9) 

sul1 
CGCACCGGAAACATCGCTGCAC 
TGAAGTTCCGCCGCAAGGCTCG 

163 55 (25) 

 
Removal rate calculation 
Removal rate of ARB=(1−CFU/mL in outflowCFU/mL in inflow)×100% 
where CFU is the Colony Forming Units of ARB. Calculations of the removal rate of ARG were 
performed with the same equation replacing CFU with ARG. 
Statistical analysis 
The Student’s t-test was used to test the mean values of different groups; differences were significant 
at a p-value ≤0.05. Pearson’s Correlation Coefficient was calculated in order to establish the 
relationship between the intI1 gene and ARG. SPSS Statistics was used for statistical analyses. 
Results 
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WWTP in Cluj-Napoca is a newly modernized plant. The plant collects wastewater from a number of 
sources including households, hospitals, and industries. The treatment of sewage includes all 3 
obligatory steps (Fig. 1) for water treatment: preliminary (mechanical removal of coarse residues); 
primary (chemical treatment step for the precipitation of suspensions) and secondary biological 
treatment stages. The treated water is discharged into Someşul Mic river. If the microbiological load is 
high, the water from the secondary decanter is directed to a tertiary tank for advanced treatment. 
 

 
Fig. 1 
Treatment process in the Cluj-Napoca Wastewater Treatment Plant 
 
Physicochemical analyses 
Data from physical and chemical measurements of water samples are shown in Table 2. The values of 
dissolved oxygen in water indicated an ascending gradient from S1 (7.12) to S3 (8.96). In the S4 sample, 
this value was lower due to lower dissolved oxygen in river water. These values confirmed reductions 
in pollution during the sewage treatment. 
Table 2 
Physicochemical parameters of water samples 
 

Sampling sites pH Eh (mV) Conductivity (μS cm−1) Dissolved oxygen (mg L−1) Temperature (°C) 

S1 6.22 +15 698 7.12 12 

S2 6.38 +26 721 8.02 11 

S3 7.21 −76 489 8.96 10.2 

S4 7.06 −42 551 8.03 11 

 
Water conductivity was higher in S1 and S2 station samples than in S3 and S4 samples. The highest 
values in S2 (721 μS cm−1) and S1 (698 μS cm−1) indicate pollution that attenuates during the water 
treatment. This decrease was based on the removal of impurities from treated water. Water redox 
potential values were positive in upstream (S1) and inflow samples (S2), but negative in outflow (S3) 
and downstream samples (S4), with the lowest value being –76 mV in S3 and the highest value being 
+26 mV in S2. 
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pH values increased with the flow, but still remained around the neutral value; the highest pH value 
was measured in the S3 sample (7.21), while the lowest was in the S1 sample (6.22). 
Occurrence of ARB 
Fig. 2 shows total cultivable bacteria as well as bacteria resistant to sulfonamide and tetracycline. 
Bacteria cell counts in raw water (108) were 3 orders of magnitude higher than those in upstream river 
water (~105). After the water treatment, the total number of bacteria decreased by one order of 
magnitude, but was still higher than that in the upstream river sample; significant differences were 
observed between upstream and downstream samples (p<0.05). The total number of bacteria in 
downstream river water was almost the same as that in the outflow, even 10 km from the discharge 
point, and no significant differences were observed between S3 and S4 samples (p>0.05). The 
treatment plant contributed to increases in total bacteria in Someşul Mic river by 2 orders of 
magnitude. 
 

 
Fig. 2 
Log concentrations of total and antibiotic-resistant heterotrophic bacteria. Rectangular boxes indicate 
the interquartile range of data. The median value is indicated by the horizontal line inside the box. 
Small circles ‘q’ represent the mean values. Asterisks indicate samples that are significantly different 
(p<0.05) and the line over bars indicates samples with no significant differences (p>0.05). 
The number of cultivable bacteria with resistance to sulfonamide was higher in the inflow (107), and 
this number was reduced in the outflow after the treatment by 2 orders of magnitude (105). River 
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water had the lowest concentration of bacteria resistant to sulfonamide (103). Upstream and 
downstream samples showed similar values (p>0.05). 
WWTP is not the only cause of bacterial resistance to antibiotics, because, unexpectedly, we found 
higher concentrations of bacteria resistant to tetracycline (103) in the upstream sample (S1). The 
concentrations of tetracycline-resistant bacteria in inflow, outflow, and downstream samples were 
reduced by one order of magnitude (reaching 102). No significant differences were observed in the 
concentration of tetracycline-resistant bacteria between upstream and downstream samples (p>0.05) 
(Fig. 2). 
Occurrence of ARG and the IntI1 gene 
The concentration of 16S rRNA gene copies was higher in inflow water (1012), while similar 
concentrations were observed in outflow and river samples (~1010) (Fig. 3). Although WWTP did not 
increase the number of bacteria in the river, the community structure may still be affected (p>0.05). 
The upstream river sample had the lowest concentrations of ARG and the IntI1 gene. The 
concentrations of the tet(O) and tet(W) genes were the same in the upstream sample, whereas tet(O) 
was more frequent than tet(W) in the S2, S3, and S4 samples. The sul1 gene concentration was higher 
than those of the tet genes in all samples, but was almost 2-fold higher in the upstream sample. The 
concentrations of ARG decreased by 1–2 logs after the water treatment, and were slightly lower 
downstream due to dilution. 
 

 
Fig. 3 
Abundance of 16S rRNA, integrase-1, and antibiotic resistance genes in water samples. Lines over bars 
indicate samples with no significant differences. Bars are the standard deviation of triplicate samples. 
The relative concentrations of ARG and the IntI1 gene to the 16S RNA gene showed a reduction in the 
tet(W) gene concentration and slight increase in the tet(O), sul-I, and IntI1 genes after the treatment. 
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In all cases, the upstream sample had a lower concentration of ARG than the downstream sample (Fig. 
4). Significant differences (p<0.05) were observed in the concentrations of the intI1 gene and all ARGs 
tested (tet(O), tet(W), and sul1) between upstream and downstream samples. 
 

 
Fig. 4 
Relative concentrations of tetracycline-resistant genes (tet(O) and tet(W)), the sulfonamide-resistant 
gene (sul1), and clinically significant integrase I gene to 16S rRNA gene abundance. The bars represent 
standard errors. 
Removal rate 
Removal rates (the S3 to S2 ratio) for gene copies varied between 98–99% in all samples (Fig. 5A). The 
tet(W) gene was removed at higher rates than the 16S rRNA gene and tet(O) and sul1 genes (Fig. 5B 
and C). 
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Fig. 5 
Total and log removal rates of ARB (Heterotrophic—total heterotrophic bacteria, SMX—bacteria with 
resistance to sulfamethoxazole, Tet—bacteria resistant to tetracycline) and ARG copy numbers. 
 
Discussion 
The present study focused on ARB and ARG removal rates from sewage and their release in Someşul 
Mic river. Although raw water had higher concentrations of ARB, their abundance was reduced 
compared to other studies (6, 20, 22, 36). These results may be attributed to the concentration of 
tetracycline tested being too high or the inability of bacteria to grow on R2A agar; bacteria in river 
water have a natural origin, while those in wastewater are more likely to be of a fecal origin (8). This 
bacterial resistance is of a natural origin; there are no other main pollution sources upstream in 
Someşul Mic river. Bacterial abundance in the S1 sample (103) was similar to that reported previously 
(30). On the other hand, just one tetracycline concentration was tested and the river water and 
wastewater bacterial communities have different compositions (18). 
Among the genes for resistance to tetracycline, tet(O) and tet(W) were the most commonly found in 
feces and water samples (36). Therefore, WWTP clearly contributed to the enrichment of river water 
with ARG and ARB (18). 
Tetracycline class antibiotic concentrations in wastewater from Romania vary between 110 and 146 μg 
L−1 (23), within the limits identified in other studies, but were below the limit of detection in effluents. 
Even these low concentrations, in combination with heavy metals, contributed to the retention of ARB 
in river water (10). The relationship between the concentrations of bacteria and antibiotics has been 
widely studied; previous studies reported a positive correlation between the concentration of 
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sulfonamide and bacteria with resistance to this antibiotic, but not for tetracycline (6, 17), whereas 
others did not (32). 
Our results showed, for the first time, a strong correlation between the concentrations of the clinically 
significant intI1 gene and sul1 gene (r=0.95), tet(O) gene (r=0.96), and tet(W) gene (r=0.96). Our results 
demonstrated not only the anthropogenic pollution of the river, but also a correlation between ARG 
and intI1. 
The normalization of the concentrations of ARG genes tested to the 16S RNA gene suggested that the 
wastewater treatment increased the relative concentration of the sul-I gene, decreased the 
concentration of the tet(W) gene, and slightly increased the concentrations of the tet(O) and IntI1 
genes (Fig. 4). These results show that the wastewater treatment lead to a decrease in the total 
number of bacteria, but did not necessarily reduce ARG. 
The present results also indicated that not all ARG were removed at the same rate; these rates 
generally increased after the treatment (3, 38). ARG to classical antibiotics were more abundant in 
WWTP, while resistance to the latest generation of antibiotics was weaker in WWTP tanks, which 
constitutes a real risk to their spread and HGT (11). 
Although the removal rate of bacteria was 98–99%, the small percentage discharged in the river 
increased bacterial concentrations and changed the microbial diversity of river water. Several studies 
have shown that WWTP contribute to changes in river microbiota (26). 
River water downstream of the treatment plant is used for irrigation, and increases in ARB 
concentrations may result in the contamination of agricultural products, which are generally sold in 
local markets. In terms of quantity, the findings of several studies showed that ARB and ARG 
concentrations do not change in soils irrigated with treated water (7, 21); however, long-term 
irrigation may increase the relative concentrations of some ARG (4). Although irrigation with recycled 
water is an excellent solution to water scarcity, the possibility of strains of clinical significance reaching 
soil and the likelihood of finding these bacteria on vegetables, representing a higher risk for 
consumers, cannot be ruled out. 
In conclusion the results of the present study showed that WWTP in Cluj-Napoca markedly reduced 
total ARG and ARB. However, WWTP contributed to an increase in ARG, even 10 km downstream of 
the discharge point. This increase may promote HGT, particularly because the concentrations of these 
genes correlate with the intI1 gene and also represent a human health risk due to irrigation. 
In the absence of fundamental data regarding the fate of all ARB and ARG in most WWTPs and their 
effects on the environment and risk to public health, further studies on the extent of the removal of 
abundant ARB are needed in order to reach common conclusions. 
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Environ Sci Pollut Res Int. 2015 Mar;22(6):4587-96. doi: 10.1007/s11356-014-3665-2. Epub 2014 Oct 
18. 
Antibiotic-resistant genes and antibiotic-resistant bacteria in the effluent of urban residential areas, 
hospitals, and a municipal wastewater treatment plant system. 
Li J1, Cheng W, Xu L, Strong PJ, Chen H. 
In this study, we determined the abundance of 8 antibiotics (3 tetracyclines, 4 sulfonamides, and 1 
trimethoprim), 12 antibiotic-resistant genes (10 tet, 2 sul), 4 antibiotic-resistant bacteria (tetracycline, 
sulfamethoxazole, and combined resistance), and class 1 integron integrase gene (intI1) in the effluent 
of residential areas, hospitals, and municipal wastewater treatment plant (WWTP) systems. The 
concentrations of total/individual targets (antibiotics, genes, and bacteria) varied remarkably among 
different samples, but the hospital samples generally had a lower abundance than the residential area 
samples. The WWTP demonstrated removal efficiencies of 50.8% tetracyclines, 66.8% sulfonamides, 
0.5 logs to 2.5 logs tet genes, and less than 1 log of sul and intI1 genes, as well as 0.5 log to 1 log 
removal for target bacteria. Except for the total tetracycline concentration and the proportion of 
tetracycline-resistant bacteria (R (2) = 0.330, P < 0.05), there was no significant correlation between 
antibiotics and the corresponding resistant bacteria (P > 0.05). In contrast, various relationships were 
identified between antibiotics and antibiotic resistance genes (P < 0.05). Tet (A) and tet (B) displayed 
noticeable relationships with both tetracycline and combined antibiotic-resistant bacteria (P < 0.01). 
PMID: 25323405   DOI: 10.1007/s11356-014-3665-2 
 
 
Environ Sci Pollut Res Int. 2016 Apr;23(7):6826-35. doi: 10.1007/s11356-015-5916-2. Epub 2015 Dec 
14. 
Occurrence and removal of antibiotics and the corresponding resistance genes in wastewater 
treatment plants: effluents' influence to downstream water environment. 
Li J1, Cheng W1, Xu L1, Jiao Y1, Baig SA2, Chen H3. 
In this study, the occurrence of 8 antibiotics [3 tetracyclines (TCs), 4 sulfonamides, and 1 trimethoprim 
(TMP)], 12 antibiotic resistance genes (ARGs) (10 tet, 2 sul), 4 types of bacteria [no antibiotics, anti-TC, 
anti-sulfamethoxazole (SMX), and anti-double], and intI1 in two wastewater treatment plants (WWTPs) 
were assessed and their influences in downstream lake were investigated. Both WWTPs' effluent 
demonstrated some similarities, but the abundance and removal rate varied significantly. Results 
revealed that biological treatment mainly removed antibiotics and ARGs, whereas physical techniques 
were found to eliminate antibiotic resistance bacteria (ARBs) abundance (about 1 log for each one). UV 
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disinfection did not significantly enhance the removal efficiency, and the release of the abundantly 
available target contaminants from the excess sludge may pose threats to human and the 
environment. Different antibiotics showed diverse influences on the downstream lake, and the 
concentrations of sulfamethazine (SM2) and SMX were observed to increase enormously. The total 
ARG abundance ascended about 0.1 log and some ARGs (e.g., tetC, intI1, tetA) increased due to the 
high input of the effluent. In addition, the abundance of ARB variation in the lake also changed, but the 
abundance of four types of bacteria remained stable in the downstream sampling sites. 
PMID: 26658782   DOI: 10.1007/s11356-015-5916-2 
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Distribution of antibiotic resistance in the effluents of ten municipal wastewater treatment plants in 
China and the effect of treatment processes. 
Ben W1, Wang J2, Cao R1, Yang M1, Zhang Y1, Qiang Z3. 
Municipal wastewater treatment plant (WWTP) effluents represent an important contamination 
source of antibiotic resistance, threatening the ecological safety of receiving environments. In this 
study, the release of antibiotic resistance to sulfonamides and tetracyclines in the effluents of ten 
WWTPs in China was investigated. Results indicate that the concentrations of antibiotic-resistant 
bacteria (ARB) and antibiotic resistance genes (ARGs) ranged from 1.1 × 101 to 8.9 × 103 CFU mL-1 and 
3.6 × 101 (tetW) to 5.4 × 106 (tetX) copies mL-1, respectively. There were insignificant correlations of 
the concentrations of ARB and ARGs with those of corresponding antibiotics. Strong correlations were 
observed between the total concentrations of tetracycline resistance genes and sulfonamide resistance 
genes, and both of which were significantly correlated with intI1 concentrations. Statistical analysis of 
the effluent ARG concentrations in different WWTPs revealed an important role of disinfection in 
eliminating antibiotic resistance. The release rates of ARB and ARGs through the effluents of ten 
WWTPs ranged from 5.9 × 1012 to 4.8 × 1015 CFU d-1 and 6.4 × 1012 (tetW) to 1.7 × 1018 (sul1) copies 
d-1, respectively. This study helps the effective assessment and scientific management of ecological 
risks induced by antibiotic resistance discharged from WWTPs. 
PMID: 28088530   DOI: 10.1016/j.chemosphere.2017.01.041 
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Overexpression of antibiotic resistance genes in hospital effluents over time 
Will P. M. Rowe, 1,2 Craig Baker-Austin,3 David W. Verner-Jeffreys,3 Jim J. Ryan,4 Christianne 
Micallef,5 Duncan J. Maskell,1 and Gareth P. Pearce1 
Author information ► Article notes ► Copyright and License information ► Disclaimer 
Objectives: Effluents contain a diverse abundance of antibiotic resistance genes that augment the 
resistome of receiving aquatic environments. However, uncertainty remains regarding their temporal 
persistence, transcription and response to anthropogenic factors, such as antibiotic usage. We present 
a spatiotemporal study within a river catchment (River Cam, UK) that aims to determine the 
contribution of antibiotic resistance gene-containing effluents originating from sites of varying 
antibiotic usage to the receiving environment. 
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Methods: Gene abundance in effluents (municipal hospital and dairy farm) was compared against 
background samples of the receiving aquatic environment (i.e. the catchment source) to determine the 
resistome contribution of effluents. We used metagenomics and metatranscriptomics to correlate DNA 
and RNA abundance and identified differentially regulated gene transcripts. 
Results: We found that mean antibiotic resistance gene and transcript abundances were correlated for 
both hospital (ρ = 0.9, two-tailed P <0.0001) and farm (ρ = 0.5, two-tailed P  <0.0001) effluents and that 
two β-lactam resistance genes (blaGES and blaOXA) were overexpressed in all hospital effluent 
samples. High β-lactam resistance gene transcript abundance was related to hospital antibiotic usage 
over time and hospital effluents contained antibiotic residues. 
Conclusions: We conclude that effluents contribute high levels of antibiotic resistance genes to the 
aquatic environment; these genes are expressed at significant levels and are possibly related to the 
level of antibiotic usage at the effluent source. 
Introduction 
The rise of antibiotic resistance in clinical pathogens is occurring at an alarming rate, severely 
jeopardizing the sustainability of antibiotic use in human and veterinary medicine.1 The antibiotic 
resistance genes (ARGs) found in these pathogenic bacteria are thought to derive from the long-term 
evolution of resistance mechanisms in non-pathogenic bacteria.2 The resistome, comprising the 
resistance determinants within environmental microbial communities, offers an explanation for the 
diversity of ARGs that is observed in clinical situations.3 Indeed, there is a large body of evidence that 
the resistome serves as a reservoir for ARGs that can be acquired by clinically significant pathogens 
through transfer of mobile genetic elements (MGEs).4 
The impact that anthropogenic activities are having on the resistome has fuelled a great deal of 
research and debate concerning the augmentation of the resistome and the emergence of antibiotic-
resistant pathogens.5–8 Of particular interest is the role that effluents may have in the dissemination 
of ARGs and the expansion of the resistome.9 Using a comparative metagenomic approach, we have 
recently shown that effluents entering a river catchment contain ARGs and that the abundance of 
these ARGs is greater than that of the receiving environment, suggesting that effluents are contributing 
ARGs to the resistome.10 
Metagenomics, combined with the Search Engine for Antimicrobial Resistance (SEAR),11 allows the 
resolution of full-length ARGs from environmental samples of unknown composition, thus providing an 
excellent method for investigating the resistome.7 However, it is important when assessing the impact 
of anthropogenic activities on the resistome that one technique is not used in isolation but rather that 
several techniques should be used to determine the ARG sample load.8 With this in mind, the 
identification of selection pressures and expressed ARGs within ARG-containing samples is vital 
information when determining the impact of anthropogenic activities on the resistome.12 For 
example, it has been found that pharmaceutical antibiotic residues present in effluents are selective 
pressures that can directly impact ARGs in the environment.13,14 However, linking selective pressures 
to ARG and ARG transcript abundance is not yet a feature of environmental monitoring. 
In this study, we examined ARG abundance across a series of monthly effluent samples that originated 
from two sites of varying antibiotic usage (a municipal hospital and a dairy farm). ARG abundance was 
compared against background samples of the receiving aquatic environment (i.e. the source of the 
river catchment) to determine the relative contribution of effluents to the resistome. In addition, we 
employed metatranscriptomics to detect ARG transcripts and correlated them to the corresponding 
ARGs in each sample, facilitating the identification of differentially expressed transcripts over the 
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sampling period. This study also assessed the selective pressures acting on the sampled microbial 
communities through use of LC–MS to detect antibiotic residues in the samples, as well as examining 
antibiotic usage data for the site of high antibiotic consumption. The combined data from this study 
are used to assess the impact of anthropogenic activities on the resistome. 
Materials and methods 
Sample collection and DNA and RNA sequencing 
Samples were collected from three sources within the River Cam catchment, Cambridge, UK, on 2 May 
2013 and five further samples over a 5 month period between August 2014 and December 2014 an 
average of 5 weeks apart (Table (Table1).1). Collections were made from the combined wastewater 
effluent of the main wards of Cambridge University Hospitals, Cambridge, UK, via a combined sewage 
pit (latitude 52.174343, longitude 0.139346) prior to the effluent entering the municipal sewers. 
Collections were also made from the effluent lagoon of the University of Cambridge dairy farm 
(latitude 52.22259, longitude 0.02603) and the River Cam source water (Ashwell Spring, Hertfordshire, 
latitude 52.0421, longitude 0.1497). The river source water served as a background sample for the 
environment both effluents were entering. 
 
Table 1 
Summary of samples used in this study 

Sample Sample type 
Date 
collected 

Latitude Longitude Data type 
ENA 
accession 

Total reads 
Total ARG 
reads 

% ARG 
reads 

AH:M:1 
hospital 
effluent 

02.05.2013 52.174343 0.139346 metagenome ERS1019923 64 659 230 97 698 0.1511 

AH:M:2 
hospital 
effluent 

04.08.2014 52.174343 0.139346 metagenome ERS1019924 52 355 416 122 164 0.2333 

AH:M:3 
hospital 
effluent 

15.09.2014 52.174343 0.139346 metagenome ERS1019925 109 795 652 207 767 0.1892 

AH:M:4 
hospital 
effluent 

29.09.2014 52.174343 0.139346 metagenome ERS1019926 61 573 380 125 019 0.203 

AH:M:5 
hospital 
effluent 

27.10.2014 52.174343 0.139346 metagenome ERS1019927 50 845 128 25 987 0.0511 

AH:M:6 
hospital 
effluent 

24.11.2014 52.174343 0.139346 metagenome ERS1019928 53 928 494 28 629 0.0531 

DF:M:1 farm effluent 02.05.2013 52.22259 0.02603 metagenome ERS1019955 66 120 642 2317 0.0035 

DF:M:2 farm effluent 06.08.2014 52.22259 0.02603 metagenome ERS1019956 184 149 408 13 094 0.0071 

DF:M:3 farm effluent 15.09.2014 52.22259 0.02603 metagenome ERS1019957 262 823 622 29 006 0.011 

DF:M:4 farm effluent 29.09.2014 52.22259 0.02603 metagenome ERS1019958 58 179 398 31 518 0.0542 

DF:M:5 farm effluent 27.10.2014 52.22259 0.02603 metagenome ERS1019959 53 192 154 6999 0.0132 

DF:M:6 farm effluent 24.11.2014 52.22259 0.02603 metagenome ERS1020022 49 5 16 248 4072 0.0082 

AS:M:1 
river source 
water 

02.05.2013 52.0421 0.1497 metagenome ERS1019949 54 799 282 181 0.0003 

AS:M:2 
river source 
water 

04.08.2014 52.0421 0.1497 metagenome ERS1019950 150 787 198 7226 0.0048 

AS:M:3 
river source 
water 

15.09.2014 52.0421 0.1497 metagenome ERS1019951 128 125 534 1199 0.0009 

AS:M:4 
river source 
water 

29.09.2014 52.0421 0.1497 failed sequencing – – – – 
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Sample Sample type 
Date 
collected 

Latitude Longitude Data type 
ENA 
accession 

Total reads 
Total ARG 
reads 

% ARG 
reads 

AS:M:5 
river source 
water 

27.10.2014 52.0421 0.1497 failed sequencing – – – – 

AS:M:6 
river source 
water 

24.11.2014 52.0421 0.1497 failed sequencing – – – – 

AH:T:1 
hospital 
effluent 

02.05.2013 52.174343 0.139346 metatranscriptome ERS1027345 152 298 536 308 848 0.2028 

AH:T:2 
hospital 
effluent 

04.08.2014 52.174343 0.139346 failed sequencing – – – – 

AH:T:3 
hospital 
effluent 

15.09.2014 52.174343 0.139346 failed sequencing – – – – 

AH:T:4 
hospital 
effluent 

29.09.2014 52.174343 0.139346 metatranscriptome ERS1027346 74 411 930 948 890 1.2752 

AH:T:5 
hospital 
effluent 

27.10.2014 52.174343 0.139346 metatranscriptome ERS1027347 61 143 518 23 765 0.0389 

AH:T:6 
hospital 
effluent 

24.11.2014 52.174343 0.139346 metatranscriptome ERS1027348 51 640 378 40 379 0.0782 

DF:T:1 farm effluent 02.05.2013 52.22259 0.02603 metatranscriptome ERS1027349 123 559 962 8017 0.0065 

DF:T:2 farm effluent 04.08.2014 52.22259 0.02603 failed sequencing – – – – 

DF:T:3 farm effluent 15.09.2014 52.22259 0.02603 failed sequencing – – – – 

DF:T:4 farm effluent 29.09.2014 52.22259 0.02603 metatranscriptome ERS1027350 49 293 728 4447 0.009 

DF:T:5 farm effluent 27.10.2014 52.22259 0.02603 metatranscriptome ERS1027351 64 102 402 7057 0.011 

DF:T:6 farm effluent 24.11.2014 52.22259 0.02603 metatranscriptome ERS1027352 64 850 756 1022 0.0016 

Open in a separate window 
 
AH, hospital effluent (Addenbrooke’s Hospital/Cambridge University Hospitals); DF, farm effluent 
(University of Cambridge dairy farm); AS, river source water (Ashwell Spring). 
Samples for antibiotic residue testing were collected in 1 L sterile glass containers and transported at 
4°C to the laboratory. Samples for metagenome and metatranscriptome preparation were collected in 
10 L sterile polypropylene containers and transported at 4°C to the laboratory, and prokaryotic cells 
were isolated as described by Rowe et al.10 (2016). Each sample of prokaryotic cells was split in two, 
for separate DNA and RNA extractions to generate a metagenome and metatranscriptome for each 
sample. Metagenomes were prepared as described by Rowe et al.10 (2016). For metatranscriptome 
preparation, prokaryotic cells were washed in PBS solution before being treated with Max Bacterial 
Enhancement reagent (ThermoFisher Scientific, UK) to denature bacterial proteins and deactivate 
RNases. Bacterial cell lysis and RNA extraction were then performed using TRIzol reagent 
(ThermoFisher Scientific, UK). For each metatranscriptome, 2 μg of RNA was subjected to ribosomal 
RNA depletion (Ribo-Zero Gold, Epicentre, UK), quality checked using a BioAnalyzer (Agilent 
Technologies, US) and used to generate Illumina TruSeq RNA libraries (100 bp). All metagenome and 
metatranscriptome libraries were sequenced using an Illumina HiSeq2500 (Exeter Sequencing Service, 
UK). All sequencing data and metadata are available under the European Nucleotide Archive study with 
accession numbers PRJEB12083 (metagenomes) and PRJEB12284 (metatranscriptomes) (Table 
(Table1).1).  
Identification of ARGs, MGEs and abundance analysis 
ARGs were identified in metagenomes and metatranscriptomes using the SEAR with default 
parameters.11 MGE detection was carried out on all metagenomes as in Rowe et al.10 (2016). Briefly, 
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reads were mapped to a custom MGE database using BWA-MEM (default options),15 MGEs were 
annotated and binned by MGE type if mapping coverage was >90%. The abundances of ARGs and 
MGEs were normalized to the number of 16S sequences in each metagenomic dataset, as discussed in 
Bengtsson-Palme et al.21 (2014). Taxonomic profiling was performed on all metagenomes using 
MetaPhlAn.16 
Antibiotic residue testing 
Antibiotic residues were quantified in effluent samples using LC–MS (RPS Mountainheath, UK). 
Quantification standards were created for the three most used compounds in each class of antibiotics 
prescribed at Cambridge University Hospitals in 2013 as described below. No standards could be 
generated for aminoglycosides or trimethoprim. 
Antibiotic usage and statistical analysis 
Monthly antibiotic usage data for periods overlapping sample collection were obtained for Cambridge 
University Hospitals. Hospital antibiotic usage was calculated as DDDs (per 1000 bed days), which is the 
assumed average maintenance dose per day for a given drug and is used as a statistical measure of 
drug consumption.17,18 
Differentially regulated transcripts were identified as in Franzosa et al.20 (2014). Briefly, log DNA/RNA 
abundance ratios were calculated for each ARG and one-sample t-tests were used to determine 
significant deviation of abundance ratios from zero. The resulting two-tailed P values then underwent 
false discovery rate (FDR) correction using the Benjamini–Hochberg method (α = 0.05) and were used 
to identify differentially regulated transcripts.19,20 
Results 
Detection of ARGs in effluents 
In order to compare the relative ARG abundance in each sample type, metagenomic DNA from three 
sites was sequenced on multiple occasions. This study generated 102 giga bp (Gbp) of sequencing data 
across all samples (Table (Table1).1). Metagenomes from three samples of the river source water failed 
sequencing library quality checking and were removed from the study. A total of 15 metagenomes 
were successfully sequenced, passed quality checking and were found to contain ARGs (Table 
(Table1).1). The percentage of reads matching ARGs was an average 10-fold greater in the hospital 
effluent samples when compared with the farm effluent samples, and ∼70-fold greater compared with 
the background samples of river source water (Table (Table1).1). The percentage of reads matching 
ARGs was an average 8-fold greater in the farm effluent compared with the background samples of 
river source water; however, one metagenome from a background sample was found to have a greater 
percentage of ARG reads than a metagenome from the farm effluent (see AS:M:2 and DF:M:1 in Table 
Table11). 
After reconstructing ARGs from sequence reads using SEAR and then normalizing the ARG abundance 
in each sample to the 16S sequence abundance, the mean normalized abundance of ARGs in the 
hospital effluent samples was found to be significantly greater than in the farm effluent and 
background samples (9- and 34-fold greater respectively) (Figure (Figure1a).1a). In addition to a higher 
mean abundance of ARGs, the hospital effluent samples were frequently found to contain a higher 
abundance of MGEs and a greater number of distinct bacterial species in comparison with the farm 
effluent samples (Figure (Figure11b).  
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Figure 1 
(a) Mean normalized ARG abundance across the three sample types: hospital effluent, farm effluent 
and background sample of river source water. The ARG abundance for each sample was normalized to 
the number of 16S sequences before averaging values for each sample type. Error bars depict standard 
errors for mean values. (b) Bubble plot showing the normalized abundance of MGEs compared with 
the number of bacterial species in each sample. The bubble size corresponds to the normalized ARG 
abundance in each sample. 
Relating ARGs in the environment at the DNA and RNA levels 
In order to determine whether the ARGs that were identified in hospital and farm effluent samples (at 
higher abundance than those found in the background samples of river source water) were being 
expressed, metatranscriptomics was used to interrogate effluent samples for the presence of ARG 
transcripts. Two RNA samples from both the hospital and the farm effluents failed sequencing library 
quality checking and were removed from the study (Table (Table1).1). A total of eight 
metatranscriptomes were successfully sequenced, passed quality checking and were found to contain 
ARG transcripts at varying abundance levels (Table (Table11). 
To identify differentially regulated transcripts, particularly overexpressed ARGs, across our effluent 
samples, we applied the global model for metagenome versus metatranscriptome regulation described 
by Franzosa et al.20 (2014), predicting that the mean gene and transcript abundance would be 
correlated across the samples if the gene regulation and rate of transcription were constant. Overall, 
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the mean ARG and ARG transcript abundances were highly correlated for both hospital effluents 
(ρ = 0.9, two-tailed P <0.0001) and farm effluents (ρ = 0.5, two-tailed P <0.0001) (Figure (Figure2).2). 
The deviation of mean log ARG/ARG transcript ratios from zero (following FDR correction) identified 
two differentially regulated ARG transcripts in the hospital effluent samples; the relative abundance of 
each of these transcripts was greater than expected (based on the abundance of the corresponding 
ARGs) (Figure (Figure2).2). The β-lactam resistance genes blaGES and blaOXA were consistently 
overexpressed in all hospital effluent samples; a significant 11-fold mean change in transcript 
abundance was observed for blaGES transcripts (two-tailed P <0.005, q <0.05) and a significant 2-fold 
mean change in transcript abundance was observed for blaOXA transcripts (two-tailed P <0.005, 
q <0.05) [data not shown and Table S1 (available as Supplementary data at JAC Online)]. The β-lactam 
genes blaGES and blaOXA were present but not overexpressed in the farm effluent samples.  
 

 
Figure 2 
 
Mean ARG and ARG transcript abundance for all hospital effluent and farm effluent samples. Mean 
ARG and ARG transcript abundances were highly correlated for hospital (ρ = 0.9, two-tailed P <0.0001) 
and farm (ρ = 0.5, two-tailed P <0.0001) effluents. β-Lactam resistance genes blaGES and blaOXA are 
indicated by plus and diamond symbols, respectively. Asterisks indicate overexpressed genes (blaGES 
and blaOXA) as determined by t-test and FDR of log DNA:RNA abundance values. 
Determining the effect of β-lactam antibiotic usage on ARG expression 
Following the identification of two differentially regulated ARG transcripts (blaGES and blaOXA) in the 
hospital effluent samples, to investigate whether the genes were overexpressed as a result of 
anthropogenic activity we looked at the effect of hospital antibiotic usage on the abundance of β-
lactam ARG transcripts. Antimicrobial drug usage data were obtained for the hospital and used to 
calculate the total volume of drugs used in the hospital each month (Table S2). Monthly drug usage for 
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each antibiotic class was converted into a DDD (per 1000 bed days) value and the relative β-lactam 
usage was calculated for each month preceding metatranscriptome sample collection; monthly β-
lactam usage (proportion of total usage) was found to change in line with relative ARG transcript 
abundance in the three sequential hospital effluent metatranscriptomes (Figure (Figure33).  
 

 
Figure 3 
 
Monthly change in the relative abundance of β-lactam ARG transcripts compared with the relative β-
lactam antibiotic usage for the month preceding sample collection. The asterisk indicates detection of 
β-lactam antibiotics in hospital effluent using LC–MS. 
 
To supplement the antibiotic usage data, LC–MS was used to detect specific antibiotic residues in the 
effluent samples (Table S3). In total, 23 antibiotic residues from the testing panel were detected in the 
hospital effluent across all the sampling dates. However, in the sequentially sampled monthly 
metatranscriptomes, β-lactam antibiotic residues (for flucloxacillin) were only detected in November 
2014 (Figure (Figure33 and Table S3). 
Discussion 
To our knowledge this work represents the first study to combine metagenomics, metatranscriptomics 
and an attempt to relate environmental ARG expression to antibiotic resistance selective pressures. 
Although there have been many good studies towards cataloguing ARG diversity in effluent-impacted 
waters,21–24 previous work in this area has been limited in terms of demonstrating how 
anthropogenic factors may be influencing the resistome in receiving waters. In this study we correlate, 
for the first time, the ARG and ARG transcripts in hospital effluents and relate this to the hospital 
antibiotic usage. 
As previously suggested,8 to extend our understanding of the risks that ARGs pose to the 
augmentation of the resistome and the impact this may have on global health, we must go beyond the 
presence and absence of genes and gain a more comprehensive understanding of ARG dynamics. With 
this is in mind we employed metatranscriptomics to identify ARG transcripts in effluents, allowing us to 
elucidate the expression of key ARGs in a given sample, identify consistent overexpression across 
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samples and classify antibiotic or ARG types that are routinely being released into the environment via 
effluents. Despite the complexities of generating metatranscriptomes from environmental samples,25 
we were able to produce a sufficient number of paired metagenomes/metatranscriptomes to 
determine the correlation between ARG and ARG transcripts for hospital and farm effluents. Within a 
sample, the presence of transcripts was used as a proxy for gene expression and the ratio of ARG to 
ARG transcript abundance was used to determine differentially expressed transcripts.20 Although a 
commonly used method, metatranscriptomic analysis of gene expression in microbial communities 
may be biased by factors such as transcript half-life, causing over- or under-representation of particular 
genes.26 However, metatranscriptomics is a powerful tool as it provides a snapshot of ARG expression 
from a microbial community and can be linked with metagenomic data to give a taxonomic, genomic 
and functional overview of an environmental sample.27 
Using the metagenomic data, we found the mean normalized ARG abundance in effluents to be much 
greater than in the background samples of the river catchment, particularly in the case of effluents 
originating from a hospital. Our results complement similar findings of ARG carriage by effluents that 
originate from anthropogenic sources,28–30 and the work described here also complements the 
findings of a previous study of the same river catchment by identifying additional ARG-containing 
effluents and sampling over an extended time period.10 
Similar to our previous study, we encountered difficulty in obtaining sufficient biomass from several 
background samples, leading to failure to prepare metagenomic libraries. However, notwithstanding 
the reduced number of background samples, the metagenomic libraries revealed ARG abundance in 
hospital and farm effluents was always higher than in the corresponding background sample for the 
month of sampling (if available) and the mean abundance values for the effluents were significantly 
greater than the mean abundance value for the background river catchment. 
This study also incorporated LC–MS and antibiotic usage data for the site of high antibiotic 
consumption, Cambridge University Hospitals. Although anecdotal, the similar trends observed 
between β-lactam transcript abundance and the hospital β-lactam usage over the same 3 month 
period, combined with the presence of antibiotics at low concentrations in the effluents, gives weight 
to the argument that anthropogenic activities may impact ARGs in the environment.31 It should be 
noted that the LC–MS data were for only a panel of antibiotics and the LC–MS standards used were 
designed for undecayed antibiotics, and consequently this LC–MS screen only provided a snapshot of 
selected antibiotic compounds that were present and will not have detected decayed compounds. 
In terms of the overexpression of β-lactam resistance genes, the genes blaGES and blaOXA were 
expressed in both hospital and farm effluents but they were only found to be overexpressed in hospital 
effluents. This significant overexpression of ARGs occurring in an environment that is heavily impacted 
by antibiotic use, compared with the much lower expression found in farm effluents (subject to a much 
lower use of antibiotics), may be an example of human activity augmenting the aquatic resistome. 
The combined data from this study were used to assess the impact of anthropogenic activities on the 
resistome. To date there have been limited temporal studies in this area and the use of background 
sampling is still to be routinely adopted. The powerful combination of metagenomics and 
metatranscriptomics provides further insight into a complex problem and we believe this to be the first 
report of ARGs being overexpressed in effluents. Although we try to link between ARG expression and 
antibiotic usage at the effluent source (Figure (Figure3),3), it must be noted that there are many 
confounding factors (e.g. higher temperatures of effluents) that may be responsible for the observed 
overexpression of ARGs and further work is needed to support an association between ARG expression 
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in effluents and antibiotic usage at the effluent source. Indeed, more must be done to investigate 
factors such as the genetic context of ARGs (e.g. promoter proximity) and the metabolic activity of the 
community being sampled, which could both impact gene expression in microbial communities. For 
instance, the expression of ARGs we have observed in this study could be attributed to the high 
temperatures of hospital effluents and the recent excretion of bacteria from human hosts. Untangling 
the various factors that could be involved in the observed overexpression of ARGs remains a significant 
challenge and determining the fate of these genes once the effluents are received by the wider aquatic 
environment will go towards facilitating our understanding of this complex interaction between ARGs 
and the environment. 
Combining genomic technologies and environmental metadata to inform antibiotic stewardship is an 
exciting prospect and one that is being actively pursued. Future studies should consider including 
metatranscriptomics to identify ARG transcripts in environmental samples, developing the 
methodology further or using a single-cell approach to gain greater resolution of the species involved 
in the expression of genes of interest.32 
While similar approaches that combine metagenomics and metatranscriptomics have been used to 
study the impact of anthropogenic activities on microbial communities,33 our study combined 
metagenomics, metatranscriptomics and antibiotic usage data to identify hospital effluents containing 
consistently overexpressed ARGs. With the suggestion of incorporating gene weighting or scoring 
systems into environmental antibiotic resistance risk assessments,7,34 the findings presented here 
suggest that it would be worthwhile incorporating ARG expression data when designing ARG scoring 
matrices in future risk assessments. 
To conclude, our results indicate that effluents originating from sites of antibiotic usage and entering a 
river catchment are regularly contributing ARGs to the resistome; these ARGs are expressed and are 
more abundant than in background samples of the river catchment. The clinical impact of these ARGs 
re-entering the human population after release into the natural environment is clearly an area of 
future work, and consideration must also be given to the role of effluents in effective antibiotic 
stewardship. 
Tables S1 to S3 are available as Supplementary data at JAC Online. 
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Comparative metagenomics reveals a diverse range of antimicrobial resistance genes in effluents 
entering a river catchment. 
Rowe W1, Verner-Jeffreys DW2, Baker-Austin C2, Ryan JJ3, Maskell DJ1, Pearce GP1. 
The aquatic environment has been implicated as a reservoir for antimicrobial resistance genes (ARGs). 
In order to identify sources that are contributing to these gene reservoirs, it is crucial to assess 
effluents that are entering the aquatic environment. Here we describe a metagenomic assessment for 
two types of effluent entering a river catchment. We investigated the diversity and abundance of 
resistance genes, mobile genetic elements (MGEs) and pathogenic bacteria. Findings were normalised 
to a background sample of river source water. Our results show that effluent contributed an array of 
genes to the river catchment, the most abundant being tetracycline resistance genes tetC and tetW 
from farm effluents and the sulfonamide resistance gene sul2 from wastewater treatment plant 
(WWTP) effluents. In nine separate samples taken across 3 years, we found 53 different genes 
conferring resistance to seven classes of antimicrobial. Compared to the background sample taken up 
river from effluent entry, the average abundance of genes was three times greater in the farm effluent 
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and two times greater in the WWTP effluent. We conclude that effluents disperse ARGs, MGEs and 
pathogenic bacteria within a river catchment, thereby contributing to environmental reservoirs of 
ARGs. 
PMID: 27054725   DOI: 10.2166/wst.2015.634 
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Abundance of antibiotics, antibiotic resistance genes and bacterial community composition in 
wastewater effluents from different Romanian hospitals. 
Szekeres E1, Baricz A2, Chiriac CM1, Farkas A3, Opris O4, Soran ML4, Andrei AS5, Rudi K6, Balcázar JL7, 
Dragos N1, Coman C8. 
Antimicrobial resistance represents a growing and significant public health threat, which requires a 
global response to develop effective strategies and mitigate the emergence and spread of this 
phenomenon in clinical and environmental settings. We investigated, therefore, the occurrence and 
abundance of several antibiotics and antibiotic resistance genes (ARGs), as well as bacterial community 
composition in wastewater effluents from different hospitals located in the Cluj County, Romania. 
Antibiotic concentrations ranged between 3.67 and 53.05 μg L-1, and the most abundant antibiotic 
classes were β-lactams, glycopeptides, and trimethoprim. Among the ARGs detected, 14 genes confer 
resistance to β-lactams, aminoglycosides, chloramphenicol, macrolide-lincosamide-streptogramin B 
(MLSB) antibiotics, sulfonamides, and tetracyclines. Genes encoding quaternary ammonium resistance 
and a transposon-related element were also detected. The sulI and qacEΔ1 genes, which confer 
resistance to sulfonamides and quaternary ammonium, had the highest relative abundance with values 
ranging from 5.33 × 10-2 to 1.94 × 10-1 and 1.94 × 10-2 to 4.89 × 10-2 copies/16 rRNA gene copies, 
respectively. The dominant phyla detected in the hospital wastewater samples were Proteobacteria, 
Bacteroidetes, Firmicutes, and Actinobacteria. Among selected hospitals, one of them applied an 
activated sludge and chlorine disinfection process before releasing the effluent to the municipal 
collector. This conventional wastewater treatment showed moderate removal efficiency of the studied 
pollutants, with a 55-81% decrease in antibiotic concentrations, 1-3 order of magnitude lower relative 
abundance of ARGs, but with a slight increase of some potentially pathogenic bacteria. Given this, 
hospital wastewaters (raw or treated) may contribute to the spread of these emerging pollutants in the 
receiving environments. To the best of our knowledge, this study quantified for the first time the 
abundance of antibiotics and ARGs in wastewater effluents from different Romanian hospitals. 
PMID: 28347610   DOI: 10.1016/j.envpol.2017.01.054 
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Urban wastewater treatment plants as hotspots for antibiotic resistant bacteria and genes spread 
into the environment: a review. 
Rizzo L1, Manaia C, Merlin C, Schwartz T, Dagot C, Ploy MC, Michael I, Fatta-Kassinos D. 
Urban wastewater treatment plants (UWTPs) are among the main sources of antibiotics' release into 
the environment. The occurrence of antibiotics may promote the selection of antibiotic resistance 
genes (ARGs) and antibiotic resistant bacteria (ARB), which shade health risks to humans and animals. 
In this paper the fate of ARB and ARGs in UWTPs, focusing on different processes/technologies (i.e., 
biological processes, advanced treatment technologies and disinfection), was critically reviewed. The 

https://doi.org/10.2166/wst.2015.634
https://www.ncbi.nlm.nih.gov/pubmed/28347610
https://www.ncbi.nlm.nih.gov/pubmed/?term=Szekeres%20E%5BAuthor%5D&cauthor=true&cauthor_uid=28347610
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baricz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28347610
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chiriac%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=28347610
https://www.ncbi.nlm.nih.gov/pubmed/?term=Farkas%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28347610
https://www.ncbi.nlm.nih.gov/pubmed/?term=Opris%20O%5BAuthor%5D&cauthor=true&cauthor_uid=28347610
https://www.ncbi.nlm.nih.gov/pubmed/?term=Soran%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=28347610
https://www.ncbi.nlm.nih.gov/pubmed/?term=Andrei%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=28347610
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rudi%20K%5BAuthor%5D&cauthor=true&cauthor_uid=28347610
https://www.ncbi.nlm.nih.gov/pubmed/?term=Balc%C3%A1zar%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=28347610
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dragos%20N%5BAuthor%5D&cauthor=true&cauthor_uid=28347610
https://www.ncbi.nlm.nih.gov/pubmed/?term=Coman%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28347610
https://doi.org/10.1016/j.envpol.2017.01.054
https://www.ncbi.nlm.nih.gov/pubmed/23396083
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rizzo%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23396083
https://www.ncbi.nlm.nih.gov/pubmed/?term=Manaia%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23396083
https://www.ncbi.nlm.nih.gov/pubmed/?term=Merlin%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23396083
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schwartz%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23396083
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dagot%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23396083
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ploy%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=23396083
https://www.ncbi.nlm.nih.gov/pubmed/?term=Michael%20I%5BAuthor%5D&cauthor=true&cauthor_uid=23396083
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fatta-Kassinos%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23396083


55 
 

mechanisms by which biological processes influence the development/selection of ARB and ARGs 
transfer are still poorly understood. Advanced treatment technologies and disinfection process are 
regarded as a major tool to control the spread of ARB into the environment. In spite of intense efforts 
made over the last years to bring solutions to control antibiotic resistance spread in the environment, 
there are still important gaps to fill in. In particular, it is important to: (i) improve risk assessment 
studies in order to allow accurate estimates about the maximal abundance of ARB in UWTPs effluents 
that would not pose risks for human and environmental health; (ii) understand the factors and 
mechanisms that drive antibiotic resistance maintenance and selection in wastewater habitats. The 
final objective is to implement wastewater treatment technologies capable of assuring the production 
of UWTPs effluents with an acceptable level of ARB. 
PMID: 23396083   DOI: 10.1016/j.scitotenv.2013.01.032 
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PMCID: PMC5877024   PMID: 29522474 
Multiresistant Bacteria Isolated from Activated Sludge in Austria 
Herbert Galler,1 Gebhard Feierl,1 Christian Petternel,2 Franz F. Reinthaler,1 Doris Haas,1 Juliana 
Habib,1 Clemens Kittinger,1 Josefa Luxner,1 and Gernot Zarfel1,* 
Wastewater contains different kinds of contaminants, including antibiotics and bacterial isolates with 
human-generated antibiotic resistances. In industrialized countries most of the wastewater is 
processed in wastewater treatment plants which do not only include commercial wastewater, but also 
wastewater from hospitals. Three multiresistant pathogens—extended spectrum β-lactamase (ESBL)-
harbouring Enterobacteriaceae (Gram negative bacilli), methicillin resistant Staphylococcus aureus 
(MRSA) and vancomycin resistant Enterococci (VRE)—were chosen for screening in a state of the art 
wastewater treatment plant in Austria. Over an investigation period of six months all three 
multiresistant pathogens could be isolated from activated sludge. ESBL was the most common 
resistance mechanism, which was found in different species of Enterobacteriaceae, and in one 
Aeromonas spp. Sequencing of ESBL genes revealed the dominance of genes encoding members of 
CTX-M β-lactamases family and a gene encoding for PER-1 ESBL was detected for the first time in 
Austria. MRSA and VRE could be isolated sporadically, including one EMRSA-15 isolate. Whereas ESBL 
is well documented as a surface water contaminant, reports of MRSA and VRE are rare. The results of 
this study show that these three multiresistant phenotypes were present in activated sludge, as well as 
species and genes which were not reported before in the region. The ESBL-harbouring Gram negative 
bacilli were most common. 
1. Introduction 
Antibiotics in the environment represent a growing concern as their presence can promote the 
selection of antibiotic resistant bacteria (ARB) that pose a serious public health threat. ARB can further 
spread resistance genes in the environment by the mechanism of horizontal gene transfer through 
which environmental bacteria can then mediate pathogens to acquire antibiotic resistance genes 
[1,2,3,4]. Among the various sources accounting for the spread of ARB, organic wastes, including 
wastes of municipal and agricultural origin, have been widely reported to be potent reservoirs of ARB- 
harbouring genes for multidrug resistance. Previous studies have pointed out that numerous ARB and 
resistant genes have been detected in sewage sludge from municipal wastewater treatment plants 
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(WWTPs) [4,5]. One predominant antibiotic resistance mechanism is the presence of Extended 
Spectrum β-Lactamases (ESBLs). ESBLs are of great microbiological and clinical importance in 
Enterobacteriaceae, especially Escherichia coli and Klebsiella spp. and other non-fermenting bacteria 
such as Acinetobacter spp. and Pseudomonas aeruginosa [6,7]. The presence of ESBL in surface water 
has been frequently demonstrated all over the world, which leads to the conclusion that if the bacteria 
in the water are able to host ESBL genes, then there will be ESBL in the population [8,9,10,11]. The 
spread of ESBL is enhanced by the localization of most of the ESBL genes on mobile genetic elements 
which allow the transmission of resistance genes to strains and species which are better adapted to the 
surface water environment. As a consequence of this, environmental bacteria can acquire resistance 
genes from e.g., strains of clinical origin [8,9,10,11]. Methicillin resistant Staphylococcus aureus (MRSA) 
originates from the clinical setting, as hospital acquired (HA)-MRSA. Nevertheless, MRSA strains started 
to spread among the healthy human population (so called community acquired CA-MRSA) and 
livestock (LA-MRSA) within the last decades like ESBL [12,13,14]. MRSA detections from environmental 
reservoirs, including surface water, are very rare compared to multiresistant Gram negative bacteria 
isolation. Although the population of Staphylococci flushed into the wastewater is high, the survival of 
Staphylococci in water environment seems to be much lower than that of Gram negative bacilli. 
Therefore reports of MRSA from this reservoir are mainly restricted to areas of high human influence, 
e.g., hospital waste water effluent [15,16,17]. Vancomycin resistant Enterococci (VRE) are one of the 
first documented antibiotic resistant bacteria with primary origin in animal farming. The rise of VRE 
was caused by the use of the glycopeptide avoparcin as a growth promoter from 1975 on. Although 
glycopeptide use was banned in livestock production in the European Union (1996) VRE are still 
present in animals and can also be found in hospital settings [18,19,20]. Hence VRE are present in 
waste and surface water, it seems that they are detected mostly sporadically. Furthermore, the 
number of studies covering this topic is limited. The aim of the present study was to investigate the 
presence of multidrug resistant bacteria such as ESBL-producing Enterobacteriaceae, MRSA and VRE in 
activated sludge in the second largest commercial WWTP in Austria. 
2. Materials and Methods 
2.1. Sample Collection 
Activated sludge samples were collected in the period between September 2011 and February 2012, 
twice a month (except January) from the basin of the incoming untreated waste water at a sewage 
treatment plant (>500,000 population equivalent, wastewater load 1200 L/min) at the area of Graz, 
Styria/Austria. Wastewater entry into this treatment plant contained mainly domestic waste water and 
wastewater from hospitals in the area. The sludge samples were collected using sterile wide-mouth 
bottles. They were transported to the laboratory in a cooling box, where they were immediately stored 
in a refrigerator at 4–8 °C until processing within 24 h. In total, eleven sludge samples were collected in 
six measuring series. 
2.2. Strain Isolation and Identification 
Sludge samples were homogenized by vortexing for two minutes. For qualitative analysis, an amount of 
1 mL from the homogenized sludge sample was suspended in 9 mL sterile saline solution (0.9% NaCl). 
In order to reduce the bacterial concentration, a decimal dilution series with saline solution was 
prepared. 
ESBL isolation: 0.1 mL of each homogenized sludge sample was plated on chromID™ ESBL Agar 
(bioMérieux, Marcy-l’Etoile, France) and incubated for 24 h at 37 °C. Following incubation, ESBL 
positive colonies were determined based on the colour reaction of the ESBL-media (according to the 
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manufacturer’s protocol). Additionally 0.1 mL of the sludge samples was incubated (24 h, 37 °C) in 
thioglycolate nutrient broth for enrichment, then 10 µL of the material was inoculated on ESBL-media 
and incubated for 24 h at 37 °C [21]. 
MRSA isolation: 0.1 mL of the homogenized solutions were plated on oxacillin agar (OXOID Ltd., 
Basingstoke, UK) and incubated for 48 h at 37 °C. Following incubation, MRSA positive colonies were 
determined based on the colour reaction of the OXA-media. Blue colonies were presumed to be MRSA. 
VRE isolation: For selective enrichment of VRE, an amount of 1 mL from the homogenized sludge 
sample was inoculated in 9 mL BBL™ Enterococcosel™ broth (BD, Sparks, MD, USA) containing 6 mg/L 
Vancomycin. Enterococci growing in the media turn the colour of the media from light brown to dark 
brown or black. In order to reduce the bacterial concentration, a decimal dilution series with saline 
solution was prepared. Subsequently, 0.1 mL from each of the homogenized solutions were plated on 
chromID™ VRE Agar (bioMérieux, Marcy-l’Etoile, France) and incubated for 24 h at 37 °C. VRE positive 
colonies were determined based on the colour reaction of the VRE-media (according to the 
manufacturer’s protocol). 
To obtain pure cultures, colonies growing on selective-media were transferred to blood agar (24 h, 37 
°C). Identification was done using the Vitek® MS (bioMérieux, Marcy-l’Etoile, France), an automated 
microbial identification system using matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF-MS) and the biochemical-based VITEK®2 system (bioMérieux, Marcy-l’Etoile, 
France). 
2.2.1. Characterisation of ESBL Harbouring Gram Negative Bacilli 
Identified Enterobacteriaceae were characterized for their resistance pattern by susceptibility testing 
according to EUCAST (EUCAST V2.0, 2012) [22], with ampicillin (AM), amoxicillin/clavulanic acid (AMC), 
piperacillin/tazobactam (TZP), cefalexin (CN), cefuroxime (CXM), cefoxitin (FOX), cefotaxime (CTX), 
ceftazidime (CAZ), cefepime (FEP), imipenem (IPM), meropenem (MEM), gentamicin (GM), 
trimethoprim/sulfamethoxazole (SXT), nalidixic acid (NA), ciprofloxacin (CIP), moxifloxacin (MOX), 
tetracycline (TE) and chloramphenicol (C) BD BBLTM Sensi-DiscTM paper discs (BD, Sparks, MD, USA). 
The inhibition zone diameters were interpreted according to EUCAST guidelines, except 
Enterobacteriaceae tested for tetracycline, chloramphenicol and nalidixic acid, which were evaluated 
by the Clinical Laboratory Standards Institute (CLSI, 2011) guidelines [23]. There are no interpretation 
guidelines for zone diameters of these three antibiotics according to EUCAST. 
E. coli 25299 was used as reference. The inhibition zone diameters were interpreted according to 
EUCAST guidelines. The antimicrobials tested and resistance breakpoints applied can be found in the 
Supplementary Materials (Table S1).  
All isolates were screened for ESBL gene families, blaCTX-M-1group, blaCTX-M-2group, blaCTX-M-
9group, blaGES, blaSHV, blaTEM, and blaVEB by PCR and sequencing as described previously [24,25]. 
False-positive (not estimated Enterobacteriaceae) strains growing on ESBL-media with a green or 
brownish colour were identified as Pseudomonadales and Aeromonadales; we decided to include them 
in the study and therefore these strains were also screened for ESBL genes. Identified 
Pseudomonadales were characterized for their resistance pattern by susceptibility testing according to 
EUCAST (EUCAST V2.0, 2012); piperacilin/tazobactam (TZP), ceftazidime (CAZ), cefepime (FEP), 
meropenem (MEM), imipenem (IPM), amikacin (AN), gentamicin (GM), tobramycin (NN), ciprofloxacin 
(CIP) and levofloxacin (LEV). 
2.2.2. Determination of VRE 
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After isolation and identification of suspected VRE colonies antibiotic susceptibility was determined for 
ampicillin (AM), vancomycin (VA), teicoplanin (TEC), linezolid (LZD), tigecycline (TGC) and 
trimethoprim/sulfamethoxazole (SXT) by disc diffusion test according to the EUCAST guidelines 
(EUCAST V2.0, 2012). E. faecalis DSM20478 was used as reference. The minimal inhibition 
concentration (MIC) for 22 antibiotics was assigned by VITEK®2 using the AST-P586 card (bioMérieux, 
Marcy-l’Etoile, France). Resistance to the glycopeptides vancomycin and teicoplanin was confirmed by 
Etest (bioMérieux, Marcy-l’Etoile, France) according to the manufacturer’s instructions. The detection 
of the vancomycin resistance genes (vanA/vanB) was performed by real time PCR applying the Light 
cycler VRE Detection Kit (Roche, Branchburg, NJ, USA). 
2.2.3. Determination of MRSA 
MRSA isolates were characterized for their resistance pattern by susceptibility testing according to 
EUCAST (EUCAST V2.0, 2012), tested with penicillin (P), cefoxitin (FOX), tetracycline (TE), erythromycin 
(E), clindamycin (CL), norfloxacin (NOR), amicazin (AN), gentamicin (GM), 
trimethoprim/sulfamethoxazole (SXT), fusidic acid (FA), rifampicin (RIF), linezolid (LZD) and mupirocin 
(MUP) using BD BBLTM Sensi-DiscTM paper discs (BD, Sparks, MD, USA). Staphylococcus aureus 
DSM799 was used as reference. PCR amplification was used to determine SCCmec type and presence 
of the Panton-Valentine-Leukozidin (PVL)-gene [26,27]. Spa typing was performed as described 
previously [28]. 
3. Results 
All eleven investigated sludge samples revealed at least one kind of the screened multiresistant 
bacteria. In detail, ten of the eleven samples were positive for ESBL-harbouring Enterobacteriacea 
(82%), three samples were positive for MRSA (27%) and four samples for VRE (36%). 
3.1. ESBL Gram Negative Bacilli Isolates 
In total, 117 Enterobacteriaceae were screened for multidrug resistance phenotypically. Genetic 
analysis revealed 32 different positive isolates consisting of 21 E. coli, seven Klebsiella pneumoniae, 
three Enterobacter sp. and one Raoultella ornithinolytica (Table 1). Members of the CTX-M gene family 
were the most predominant ESBL genes. 
Table 1 
Detected resistance genes and resistance pattern of all isolates. Non E. coli Enterobacteriaceae are 
automatically set resistant to AM according EUCAST. 

Isolate 
ID 

Sample Date Species Resistance Genes Resistance Pattern a 

ESBL-01 KS1 
2011-
09 

E. coli blaCTX-M-15, blaTEM-1 b 
AM, AMC, CN, CXM, FOX, CTX, GM, SXT, CIP, MXF, 
CAZ, FEP, TE, NA 

ESBL-02 KS5 
2011-
10 

E. coli blaCTX-M-15 
AM, AMC, CN, CXM, CTX, CIP, MXF, CAZ, FEP, TE, 
NA 

ESBL-03 KS5 
2011-
10 

E. coli blaCTX-M-1, blaTEM-1 AM, CN, CXM, CTX, GM, SXT, TE, C 

ESBL-04 KS5 
2011-
10 

E. coli blaTEM-1 AM, CN, CXM, CTX, SXT, CIP, CAZ, FEP, TE, NA, C 

ESBL-05 KS5 
2011-
10 

E. coli blaCTX-M-1 AM, AMC, CN, CXM, CTX, SXT, CIP, MXF, NA, C 

ESBL-06 KS5 
2011-
10 

E. coli blaCTX-M-1 AM, CN, CXM, CTX, FEP 
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Isolate 
ID 

Sample Date Species Resistance Genes Resistance Pattern a 

ESBL-07 KS6 
2011-
11 

E. coli blaCTX-M-15 
AM, CN, CXM, CTX, SXT, CIP, MXF, CAZ, FEP, TE, 
NA, C 

ESBL-08 KS6 
2011-
11 

E. coli blaCTX-M-3 
AM, AMC, CN, CXM, CTX, SXT, CIP, MXF, FEP, TE, 
NA, C 

ESBL-09 KS6 
2011-
11 

E. coli blaCTX-M-3, blaTEM-1 AM, AMC, CN, CXM, FOX, CTX 

ESBL-10 KS7 
2011-
12 

E. coli blaCTX-M-14, blaTEM-1 AM, CN, CXM, CTX, CIP, MXF, NA 

ESBL-11 KS7 
2011-
12 

E. coli blaCTX-M-3, blaTEM-1 AM, CN, CXM, CTX, FEP, NA 

ESBL-12 KS7 
2011-
12 

E. coli blaCTX-M-1 
AM, CN, CXM, CTX, GM, SXT, CIP, MXF, CAZ, FEP, 
TE, NA 

ESBL-13 KS7 
2011-
12 

E. coli blaCTX-M-15, blaTEM-1 AM, CN, CXM, CTX, FEP 

ESBL-14 KS7 
2011-
12 

E. coli blaCTX-M-1, blaTEM-1 AM, CN, CXM, CTX, SXT, FEP, TE 

ESBL-15 KS7 
2011-
12 

E. coli blaCTX-M-14 AM, AMC, CN, CXM, CTX, TE, NA 

ESBL-16 KS7 
2011-
12 

E. coli blaCTX-M-14, blaTEM-1 AM, AMC, CN, CXM, CTX, TE, NA 

ESBL-17 KS8 
2011-
12 

E. coli blaCTX-M-14, blaTEM-1 AM, AMC, CN, CXM, CTX, CIP, MXF, CAZ, TE, NA 

ESBL-18 KS9 
2012-
01 

E. coli blaCTX-M-38 
AM, AMC, CN, CXM, FOX, CTX, GM, CIP, MXF, TZP, 
CAZ, FEP, TE, NA 

ESBL-19 KS10 
2012-
02 

E. coli blaCTX-M-1 AM, CN, CXM, CTX, SXT, FEP, TE 

ESBL-20 KS11 
2012-
04 

E. coli 
blaCTX-M-15, blaSHV-11 b, 
blaTEM-1 

AM, CN, CXM, CTX, CAZ, FEP 

ESBL-21 KS11 
2012-
04 

E. coli blaCTX-M-14 AM, CN, CXM, CTX, SXT, CIP, MXF, NA 

ESBL-22 KS1 
2011-
09 

E. kobei blaSHV-2 
AM, AMC, CN, CXM, FOX, CTX, GM, CAZ, FEP, NA, 
C 

ESBL-23 KS4 
2011-
09 

E. kobei blaSHV-2 AM, AMC, CN, CXM, FOX, CTX, GM, CAZ, NA, C 

ESBL-24 KS9 
2012-
01 

E. cloacae blaCTX-M-15, blaTEM-1 
AM, AMC, CN, CXM, FOX, CTX, GM, SXT, CIP, MXF, 
TZP, CAZ, TE, NA 

ESBL-25 KS2 
2011-
09 

K. pneumoniae blaCTX-M-14, blaSHV-2 AM, CN, CXM, CTX, GM, SXT, FEP 

ESBL-26 KS6 
2011-
11 

K. pneumoniae blaSHV-12 AM, CN, CXM, CTX, CIP, MXF, CAZ, NA, C 

ESBL-27 KS7 
2011-
12 

K. pneumoniae 
blaCTX-M-15, blaSHV-1 b , 
blaTEM-1 

AM, AMC, CN, CXM, CTX, GM, SXT, CIP, MXF, CAZ, 
TE, NA 

ESBL-28 KS7 
2011-
12 

K. pneumoniae 
blaCTX-M-15, blaSHV-1, 
blaTEM-1 

AM, AMC, CN, CXM, CTX, GM, SXT, CIP, MXF, CAZ, 
FEP, TE, NA 
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Isolate 
ID 

Sample Date Species Resistance Genes Resistance Pattern a 

ESBL-29 KS8 
2011-
12 

K. pneumoniae blaCTX-M-15, blaSHV-11 
AM, AMC, CN, CXM, FOX, CTX, SXT, CIP, MXF, CAZ, 
FEP, NA, C 

ESBL-30 KS9 
2012-
01 

K. pneumoniae 
blaCTX-M-15, blaSHV-1, 
blaTEM-1 

AM, CN, CXM, CTX, CIP, MXF, NA, TE 

ESBL-31 KS11 
2012-
04 

K. pneumoniae blaCTX-M-15, blaSHV-11 
AM, AMC, CN, CXM, CTX, GM, SXT, CIP, MXF, CAZ, 
TE, NA 

ESBL-32 KS11 
2012-
04 

R. 
ornithinolytika 

blaSHV-2 AM, AMC, CN, CXM, FOX, CTX, TZP, CAZ, NA 

ESBL-33 KS7 
2011-
12 

Aeromonas. sp. blaPER-1 CAZ, MEM 

VRE-01 KS4 
2001-
09 

E. faecium vanA AM, TEC, VA, SXT 

VRE-02 KS7 
2011-
12 

E. faecium vanA AM, TEC, VA, SXT 

VRE-03 KS8 
2011-
12 

E. faecium vanA AM, TEC, VA, SXT 

VRE-04 KS10 
2012-
02 

E. faecium vanA AM, TEC, VA 

MRSA-
01 

KS3 
2011-
09 

S. aureus mecA P, FOX, E, NOR, GM 

MRSA-
02 

KS5 
2011-
10 

S. aureus mecA P, FOX 

MRSA-
03 

KS6 
2011-
11 

S. aureus mecA P, FOX, E, CC, NOR, GM 

Open in a separate window 

a AM, ampicillin; AMC, amoxicillin/clavulanic acid; TZP, piperacillin/tazobactam; CN, cephalexin; CXM, 
cefuroxime; FOX, cefoxitin; CTX, cefotaxime; CAZ, ceftazidime; FEP, cefepime; MEM, meropenem; CIP, 
ciprofloxacin; MXF, moxifloxacin; GM, gentamicin; SXT, trimethoprim/sulfamethoxazole; TE, 
tetracycline; NA, nalidixic acid; C, chloramphenicol; TEC, teicoplanin; VA, vancomycin; P, penicillin; E, 
erythromycin; NOR, norfloxacin. b Resistance genes blaTEM-1, blaSHV-1 and blaSHV-11 encoding non-
extended-spectrum-β-lactamases. 
The most detected ESBL gene was blaCTX-M-15, which was present in twelve (28.6%) of the 32 isolates 
followed by blaCTX-M-1, which was found in six (14.3%) isolates. In addition, five (11.9%) of the 
isolates harboured the blaCTX-M-14, three (7.1%) blaCTX-M-3, and one (2.4%) the blaCTX-M-38 gene. 
The non-CTX-M ESBL genes blaSHV-2 and blaSHV-12 were detected in four isolates from activated 
sludge. 
Bacteria with ESBL phenotypes frequently carry additional antibiotic resistances. For the purpose of 
phenotypic differentiation, all ESBL E. coli isolates were tested for their susceptibility to 19 antibiotics. 
The antibiotic resistances of each of the investigated isolates are listed in Table 1. 
No ESBL-producing Enterobacteriaceae showed resistance to tigecycline, amikacin and the 
carbapenems imipenem and meropenem. Penicillin-inhibitor combinations such as 
amoxicillin/clavulanic acid (53.1%, 17 of 32) and piperacillin/tazobactam (9.4%, 3 of 32) showed 
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reduced efficacy against the ESBL producing Enterobacteriaceae. The cephamycin cefoxitin revealed 
resistance to eight (25%) isolates. 
The most common co-resistance rates among the ESBL producing Enterobacteriaceae isolates to non-
beta lactam antibiotics were detected for the quinolones, nalidixic acid 75% (24 of 32), ciprofloxacin 
56.3% (18 of 32) and moxifloxacin 53.1% (17 of 32). The co-resistance for tetracycline was as high as 
53.1% (17 of 32) and for the drug combination trimethoprim/sulfamethoxazole 50% (16 of 32). Co-
resistance rates to aminoglycoside compounds were low with 34.4% (11 of 32) for gentamicin and 0% 
for amikacin. 
Two ESBL-producing isolates were resistant to three antibiotics and 26 of the isolates were resistant to 
more than three antibiotic classes, which lead to a number of 28 ESBL isolates that could be assigned 
as multidrug resistant (Table 1). 
Additional 25 Pseudomonadales were isolated from the ESBL screening plates but genetic analysing 
showed no positive confirmation for ESBL genes. Only one Aeromonas spp. isolate was tested positive 
for the ESBL gene blaPER-1. This isolate revealed resistance to ceftazidime and meropenem. 
3.2. MRSA 
Three MRSA isolates from three different activated sludge samples were detected. All three isolates 
harboured the mecA gen but were tested negative for PVL. Spa typing revealed one t032, with 
resistance to erythromycin, norfloxacin and gentamycin and one t067 with resistance to erythromycin, 
clindamycin and norfloxacin. The third MRSA with spa type t6613 was susceptible to all tested non 
beta-lactam antibiotics (Table 1). 
3.3. VRE 
VRE could be detected in four of eleven (36%) activated sludge samples represented by one 
Enterococcus isolate each. All four isolates were identified as Enterococcus faecium and harboured the 
vanA gene. All isolates showed highly similar resistance patterns. They were all resistant to ampicillin, 
teicoplanin, and vancomycin; three isolates showed additional resistance to 
trimethoprim/sulfamethoxazole (Table 1). 
4. Discussion 
The omnipresence of ESBL in environmental population of Enterobacteriaceae is widely demonstrated. 
The findings of this study go in full concordance with prior results. This includes also the isolated 
species (mostly E. coli) and the detected genes (CTX-M family) being dominant [8,11,29,30]. 
Other studies concerning E. coli from sewage sludge also reported tetracycline, ampicillin/clavulanic 
acid and trimethoprim/sulfamethoxazole as antibiotics with the highest non- susceptibility rate. These 
antibiotics showed the highest non-susceptibility in ESBL E. coli from Austrian sewage sludge as well 
[31,32]. Regarding co-resistance, the isolates did not show a reduced occurrence as can be observed in 
ESBL isolates from surface waters, without direct wastewater influence. Resistance to quinolones was 
very common and most of the isolates could be classified as multiresistant (resistance to three or more 
tested antibiotic classes). Environment and residence time in the WWTP seem not to favour a potential 
adaptation process in the ESBL population. The permanent entry of ARB from different sources in the 
activated sludge basin and the horizontal gene transfer are the dominant factors for the composition 
of resistant bacteria. Selection pressure due to different substances, does not seem to have enough 
time in this environment to contribute to resistance development [9,10,30,33,34,35,36,37]. Therefore, 
the isolates of this study reflect rather the situation of clinical ESBL isolates where this kind of co-
resistance and multiresistance is dominant. Interestingly the majority of the ESBL Enterobacteriaceae 
isolates remained susceptible to the tested 4th generation cephalosporin (cefepim). 
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The isolation of a PER-1 producing Aeromonas spp. is more remarkable. There are reports of PER-1 
based ESBL (also in Aeromonas) in European surface waters, nevertheless clinical isolates with this 
enzyme are reported rarely. In Austria, this is the first PER-1 producer documented so far [38,39]. 
The MRSA isolates from the sewage sludge can be linked to hospital settings. A multiresistant 
phenotype including the aminoglycoside gentamicin is a typical characteristic of hospital acquired (HA)-
MRSA. T032 is a common spa type of the ST22-MRSA-IV (Barnim epidemic MRSA strain). It is the most 
prevalent HA-MRSA in Europe and has spread in Austria since the beginning of this decade. The second 
gentamicin resistant (t067) isolate can be linked to the so called paediatric clone. The resistance 
pattern of this MRSA isolate, with the exotic spa type t6613, showed similarity with CA-MRSA, but did 
not harbour the genes for the PVL toxin [40,41]. 
In general MRSA isolates from surface water are rather rare, with only low number of analysed 
isolates. Therefore an estimation which of the three MRSA types is more dominant in water 
environment is difficult to make [15,16,42,43]. 
VRE isolates showed nearly identical features in terms of species, gene and resistance pattern. Likewise 
MRSA, VRE isolates were only investigated and isolated in few studies compared to studies with ESBL 
isolates. This is remarkable because in contrast to Staphylococci, Enterococci have a much better 
ability to survive in surface water and they are indicator bacteria for water quality assessment 
[44,45,46]. Therefore, the exclusivity of vanA isolates is more likely to be based on the low number of 
sludge isolates. Furthermore other environmental VRE isolates from Austria revealed also vanB 
[44,45,46,47,48,49]. 
However, there is much evidence that confirms the presence of diverse and plentiful ARB in fertilizer 
produced from livestock animals [50,51]. There appears to be significant variability on wastewater 
management across different industrialized countries. In high income countries sewer connectivity is 
generally high, whereas in many middle and low income countries sewer connectivity is low and 
untreated sewage is discharged mainly to surface water bodies [52,53]. 
5. Conclusions 
Wastewater treatment plants serve as a collection basin of multiresistant bacteria. In the investigated 
activated sludge samples all three screened multiresistant phenotypes were present, with ESBL 
harbouring Gram negative bacilli representing the most common ones. The study shows for the first 
time in Austria, the presence of VRE in WWTP and the first detection of a PER-1 mediated ESBL. All 
these multiresistant bacteria have the potential to spread in other ecological niches and therefore 
further monitoring and measures for reduction should be taken into consideration. 
Click here for additional data file.(214K, pdf) 
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