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Abstract 

 

Antimicrobial resistance (AMR) spreading has been a public concern as it increases the 

mortality of infection, and some biowastes (such as pig manure, food waste and 

municipal waste sludges) have been reported as hotspots of antibiotic resistance. This 

PhD research aimed at comprehensively studying the profile of antibiotic resistomes in 

the biowastes of Ireland, and assessing the removal of antibiotic resistomes during 

anaerobic co-digestion of food waste and pig manure. 

 

First, metagenomic analysis and high-throughput qPCR (HT-qPCR) were employed to 

investigate the profile of antibiotic resistance genes (ARGs), mobile genetic elements 

(MGEs) and microbial community in food waste (FW), pig manure (PM), aerobic 

activated sludge (AS) and anaerobic sludge (ANS). A total of 19 ARGs types (317 

subtypes) were detected in these samples by metagenomic sequencing, and the 

abundances of total ARGs in the samples ranged from 1.90 ×10-1 to 4.03 ¦10-1 copy of 

ARG/copy of 16S rRNA gene. HT-qPCR analysis showed that the total absolute 

abundances of ARGs in the FW, PM and ANS were approximately 2.2×107 to 1.6×1010 

copies of gene/g wet sample, respectively. Both analysis methods revealed the presence 

of carbapenem resistance genes in the FW. 

 

Following that, anaerobic digestion was operated to study the inactivation of 

carbapenemase-producing Enterobacterales (CPE), as well as the removal of ARGs, 

during mesophilic anaerobic co-digestion (AcoD) of FW and PM. The results showed that 

the elimination of CPE strains was more efficient at higher total solids (TS) contents. The 

survival time of CPE decreased from 9 days to 2 days with increasing TS contents from 5% 

to 20%. In addition, mesophilic dry AcoD with a TS content of 20% effectively reduced 

total ARGs by 1.24 logs copies/g wet sample. However, the fates of different types of 

ARGs varied during mesophilic AcoD.  

 

Finally, the removal of ARGs and MGEs during thermophilic AcoD of FW and PM was 

assessed. Metagenomic sequencing results showed that the relative abundances of ARGs 

were reduced under all TS contents. However, the digesters operated at higher TS 

contents (TS=10%, 15% and 20%) did not show a noticeable improvement in ARG 
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reduction, and there was little change in the final number of ARGs subtypes in all 

digesters. Because methane production and system stability were adversely impacted by 

high TS contents, the thermophilic dry AcoD with the current experimental setting may 

not be feasible for the treatment of FW and PM. 

 

The results indicate that anaerobic co-digestion is an effective way to treat FW and PM 

and reduce ARGs. But the optimal initial TS contents were different at 37  and 55 . 

A high initial TS content is recommended for mesophilic AcoD for a higher removal of 

ARGs and MGEs. TS content higher than 15% is not recommended for thermophilic 

AcoD, since it may result in failure. 
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1.1 Background 

 

Aiming at infection prevention and treatment, antibiotics have been widely used to 

improve human, animal and plant health since 1940s (Kim et al., 2015). The consumption 

of antibiotic drugs has been reported to be increased by 35% in 71 countries during 2000-

2010, and the consumption of veterinary antimicrobial drugs will  increase from 63,151 

(±1,560) tonnes in 2010 to 105,596 (±3,605) tonnes by 2030 globally (Van Boeckel et al., 

2015; Van Boeckel et al., 2014). Although many strategies have been implemented to 

reduce inappropriate and unnecessary antibiotic use, the consumption of antibiotic drugs 

is increasing due to the growth of the global population and the demand for livestock 

products (Van Boeckel et al., 2015). It has been reported that around 30-90% of 

antibiotics and their metabolites are excreted via urine and faeces since they can not be 

completely absorbed and metabolized by humans and animals (Christou et al., 2017; Lee 

et al., 2017). Concentrations of antibiotic residues found in human and animal wastes 

range from ng/L to mg/L (Álvarez et al., 2010). The antibiotics and their corresponding 

metabolic products can subsequently be introduced into the environment through human 

and animal wastes, contributing to the build of antimicrobial resistance among 

microorganisms (EMA/CVMP/AWP, 2017).  

 

Antimicrobial resistance (AMR) spreading is a public health concern, and it increases the 

mortality of infections. For example, wastewater treatment plants (WWTPs), farms and 

their surrounding environments are reported as hotspots of antimicrobial resistance 

(Fitzpatrick and Walsh, 2016; Sui et al., 2016). Antibiotic resistomes are also found in 

raw foods and food wastes (Chung et al., 2021; Pormohammad et al., 2019). For instance, 

carbapenemase-producing Enterobacterales (CPE) has become a major public health 

concern across the world due to the high mortality (Cahill et al., 2019; Elshafiee et al., 

2019; Mahon et al., 2017). Ben-David et al. (2012) reported that the mortality rate of 

carbapenemase-producing Klebsiella pneumoniae (K. pneumoniae) bloodstream 

infections was 48%. Clancy et al. (2013) investigated 17 transplant patients being infected 

by carbapenemase-producing K. pneumoniae and found the 30- and 90-day mortality 

rates were 18% and 47%, respectively. CPE have been found in the hospital and 

municipal WWTPs, food products, food-producing animals and their surrounding 

environments (Guerra et al., 2014; Kock et al., 2018; Randall et al., 2017). These findings 
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suggest that municipal and animal wastes, such as sewage sludge, food wastes and 

livestock wastes, are important sources of AMR which pose potential risks to human and 

animal health.  

 

Conventionally, raw animal manures are spread on agricultural land as soil amendments 

or fertilizers, and the compost or anaerobic digestate of food wastes (FW) is also applied 

on land as bio-fertilizer (Dennehy et al., 2017; Jiang et al., 2018a; Liao et al., 2019b). The 

application of bio-fertilizers on land cause the dispersal of antibiotic resistance bacteria 

(ARB) and antibiotic resistance genes (ARGs) (Christou et al., 2017; Liao et al., 2019b). 

To eliminate the potential danger of AMR to the animal and human health, effective 

methods are required to reduce ARB and ARGs from livestock wastes and municipal 

biowastes.  

 

Anaerobic digestion (AD) has been widely applied for recovering renewable energy from 

biowastes. Compared with mono-anaerobic digestion, co-digestion of animal manure with 

organic wastes (e.g. FW, crop straw and grass silage) is considered as an alternative 

process for bio-waste treatment due to the advantages over mono-digestion, such as 

optimized carbon/nitrogen (C/N) ratio, increased biomethane yield, improved system 

stability and high economic viability for digestion plants (Dennehy et al., 2018; Jiang et 

al., 2018c; Xie et al., 2017). The operation conditions of FW and pig manure (PM) co-

digestion have been assessed by Dennehy et al. (2018) and Jiang et al. (2018c) at low 

total solids (TS) content (TS <15%, namely wet digestion) and high TS content (TS Ó 

15%, namely dry digestion). Although the eliminations of enteric bacteria and ARB 

during anaerobic co-digestion have been reported (Beneragama et al., 2013b; Dennehy et 

al., 2018; Jiang et al., 2018b; Jiang et al., 2018c; Zhang et al., 2016), these studies are 

mainly focused on the influences of various operation factors (e.g. types of substrates, 

antibiotics residues and metals) on the inactivation of ARB. It is known that the initial TS 

content of the substrate has significant impacts on ammonia nitrogen (AN) and volatile 

fatty acids (VFAs) concentrations in digesters; high AN or VFAs can contribute to the 

inactivation of bacteria since they are toxic to microorganisms. In that case, it is suspected 

that the initial TS content impacts the removal of ARB and ARGs. However, the effect of 

TS contents on the inactivation of ARB and reduction of ARGs has not been assessed. 

Apart from the initial TS content, the operation temperature can also significantly impact 
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the microbial succession and the fate of ARGs and MGEs (Shin et al., 2020; Zou et al., 

2020b). Although many researchers have investigated the fate of ARGs in thermophilic 

AD, most of them only targeted several specific genes. However, the fate of several 

ARGs sometimes could not represent the overall picture of ARGs in the system. 

Therefore, metagenomic analysis and high-throughput quantitative polymerase chain 

reaction (HT-qPCR), which can target hundreds of ARGs at a time, are employed in the 

following studies to assess the efficiency of AD at different conditions in reducing ARGs. 

 

1.2 Objectives 

 

The overall aim of this Ph.D. research is to investigate the capacity of anaerobic co-

digestion (AcoD) on the removal of ARB and ARGs. In this study, AcoD of FW and PM 

was conducted at different initial TS contents and different temperatures, and 

metagenomic analysis and HT-qPCR techniques were employed to investigate:  

 

(1) the diversity and abundance of antibiotic resistance genes and mobile genetic 

elements in typical biowastes. 

 

(2) the effect of initial TS content on the inactivation of carbapenemase-producing 

Enterobacterales during anaerobic co-digestion of food waste and pig manure. 

 

(3) the effect of initial TS content on reducing antibiotic resistance genes and mobile 

genetic elements from biowastes during anaerobic co-digestion. 

 

(4) the effect of initial TS content on the reduction of pathogenic bacteria and 

antibiotic resistome in thermophilic anaerobic co-digestion of food waste and pig 

manure. 
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1.3 Procedures 

 

This Ph.D. research consisted of four lab-scale experiments (Figure 1-1). 

 

Figure 1-1. Flow chart of the research 

 

First, four typical biowastes (food waste, pig manure, aerobic activated sludge, and 

anaerobic sludge) were collected from the canteen, pig farm and a local wastewater 

treatment plant. Metagenomic sequencing and HT-qPCR techniques were employed to 

examine the profile of antibiotic resistance genes and microbial community structures in 

the samples. Through this, the four biowastes were confirmed as the sources of ARGs. In 

particular, the diversity and abundance of carbapenemase-encoding genes were 

determined. 

 

Then, a lab-scale batch experiment was conducted at a mesophilic temperature (37 ) to 

investigate the performance of AcoD on the inactivation of CPE, in addition with the 

effect of initial TS content on the inactivation efficiency. The fate of ARGs and MGEs 

under different conditions was also revealed by HT-qPCR. A lab-scale batch experiment 

was conducted to investigate the performance of thermophilic AcoD in the reduction of 

ARGs and MGEs at different initial TS contents. The details of experiment design, 
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operation and results are described in the individual chapters. 

 

1.4 Structure of thesis 

 

This dissertation comprises 7 chapters: 

 

Chapter 1 is the introduction. The research background, objectives and procedures are 

presented. 

 

Chapter 2 reviews the current state of antimicrobial resistance and the fates of antibiotic 

resistomes in anaerobic digestion systems. 

 

Chapter 3 reveals the diversity and abundance of antibiotic resistance genes in typical 

biowastes by employing metagenomic analysis and high-throughput qPCR. 

 

Chapter 4 studies the inactivation of CPE during anaerobic co-digestion at different initial 

TS content. 

 

Chapter 5 compares the performance of wet and dry mesophilic anaerobic co-digestion on 

the reduction of ARGs and MGEs. 

 

Chapter 6 studies the system performance of thermophilic anaerobic co-digestion at 

different initial TS contents on the fate of enteric bacteria and antibiotic resistomes. 

 

Chapter 7 presents the conclusions drawn from all the studies described in Chapters 3-6, 

and recommendations are provided for further research.  

 

1.5 Publications 

Chapter 4: Shun Wang, Shun, Louise O'Connor, Zhongzhong Wang, Yan Jiang, 

Dearbhaile Morris, Niamh Cahill, Zhenhu Hu, and Xinmin Zhan. Inactivation of 

carbapenemase-producing Enterobacterales during anaerobic co-digestion of food waste 

and pig manure. Bioresource Technology Reports, 11 (2020): 100455. 
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Chapter 5: Shun Wang, Yuansheng Hu, Zhenhu Hu, Weixiang Wu, Zhongzhong Wang, 

Yan Jiang, and Xinmin Zhan. Improved reduction of antibiotic resistance genes and 

mobile genetic elements from biowastes in dry anaerobic co-digestion. Waste 

Management, 126 (2021): 152-162. 
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2.1 Introduction  

 

Antibiotics have been widely used for many decades, and antibiotic residues and 

antibiotic resistome have been detected in various environments. For instance, a high 

abundance of ARB and ARGs are detected in WWTPs and their surrounding 

environments, especially in the WWTPs receiving hospital wastewater (Cahill et al., 2019; 

Calero-Caceres et al., 2014; Mahon et al., 2017; Su et al., 2017a). Many studies have 

reported that livestock waste (especially animal manure) and manure amended soil are 

important hotspots of AMR (Qian et al., 2017; Wang et al., 2017a; Zhu et al., 2013). 

Recent research also reported ARB and ARGs found in raw fruits, vegetables and meat 

products (Randall et al., 2017; Sapkota et al., 2019; Xiong et al., 2019). Antibiotic 

resistance could shift among different taxa species via horizontal gene transfer (HGT) 

(Liao et al., 2019a). Hence, it is possible that some pathogens could obtain ARGs from 

environmental organisms, resulting in an increased risk to public health. 

 

This chapter briefly introduces the application of antibiotics and antibiotic residues in 

municipal and livestock wastes. It presents the profile of AMR in several typical 

environments and the problems caused by AMR. Finally, a review on the reduction of 

AMR during anaerobic digestion progresses is carried out. 

 

2.2 Antibiotics consumption and antibiotic resistance 

2.2.1 Global antibiotics consumption 

 

Antibiotics have been widely used since the 1940s when penicillin was first introduced 

for treating infections; some antibiotics are also used in animal farming for disease 

prevention and growth promotion. According to reports, the global economic value of the 

antibiotic market is estimated to be 40-45 billion dollars, accounting for about 4.5% of the 

total value of the pharmaceutical market (Elliott et al., 2017). The total global 

consumption of antibiotics increased from 21.1 billion defined daily doses (DDDs) in 

2000 to 34.8 billion DDDs in 2015, and it is estimated to increase to 128 billion DDDs in 

2030 if no policy changes to reduce the use of antibiotics (Klein et al., 2018). 
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Due to the growth of demand for animal food production, regular use of antibiotics is 

inevitable. In some countries, such as the United States (US) and China, nearly half of the 

total antibiotics are used in agriculture, especially for livestock animals (Couch et al., 

2019). They are added into the feeds at a high concentration for a short time (5-10 days) 

to prevent the outbreak of infectious diseases (Barton, 2014). It was reported that the 

consumption of antibiotic drugs in 71 countries increased by 35% between 2000 and 2010, 

and the global consumption of veterinary antibiotics in food animal production could 

increase by 67% from 63,151 (±1,560) tonnes in 2010 to 105,596 (±3,605) tonnes in 2030 

(Van Boeckel et al., 2015; Van Boeckel et al., 2014). Among all countries, China, the US, 

Brazil, Germany, and India are the top consumers of veterinary antibiotics, contributing 

to about 51% of global veterinary antibiotics consumption in 2010. Furthermore, the 

usage of veterinary antimicrobial drugs is projected to be doubled in Brazil, Russia, India, 

China, and South Africa from 2010 to 2030 (Van Boeckel et al., 2015). In the US, the 

consumption of antibiotics used in food-producing animals from 2014 to 2016 ranged 

from 14,026 to 15,578 tonnes (FDA, 2021); and the antibiotics consumed by livestock 

counted for about 70-80 % of all antibiotics sold (based on volume) across the nation 

(Elliott et al., 2017). Although sales and distribution of antibiotics for food animals 

decreased by 10% from 2015 through 2016, they increased by 9% from 2009 through 

2016 (FDA, 2017). In China, the annual production of antibiotics is 210,000 tons, and 90% 

are consumed by agriculture (48%) and medicine (42%) (Zhou et al., 2011). The average 

dose of antimicrobials used in livestock increased dramatically between 2001 and 2007, 

from 50 to 703 mg/kg biomass (Hu and Cheng, 2016).  

 

As for antibiotics used in the European Union (EU)/European Economic Area (EEA), the 

annual sales of antibiotics in the ESVAC (European Surveillance of Veterinary 

Antimicrobial Consumption) participating countries from 2010 to 2020 are shown in 

Figure 2-1. In addition, the sales trends of veterinary antibiotics in the countries from 

2010 to 2020 were presented by milligrams active ingredient sold per population 

correction unit (mg/PCU) in Table 2-1 (EMA/ESVAC, 2021). It needs to be emphasized 

that the participating countries included in the ESVAC reports are different in some years, 

and some data of the countries were not reported in some specific years. Compared with 

the US, antibiotics for growth promotion are prohibited in ESVAC's participating 

countries. According to ESVAC reports, antibiotics sales for food-producing animals in 

the EU/EEA countries had the highest amount in 2015, about 8,941 tonnes. Compared to 
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other ESVAC participating countries, Spain, Italy, Germany, France, and Poland had 

higher annual sales of veterinary antibiotics in the past 10 years. In particular, Spain used 

the most antibiotics and increased rapidly, from 2,203 tonnes in 2013 to 3,030 tonnes in 

2015. In addition, the data shows that Cyprus, Italy and Spain ranked at the top of 

veterinary antibiotic dosage (mg/PCU) (Table 2-1). As for Ireland, the consumption of 

antibiotics fluctuated in a small range, which was about 88.3-103.9 tonnes between 2013 

and 2020 (HPRA, 2020).  

 

Figure 2-1 Sales of veterinary antimicrobial agents in 31 European countries from 2010 to 

2020 (in tonnes) (EMA/ESVAC, 2021).  

 

The consumption of veterinary antibiotics cannot be accurately calculated as data are 

limited. Van Boeckel et al. (2015) suggested that the primary users of antibiotics in 

livestock would be the US and European countries; meanwhile, the consumption of 

veterinary antibiotics in developing countries is growing rapidly. Among all livestock 
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animals, pigs are reported to have the highest antibiotic usage (based on per unit of 

animal mass), followed by chicken and cattle (Elliott et al., 2017).  

 

Table 2-1 Annual sales of veterinary antibiotics for food-producing animals in European 

Surveillance of Veterinary Antimicrobial Consumption participating countries from 2010 

to 2020 (in mg per population correction unit, mg/PCU) 

Country 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Austria 62.9 54.4 54.8 57.2 56.3 50.7 46.1 46.7 50.2 42.6 46.3 

Belgium 179.9 175.1 162.9 156.4 158.1 149.9 139.9 131.1 113 101.9 103.4 

Bulgaria  92.6 98.9 116.1 82.9 121.8 155.2 129.8 119.6 112.7 166 

Croatia     103.5 90.5 83.6 68 70.8 62.8 68.6 

Cyprus  407.5 396.4 425.7 391.3 434.1 453.3 423 466.5 399.7 393.9 

Czechia 94.3 83 79.8 82.2 79.8 68 61.2 63.5 57 53.8 56.3 

Denmark 47.1 42.1 43.7 44.5 43.8 41.8 40.4 38.9 37.8 37.1 37.2 

Estonia 70.8 70.5 62.7 70.1 76.8 64.9 63.7 56.3 52.9 53.5 49.2 

Finland 22 21.3 21.3 21.8 21.8 19.9 18.1 18.9 18.2 19.1 16.2 

France 133.6 114.3 101.1 93.9 105.8 69.4 71.2 68 64.2 58.3 56.6 

Germany  211.5 204.8 179.7 149.3 98.2 89.2 89.1 88.4 78.6 83.8 

Greece      57.4 63.6 94.2 91.2 83.2 89.1 

Hungary 269.9 192.5 245.7 230.6 193 211.4 187 190.9 180.5 189.7 169.9 

Iceland 6.8 6 5.4 4.9 4.8 4.7 4.5 4.4 4.8 3.5 3.8 

Ireland 51.4 46.4 54.8 55.7 47.5 50.8 52 46.5 45.9 40.8 47 

Italy 421.1 371 340.9 301.5 332.3 321.9 294.7 273.7 244 191.1 181.8 

Latvia 39.4 36.7 41.5 37.6 36.6 37.6 29.9 33.2 35.9 41.1 30.8 

Lithuania 48.2 41.1 39.1 29 35.5 35 37.4 34.2 32.7 20.8 20.5 

Luxembourg   43.2 52.1 40.6 34.5 35.4 35.1 33.6 29 29 

Malta        129.3 153.4 110.3 116.1 

Netherlands 146 113.7 74.8 69.9 68.4 64.4 52.7 56.2 57.4 48.2 50.2 

Norway 3.9 3.5 3.7 3.5 3 2.8 2.8 3 2.9 2.3 2.3 

Poland  126.3 134.1 150.3 139.5 137.9 128.4 163.9 168.3 185.2 187.9 

Portugal 178 161.8 157.2 187.2 201.7 170.3 208 134.2 186.6 146.6 175.8 

Romania     109 100.5 85.2 90.1 82.7 53.9 57.8 

Slovakia  43.6 43.3 59.2 65.6 50.8 50.3 61.8 49.2 42.3 51.9 

Slovenia 46.8 46 36.9 22.3 33.3 26.3 30.3 36.6 43.2 44.9 33.3 

Spain 259.5 335.8 302.3 317 418.8 402 362.4 230.3 219 126.7 154.3 

Sweden 14.7 13.1 13 12.2 11.1 11.4 11.7 11.3 12.1 11.1 11.1 

Switzerland     56.8 50.6 46.6 40.1 40.2 35.7 34.3 

United Kingdom 67.8 51 66.2 62.5 62.3 56.5 39 32.1 29 30.5 30.1 
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Although antibiotics are usually divided into human and veterinary medicine according to 

their purposes, some antibiotics used by livestock animals are closely related to the drugs 

used by humans. So, veterinary drugs can be classified as medically important (MI) and 

not medically important (NMI) based on their effects on bacteria related to human health 

concerns (FDA, 2021; FDA, 2003); the information about drugs is shown in Table 2-2. In 

2016, about 60% of veterinary antibiotics used in the US were ñmedically importantò that 

are also used for treating human diseases (FDA, 2015; FDA, 2016; FDA, 2017), and 

some ñcritically importantò antibiotics were also used in agriculture, including third-

generation cephalosporins, fluoroquinolones, and macrolides. These three classes of 

antibiotics occupied about 5% of the total antibiotic sales of that year (FDA, 2017). Most 

antibiotics commonly marketed in the EU/EEA region for use by livestock are penicillins, 

amphenicols, tetracyclines, fluoroquinolones, aminoglycosides, macrolides, lincosamides, 

sulfonamides, cephalosporins, and other classes, and these classes are much the same as 

those used in other countries worldwide (EMA/ESVAC, 2021). Tetracyclines, penicillins, 

sulfonamides, and macrolides are the dominant classes of antibiotics used in EU/EEA 

region (Figure 2-2). 

 

Tetracyclines (including chlortetracycline, oxytetracycline, doxycycline, and tetracycline) 

are often used for the treatment of human diseases, as well as in farm animals (Chajecka-

Wierzchowska et al., 2016). In Nigeria, tetracycline is frequently used since its capsules 

are easy to obtain from stores (Vitali et al., 2014). In the US, chlortetracycline and tylosin 

were the dominant ones, and their annual usages were 533,973 kg and 165,803 kg, 

respectively (Apley et al., 2012). More recently, it has been reported that tetracyclines 

(including chlortetracycline, oxytetracycline, and tetracycline), ionophores (including 

laidlomycin, lasalocid, monensin, narasin, and salinomycin) and penicillins (including 

amoxicillin, ampicillin, cloxacillin and penicillin) were the main consumed antibiotics in 

the US in 2016, accounting for 42%, 33% and 6% of the total consumption, respectively 

(FDA, 2017). In Canada, the most frequently applied veterinary antibiotics are penicillin, 

tetracyclines, and ceftiofur (Glass-Kaastra et al., 2013), and oxytetracycline, florfenicol, 

sulfadimethoxine/ormetoprim, and sulfadiazine/trimethoprim are permitted for treating 

fish infections (Trudel et al., 2016). In Ireland, tetracyclines (39.5-42.3%), penicillins 

(22.2-26.6%), sulphonamides and trimethoprim (11.0-17.0%), macrolides and 

lincosamides (6.6-7.4%) are the most commonly used in the past several years, and the 
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proportion of antibiotics used in Ireland was essentially the same as that in the European 

countries (HPRA, 2020).  

 

Figure 2-2 Changes of veterinary antibiotic sales in 30 EU/EEA countries from 2015 to 

2020 in mg/PCU (the results excluded Malta as it joined the ESVAC in 2017) 
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Table 2-2 Classification of veterinary drugs based on the medical importance 

Drugs Classification Antimicrobial drug sub -classes 

1st Gen Cephalosporins MI a Cefazolin, Cafadroxil, Cephalexin, Cephradine, Cephapirin 

2nd Gen Cephalosporins MI  Cefaclor, Cefaclor-CD, Cefamandole, Cefonacid, Cefprozil, Cefuroxime, Lorcacarbef 

3rd Gen Cephalosporins CMI b Cefdinir, Cefixime, Cefoperazone, Cefotaxime, Cefpodoxime, Ceftazidime, Ceftibuten, 

Ceftizoxme, Ceftriaxone, Ceftiofur 

4th Gen Cephalosporins HMI c Cefepime 

Aminocoumarins NMI d Novobiocin 

Aminoglycosides  HMI Amikacin, Gentamicin, Tobramycin, Kanamycin, Streptomycin, Neomycin, Netilmicin, 

Spectinomycin, Dihydrostreptomycin 

Aminopenicillins  MI  Amoxicillin, Ampicillin, Ampicillin/Sulbacta 

Amphenicols MI  Florfenicol 

Antipseudomonal Pens  MI  Mezlocillin, Pipercillin, Pipercillin/tazo, Ticarcillin, Ticarcillin/Clav, Carbenicillin 

Carbapenems  MI  Imipenem, Meropenem, Ertapenem 

Cephamycins  MI  Cefotetan, Cefoxitin 

Chloramphenicol  HMI Chloramphenicol 

Clindamycin  HMI Clindamycin 

Diaminopyrimidines MI  Ormetoprim 

Flouroquinolones  MI  Norfloxacin, Ciprofloxacin, Ofloxacin, Enoxacin, Levofloxacin, Lomefloxacin, 

Sparfloxacin, Grepafloxacin, Gatifloxacin, Moxifloxacin, Danofloxacin, Enrofloxacin 

Glycolipids NMI Bambermycins 

Glycopeptides  HMI Vancomycin 

Ionophores NMI Laidlomycin, Lasalocid, Monensin, Narasin, Salinomycin 

Isoniazid  HMI Isoniazid 

Lincosamides MI  Lincomycin, Pirlimycin 

Macrolides  CMI Erythromycin, Azithromycin, Clarithromycin, Gamithromycin, Tildipirosin, Tilmicosin, 

Tulathromycin, Tylosin, Tylvalosin 

Metronidazole  HMI Metronidazole 

Monobactams  MI  Aztreonam 
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Drugs Classification Antimicrobial drug sub -classes 

Orthosomycins NMI Avilamycin 

Other quinolones NMI Otherquinolones 

Oxazolidones  HMI Linezolid 

Penase Resistant Pens  MI  Cloxacillin, Dicloxacillin, Nafcillin, Oxacillin 

Penicillins  MI  Benzathinepen G, Penicillin G, Penicillin V, Amoxicillin, Ampicillin, Cloxacillin, 

Penicillin 

Pleuromutilins NMI Tiamulin 

Polymyxin B  HMI Polymyxin B 

Polypeptides NMI Bacitracin 

Pyrazinamide  HMI Pyrazinamide 

Quinolones  MI  Nalidixic Acid, Cinoxacin, Oxolinic Acid, Pipemidic Acid 

Quinoxalines NMI Carbadox 

Rifamycins  HMI Rifampin, Rifabutin 

Streptogramins  HMI Dalfopristin/quinupristin, Virginiamycin 

Sulfonamides MI  Sulfadimethoxine, Sulfamethazine, Sulfaquinoxaline 

Tetracyclines  HMI Tetracycline, Chlorteracycline, Demeclocycline, Doxycycline, Minocycline, 

Oxytetracycline 

Trimeth/Sulfameth  CMI Trimeth/Sulfameth 

a MI: Medically important 

b CMI: Critically medically important 

c HMI: Highly medically important 

d NMI: not medically important 
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As shown in Table 2-2, some antibiotics applied in food-producing animals have clinical 

importance to human health. For example, cephalexin can inhibit gram-positive and 

gram-negative bacterial pathogens, and it is the first-line antibiotic for treating human 

diseases (Yang et al., 2014). Gentamicin and streptomycin are used to treat serious 

enterococcal infections, while erythromycin (which belongs to the macrolide class) is 

usually used to treat infected patients who are allergic to penicillins (Chajecka-

Wierzchowska et al., 2016). Fluoroquinolones (FQs) could be one of the alternative 

options for treating specific human diseases, and they were also reported to be used in 

some poultry farms in France to control avian colibacillosis or mycoplasma infection 

(Pourcher et al., 2014). Colistin is the last line antibiotic for some human infections, 

though it has severe side effects on the patients, and it was widely added to livestock 

feeds in many countries, including China (Elliott et al., 2017). Carbapenems belong to 

beta-lactam antibiotics, and they have broad antimicrobial effects on gram-positive and 

gram-negative bacteria by inhibiting their cell wall synthesis (Hrenovic et al., 2017). Thus, 

they are usually used for treating severe infections caused by multidrug-resistant 

organisms. 

 

It was reported that a high percentage (17-90%) of antibiotics is excreted via urine and 

faeces as they cannot be absorbed by human and animal bodies completely (Beneragama 

et al., 2013a; Christou et al., 2017; Lee et al., 2017). As high amounts of antibiotics are 

used worldwide, antibiotics and relevant metabolites can remain in human and animal 

wastes and then enter different environments (EMA/ESVAC, 2017). Chen et al. (2017b) 

reported that in about 180,000 tons of raw antibiotic materials consumed each year, as 

much as 70% are released to the environment directly or indirectly. Zhang et al. (2015a) 

estimated that the total amount of antibiotics released to the water bodies in China during 

2013 was about 53,800 tons.  

 

The concentrations of antibiotics were around 0.9-44 ug/L, 3.3-636 ng/L and 0.02-15 

ug/kg in wastewater, river water, and dry soil, respectively (Wei et al., 2011). Besides, it 

was reported that the concentrations of tetracycline in municipal sewage was about 89.4-

652.6 ng/L, and it was much higher in livestock wastewater, up to 4.1-32.67 µg/L (Huang 

et al., 2014). Cephalexin can persist in the aquatic environment for a long time; thus, it is 

frequently detected in sewage influents with high concentrations. For example, the 

concentrations of cephalexin in the range of 2.0-4.6 ug/L were found in Australia 
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(Costanzo et al., 2005; Watkinson et al., 2007). The detection of tetracyclines in the 

freshwater environment has been reported globally, while the detection of penicillin is 

infrequently reported (Kim et al., 2015). The antibiotics introduced into the ecological 

environment by human activities are likely to increase the prevalence of AMR. 

 

2.2.2 Brief introduction  of antibiotic resistance 

 

Antibiotic resistance has been considered a growing threat to health, and the micro-

organisms (especially pathogens) that have antibiotic resistance can reduce the treatment 

effect, causing severe consequences (such as death). There are three ways 

microorganisms can obtain antibiotic resistance: intrinsic, acquired through spontaneous 

mutations, and HGT from donors (bacteria, phages, and free DNA) (Dodd, 2012; Sharma 

et al., 2016). HGT is considered the primary mechanism for bacteria acquiring resistance. 

Through HGT, mobile genetic elements (MGEs, including plasmids, transposons, 

integrons, bacteriophages, etc.) and free DNA with ARGs can transfer among microbes 

and contribute to the dissemination of antibiotic resistance.  

 

Generally, most antibiotic resistance can be divided into several mechanisms, which have 

been reviewed previously (Blair et al., 2014; Munita and Arias, 2016). The first common 

mechanism is antibiotic efflux pumps. Resistant bacteria produce specific transport 

proteins that can pump antibiotics, heavy metals, or other small molecules out of the cells 

before they reach their intracellular targets or disrupt cell membranes (Steinbuch and 

Fridman, 2016). Steinbuch and Fridman (2016) reported that both adenosine triphosphate 

(ATP) binding cassette transporter (ABC transporter) and resistance-nodulation-cell 

division (RND) transporters are efflux pumps, and ABC transporters are regarded as the 

main efflux pump as they can transfer a wide range of substrates across membranes, 

especially antimicrobial drugs. RND transporters are common in Gram-negative bacteria 

and play roles in bacterial virulence, quorum sensing, interactions between plants and 

bacterial, detoxification of toxic compounds, and the development of multidrug resistance 

(Perrin et al., 2017; Puzari and Chetia, 2017). About 60% of tetracyclines (tet) resistance 

genes (such as tetA, tetB, tetC, tetG, tetH, tetJ, tetK, tetL, etc) belong to the efflux pumps 

mechanism, as well as many multidrug resistance genes. There are 34 efflux pump genes 

identified in Enterococcus faecalis spp.(Molale and Bezuidenhout, 2016). 
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The second resistance mechanism is ribosomal protection protein (RPP), including 

antibiotic target protection, target alteration, and target replacement. Resistance genes 

such as tetQ, tetM, tetO, tetW, and ermB can encode resistance by target modification of 

RPP (Gao et al., 2017). Protection proteins reduce the affinity of ribosomes to antibiotics 

or promote ribosomes to release bound antibiotics, increasing antibiotic resistance (Thung 

et al., 2016). Most reports suggest that the number of efflux pump genes is more than 

RPP genes (Zhang et al., 2013), while it was found to be the dominant in some other 

studies (Aydin et al., 2015; Cheng et al., 2016; Lee et al., 2017; Wang et al., 2016a).  

 

Enzymatic modification (or antibiotic inactivation) is the third resistance mechanism; 

genes belonging to this mechanism can inactivate antibiotics by producing hydrolytic or 

modified enzymes. However, few genes have been, and they are usually in low relative 

abundance as they may be limited in a few genera (Cheng et al., 2013).  

 

Nowadays, the improper application of antibiotics and their residues in the environment 

can accelerate the spreading of antibiotic resistance, which has become a concern due to 

the increased mortality of infections (World Health Organization, 2014). In particular, 

some ARGs can be carried by MGEs and then transferred into pathogens via HGT, 

resulting in limited antibiotic therapy options and efficiency (Zhang et al., 2017d). For 

example, vancomycin-resistant enterococci (VRE) is an emergency issue and causes 

worldwide concerns. In addition, many microorganisms have been reported to be the 

hosts of ARGs and show resistance to more than one class of antibiotics. For example, 

some tetracycline-resistant bacteria also show resistance to gentamicin or vancomycin, 

and many aminoglycosides resistant isolates are also resistant to streptomycin (Chajecka-

Wierzchowska et al., 2016; Choi and Woo, 2015).  

 

2.2.3 Global issues caused by antibiotic resistance 

 

Nowadays, AMR is reported to increase the mortality of infection. Antibiotic resistance 

causes fewer therapeutic options due to the slow development of new antibiotics (Hu et 

al., 2017). Antibiotic-resistant zoonotic pathogens can be transferred into human fields 

via various pathways, including natural environments and animal products. Having 

antibiotic-resistant pathogens contaminate food materials can result in the outbreak of 
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food-borne diseases, especially for patients in hospitals who are weak and more likely to 

be infected by antibiotic-resistant strains.  

 

In recent years, the health threat of antibiotic resistance has been a broad public concern. 

For instance, methicillin-resistant Staphylococcus aureus (MRSA) is widely isolated from 

the hospital environment in the US, and the number of annual infections caused by 

MRSA strains is about 100,000, among which 20% of the infections were lethal 

(Dehkordi et al., 2017). Carbapenemase-producing Enterobacterals, resistant to 

carbapenems as well as many other antibiotics, are detected globally and become major 

public health concerns (Elshafiee et al., 2019; Hrenovic et al., 2017; Mahon et al., 2017). 

Carbapenems are among the last resort antibiotics available for treating infections 

associated with extended-spectrum beta-lactamase-producing organisms in humans 

(Guerra et al., 2014; Roschanski et al., 2017). Carbapenemase-producing Enterobacterals 

(CPE) infections are highly associated with increased morbidity and mortality due to 

limited therapeutic options (Jean et al., 2015). Ben-David et al. (2012) reported that the 

mortality rate of carbapenemase-producing Klebsiella pneumoniae (K. pneumoniae) 

bloodstream infections was 48%. Clancy et al. (2013) investigated 17 transplant patients 

infected by carbapenemase-producing K. pneumoniae and found the 30- and 90-day 

mortality rates were 18% and 47%, respectively. Generally, CPE are mainly found in 

hospital effluent (Haller et al., 2018; Hrenovic et al., 2017). However, carbapenemase-

encoding genes and other resistance genes are often mediated by MGEs, and they can be 

transferred into other bacteria and contribute to the spreading of antibiotic resistance 

(Gomi et al., 2018; Hu et al., 2012). In that case, the detection of carbapenem-resistant 

bacteria, such as Klebsiella pneumoniae, Citrobacter freundii, Pseudomonas spp., and 

Acinetobacter spp., has increased dramatically in recent years (Cahill et al., 2019; Guerra 

et al., 2014). CPE have been detected in WWTPs water, food-producing animals (pigs, 

poultry, and cattle), and their surroundings (Guerra et al., 2014; Roschanski et al., 2017). 

 

The recent World Health Organization (WHO) survey reported that all-cause mortality is 

significantly increased because of the infections caused by Klebsiella pneumoniae (K. 

pneumoniae), Escherichia coli (E. coli), and other antibiotic-resistant organisms (ARO) 

resistant to third-generation cephalosporin, carbapenem, or fluoroquinolone (World 

Health Organization, 2014). According to the report, the number of deaths caused by 

antimicrobial resistance is estimated at 700,000 each year, and it will increase to 10 
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million in 2050 if no actions are taken (Jim, 2016). In addition, the treatment cost of 

antibiotic-resistant infections is about 4-5 billion dollars each year, and the cumulative 

loss of the global economy is up to 100 trillion dollars (Elliott et al., 2017; McGowan Jr, 

2001). Therefore, strategies are urgently needed to mitigate the dissemination of AMR.  

 

2.2.4 Strategies and policies for controlling antibiotic resistance 

 

To mitigate the development and spread of AMR, several antibiotics that were mainly 

used as growth promoters have been banned in some countries. The positive effects of 

reducing antibiotic application have been confirmed in various studies. Dutil et al. (2010) 

investigated the effects of stopping the use of cephalosporin on the prevalence of 

cephalosporin-resistant Salmonella in chicken products purchased from the supermarket, 

and they found its proportion declined from 60% to 10% within one year. Their results 

also indicated that antibiotic-resistant bacteria isolated from human subjects dramatically 

decreased, from 40% to rarely detected over two years. A decrease in resistance level has 

also been found in the EU due to the ban of agricultural antibiotics (Aarestrup et al., 

2001). 

 

To meet the challenge of antimicrobial resistance, the World Health Assembly allocated 

an action plan in 2015 (World Health Organization, 2015). In fact, many countries are 

taking actions to reduce the consumption of antibiotics and slow down the spread of 

AMR before that action plan. According to the survey published by Rushton et al. (2014), 

among 152 surveyed countries, the application of antimicrobial drugs for growth 

promotion has been banned in 51% of those countries, while 19% of those countries have 

partially banned it. For example, the US has prohibited the application of medically 

important antibiotics for animal growth promotion (PCAST, 2015). The EU banned the 

use of antimicrobials for growth promotion in 2006 and banned the use of antimicrobials 

for preventive purposes in livestock animals in 2008 (European Commission, 2008). In 

June 2017, the European Commission built the EU One Health Action Plan to tackle the 

AMR, based on the EU Action plan released in 2011 (Cahill et al., 2019). In the same 

year, Ireland finished its first National Action Plan on AMR 2017-2020 (iNAP), and the 

next iteration of iNAP on AMR (2021-2025) was launched later in 2021 (Government of 

Ireland, 2021; More, 2020). In this national action plan, policies and actions are taken to 

prevent, monitor, and combat the spread of AMR among different sectors (such as health 
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and agriculture). As a result, the consumption of veterinary drugs in EU/EEA countries 

and the US dropped rapidly, and their tendencies are shown in Figure 2-1 and Table 2-3. 

In some high-income countries, due to the development of farming technology, the 

benefit of antimicrobial drug application for growth promotion is falling (Elliott et al., 

2017). However, the ban of antimicrobials for such uses has a higher impact on animal 

farming in low-income and middle-income countries when compared to that in high-

income countries. So, the misuse and overuse of antibiotics continue in some countries 

(Van Boeckel et al., 2015). In addition to controlling the use of antimicrobial drugs, the 

WHO recommended that the hospitals have individual pre-treatment facilities to treat 

hospital wastewater before releasing it into the downstream wastewater treatment systems 

(World Health Organization, 2014). Thus, pathogens and harmful materials (including 

antibiotics) can be eliminated to prevent their dissemination. 
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Table 2-3 Antimicrobial drugs approved for use in food-producing anumals in the US from 2011-2020 

 Drug Class 

2011 

Annual 

Totals 

(kg)2 

2012 

Annual 

Totals 

(kg)2 

2013 

Annual 

Totals 

(kg)2 

2014 

Annual 

Totals 

(kg)2 

2015 

Annual 

Totals 

(kg)2 

2016 

Annual 

Totals 

(kg)2 

2017 

Annual 

Totals 

(kg)2 

2018 

Annual 

Totals 

(kg)2 

2019 

Annual 

Totals 

(kg)2 

2020 

Annual 

Totals 

(kg)2 

% 

Change 

2011-

2020 

% 

Change 

2019-

2020 

Medically 

Important 

Aminoglycosides1 214,895 277,854 267,734 304,160 344,120 319,009 259,184 289,455 307,988 322,734 50% 5% 

Cephalosporins1 26,611 27,654 28,337 31,722 32,254 31,010 29,369 31,448 29,830 26,262 -1% -12% 

Fluoroquinolones *  *  15,099 17,220 20,063 18,502 22,904 23,350 24,556 24,176 **  -2% 

Lincosamides1 190,101 218,140 236,450 233,681 182,543 142,458 152,497 125,514 134,962 147,026 -23% 9% 

Macrolides1 582,836 616,274 563,251 621,769 627,757 554,714 468,794 473,038 488,082 433,394 -26% -11% 

Penicillins1 885,304 965,196 828,721 885,975 936,669 842,863 690,889 731,863 716,525 762,888 -14% 6% 

Sulfonamides1 383,105 493,514 383,469 452,224 380,186 369,826 274,112 278,562 304,327 282,572 -26% -7% 

Tetracyclines1 5,652,855 5,954,361 6,514,779 6,604,199 6,881,530 5,861,188 3,535,701 3,974,179 4,117,031 3,948,745 -30% -4% 

NIR3 319,991 344,428 355,452 328,389 297,822 216,771 125,761 104,888 65,958 54,258 -83% -18% 

Subtotal 8,255,697 8,897,420 9,193,293 9,479,339 9,702,943 8,356,340 5,559,212 6,032,298 6,189,260 6,002,056 -27% -3% 

Not 

Medically 

Important 

Ionophores 4,122,397 4,573,795 4,434,657 4,718,650 4,740,615 4,651,491 4,394,850 4,562,260 4,270,122 3,619,265 -12% -15% 

Pleuromutilins *  *  *  *  *  *  *  *  *  161,723 **  **  

NIR 1,190,943 1,151,532 1,157,095 1,163,571 1,134,382 1,018,305 979,306 968,524 1,008,976 666,432 -44% -34% 

Subtotal 5,313,340 5,725,327 5,591,752 5,882,221 5,874,997 5,669,796 5,374,156 5,530,784 5,279,098 4,447,420 -16% -16% 

 Grand total 13,569,037 14,622,747 14,785,045 15,361,560 15,577,940 14,026,136 10,933,367 11,563,081 11,468,357 10,449,476 -23% -9% 

Reference: 2020 Summary Report on Antimicrobials Sold or Distributed for Use in Food-Producing Animals (FDA, 2021) 
* Not reported because there were fewer than three distinct sponsors actively marketing products domestically in 2011 and 2012. 
** There were fewer than three distinct sponsors actively marketing products domestically in 2011 and 2012. Therefore, percentage change 

cannot be calculated. 
1 Including antimicrobial drug used in both food-producing animals and nonfood-producing animals. 
2 kg: kilogram of active ingredient. 
3 NIR: Note independently reported. 
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2.3 Antibiotic resistomes in biowastes 

 

It is known that some natural organisms can produce antibiotics to compete with other 

microbes, so antibiotic resistance is present in the natural microbial community; some 

bacteria that do not possess antibiotic resistance genes can also show resistance to 

antibiotics by forming a biofilm (Guo et al., 2017). However, the anthropogenic influence 

(such as antibiotics application) significantly accelerates AMR evolution and 

dissemination (Kim et al., 2015). 

 

As antibiotics are used in families, hospitals, and farms, antibiotic resistomes (the term 

resistome usually means the total antibiotic resistance genes and their precursors in the 

environment) have been found in raw food and food wastes (Cahill et al., 2019; Randall 

et al., 2017), municipal sewage (Su et al., 2017a), water environments, and livestock 

wastes (Xiong et al., 2019); among which, livestock wastes (especially pig manure) and 

the manure amended soils have been claimed as important hotspots of antibiotic 

resistomes (Qian et al., 2017; Zhu et al., 2013).  

 

Apart from the culture method for antibiotic-resistant organism detection, molecular 

methods have been developed to detect ARGs diversity and abundance, including 

qualitative polymerase chain reaction (PCR), quantitative PCR (qPCR), HT-qPCR, and 

metagenomic sequencing. Ma et al. (2014) constructed a sub-database to explore the 

diversity and abundance of ARGs, and a total of 33 sub-database folders were built 

according to the ARGs types. About 588 subtypes of ARGs were contained in the 

database (including 28 subtypes of aminocoumarins, 23 subtypes of aminoglycosides, 75 

subtypes of beta-lactams, 46 subtypes of macrolides, 33 subtypes of tetracyclines, 10 

subtypes of sulfonamides, and 64 subtypes of multidrug, etc.). By employing different 

detection methods, a large number of ARGs and ARB types have been discovered in 

various environments, revealing the application history of antibiotics (AbdelRahim et al., 

2015). However, most studies targeted several ARGs in one study instead of all subtypes.  
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2.3.1 Profile of antibiotic resistomes in farming environments 

 

As tetracyclines, beta-lactams, sulfonamides and macrolides are most commonly used in 

livestock farming, there is a huge possibility that the corresponding resistant bacteria and 

resistance genes can be found in livestock wastes. Among all types of ARGs, tetracycline 

resistance genes (tet genes) and sulfonamide resistance genes (sul genes) are the most 

frequently detected in livestock wastes and their adjacent environments. Elshafiee et al. 

(2019) tested a total of 100 faecal samples from buffalo and cattle farms and 30 livestock 

drinking water samples to investigate the occurrence of carbapenem-resistant 

Pseudomonas aeruginosa (CRPA) in the farm environment, and they found that 22 faecal 

samples and two drinking water samples contained CRPA. Erbas et al. (2016) isolated 94 

Enterococcus spp. from 600 mastitic milk samples, and they found that 77 (81.9%) and 

27 (28.7%) isolates showed resistance to tetracycline and erythromycin, respectively. 

Isolates resistant to chloramphenicol and vancomycin were also found. Furthermore, 

according to the PCR results, tetM, tetK, ermB, cat and vanA genes were detected. Zhu et 

al. (2013) investigated the variation of ARGs diversity and abundance during manure 

treatment in three large-scale swine farms; they found 149 unique ARGs subtypes where 

the top 63 ARGs subtypes were enriched about 192 to 28000-fold compared with no-

antibiotic manure or soil samples. Cheng et al. (2013) investigated eight different farms 

(including three pig farms, two duck farms, two chicken farms, and one sheep farm), and 

fifteen ARGs subtypes (tetA, tetB, tetC, tetG, tetL, tetM, tetO, tetQ, tetW, tetX, sul1, and 

sul2) were detected in all samples obtained from livestock manure lagoons. TetQ had the 

highest average abundance in the manure and wastewater samples, while a much higher 

relative abundance of sul genes was found in the manure of chicken and duck farms. The 

common detected multidrug-resistant bacteria in poultry and chicken manure were E. coli, 

Enterococcus, Staphylococcus, Clostridium, and Providencia. Zhao et al. (2018) 

employed HT-qPCR to investigate the profile of ARGs and MGEs in the manure 

collected from three large-scale pig farms in China. A total of 146 ARGs and 10 MGEs 

were detected among all samples in their study, and the dominant types were multidrug 

(22%), aminoglycoside (20%), beta-lactam (14%), tetracycline (14%) and macrolide-

lincosamide-streptogramin B (MLSB) (14%). Besides, the proportions of resistance 

mechanisms of antibiotic deactivation, efflux pumps and cellular protection were 44.5%, 

34.3% and 19.2%, respectively. The above studies indicated that livestock wastes are 

reservoirs of ARGs and MGEs.  
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2.3.2 Antibiotic resistomes in the food chain 

 

Many studies suggest that the ARB and ARGs can enter the food chain via farming 

activities, and the finding of ARB and ARGs in food products (in particular in raw or 

undercooked food materials) have been widely reported. For instance, Yang et al. (2014) 

studied the distribution of ARB in chicken manure and manure fertilized vegetables, and 

they detected a high number (×107 colony-forming unit (CFU)/g) of antibiotic-resistant 

endophytic bacteria in celery, cucumber, and pakchoi. The counts of bacteria resistant to 

one or more antibiotics in the chicken manure can range from 1.44×1010 to  4.01×1012 

CFU/g. Nawaz et al. (2011) found some lactic acid bacteria (LAB) strains resistant to 

antibiotics. Some resistant LAB strains may transfer ARGs to other LAB strains or 

pathogens via HGT, either in the natural environment or intestinal environment, and risk 

human health. The U.S. Food and Drug Administration (FDA) monitored the occurrence 

of ARB in meat products in 2015, and it was found that about 20% of chicken and 36% of 

turkey meat were contaminated by multidrug-resistant Salmonella (Elliott et al., 2017). 

The FDA also found the first case of ciprofloxacin-resistant Salmonella in pork meat 

products. Chajecka-Wierzchowska et al. (2016) detected the prevalence of antibiotic-

resistant Enterococcus in ready-to-eat meat products and found that 74.1% of 390 

samples contained Enterococcus strains. Moreover, among all 302 isolated, about 45% 

were resistant to streptomycin and 42.7% were resistant to erythromycin. Guo et al. 

(2017) investigated the antibiotic resistance profile in 33 milk-originated LAB strains. 

They found 28 strains resistant to vancomycin, 22 strains resistant to ciprofloxacin, 14 

strains resistant to kanamycin, 5 strains resistant to quinupristin/dalfopristin, and 3 strains 

resistant to streptomycin, in addition with a few strains resistant to tetracycline, ampicillin, 

and rifampicin. By using the PCR technique, some ARGs such as tetW, gyrA, vanX, 

aph(3'')- , dfrD were detected in the LAB strains. Studies about the detection of ARB 

and ARGs in food products are increasing. Although it is suspected that ARB and ARGs 

contained in the raw food materials may remain in food waste (FW), rare studies have 

been conducted to investigate the profile of ARB and ARGs in food waste. 

 

2.3.3 Antibiotic resistomes in WWTPs 

 

WWTPs are reported to be a primary source of environmental ARB. It is known that 

households and hospital wastewater are important reservoirs of antibiotic residues and 
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antibiotic resistomes. In particular, untreated hospital wastewater is the primary source of 

clinical emergency ARB, such as CPE. For example, Cahill et al. (2019) examed the 

occurrence of CPE in municipal wastewater, hospital wastewater and post-hospital 

wastewater in Ireland. A total of 64 Enterobacterales resistant to carbapenems were 

isolated from 14 samples, including 23 carbapenemase producers (such as Enterobacter 

cloacae complex, Citrobacter freundii, Klebsiella pneumoniae, Klebsiella oxytoca, and 

Escherichia coli). For the CPE isolated from the hospital effluent, seven isolates 

harboured blaOXA-48, followed by blaKPC (two isolates), blaIMP (two isolates), blaVIM  (one 

isolate), blaIMP and blaOXA-48 (two isolates), whereas only one blaNDM-producing E. coli 

was detected in municipal wastewater. The samples collected from the entry point where 

hospital wastewater joined the main wastewater stream were also found to contain 8 CPE: 

four blaOXA-48, two blaKPC, one blaIMP and one blaVIM . Their results suggest that hospital 

effluent is the main source of CPE for the WWTPs. Gomi et al. (2018) analyzed 40 

wastewater samples to characterize the prevalence of CPE, and 45 isolates were obtained 

by using selective media. Most of the isolates belonged to the klebsiella species (22 

isolates), followed by E. coli (10 isolates) and Enterobacter cloacae complex (10 isolates). 

The whole-genome analysis revealed that 38 isolates harboured more than one 

carbapenemase-encoding gene. The most detected genes were blaGES (29 isolates), while 

other carbapenemase-encoding genes (blaVIM -1, blaNDM-5, blaIMP, and blaKPC-2) were 

detected in one to three isolates. In another study, the count numbers of intestinal 

enterococci and carbapenem-resistant bacteria detected in the influent of one secondary 

wastewater treatment plant were 4.5 ± 0.6 logs CFU/mL and 3.5 ± 0.6 logs CFU/mL, 

respectively (Hrenovic et al., 2017). The number of intestinal enterococci and 

carbapenem-resistant bacteria decreased to 2.0 ± 0.3 and 1.3 ± 0.8 logs CFU/mL after 

treatment; the reduction ratios were about 57% and 54%, respectively. Since the 

carbapenem-resistant bacteria can grow at 42 /48 h, which is quite different from 

environmental bacteria, the authors suggested those carbapenem-resistant bacteria came 

from the hospital wastewater. Galler et al. (2014) detected the presence of CPE in the 

activated sewage sludge (SS) collected from the WWTP in Austria using selective agar 

plates. In that study, two blaOXA-48 harbouring Klebsiella pneumoniae and one blaKPC-2 

harbouring Escherichia coli were detected. More recently, Galler et al. (2018) 

investigated the prevalence of extended-spectrum beta-lactamase (ESBL), MRSA and 

VRE in the activated sludge of the WWTP. The number of samples detected as positive 

for ESBL, MRSA and VRE were 10 (82%), 3 (27%) and 4 (36%), respectively. A total of 
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117 multidrug-resistant Enterobacteriaceae were observed via the screen method, and the 

resistance genes detected in the isolates were blaCTX-M-1, blaCTX-M-3, blaCTX-M-14, blaCTX-M-

15, blaCTX-M-38, blaTEM-1, blaSHV-2, blaSHV-11, blaPER-1.  

 

Many studies have also reported the detection of ARGs in WWTPs. For instance, Laht et 

al. (2014) investigated the prevalence of ARGs conferring resistance to tetracycline, 

sulphonamide and beta-lactam in three WWTPs with different capacities in Denmark. 

Their study found that tetM, sul1 and sul2 were detected in all samples, while tetC, 

blaOXA-58, blaSHV-34 and blaCTX-M-32 were detected in most of the samples. Although some 

targeted ARGs significantly decreased or increased after treatment, the overall results 

indicated that the main changes of ARGs abundance might not occur in WWTPs. Li et al. 

(2015) explored a more comprehensive profile of ARGs and metal resistance genes 

(MRGs) in the plasmid metagenomes collected from two WWTPs via metagenomic 

analysis. A total of 18 types of ARGs were detected in all samples, and the total 

abundance of ARGs in the samples ranged from 44 ppm (one read in one million reads) to 

708 ppm. Among all types of ARGs, ARGs conferring resistance to tetracycline (29%) 

were dominant, followed by quinolone (17%), beta-lactam (12%), aminoglycoside (10%) 

and MLSB (10%) types of ARGs. Karkman et al. (2016) analysed the variation of ARGs 

and MGEs in the WWTPs over four seasons using high-throughput qPCR, and found that 

the diversity and abundance of ARGs in the influent were much higher than that in the 

final effluent and sludge. The total detected genes in the raw influent was 180, among 

which 77 and 111 genes decreased after treatment and were undetectable in the final 

effluent and dried sludge, respectively. In the final effluent, sulfonamide was the most 

abundant one, whereas the most abundant class of ARGs in the sludge was MLSB. 

Although the ermF, tetPA and tetPB were enriched in the dried sludge, the overall results 

indicated that WWTPs with tertiary treatment benefited the reduction of ARGs in the 

wastewater.  

 

2.4 Removal of ARB and ARGs during anaerobic digestion 

 

Municipal solid waste, food waste, livestock waste and sewage sludge are important 

reservoirs of ARGs and ARB. The soil and aquatic environment near farms are also 

considered hotspots of antibiotic resistance (Fitzpatrick and Walsh, 2016; Sui et al., 2016). 
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It is reported that the global annual production of municipal solid waste is about 2 billion 

tons, including 34-53% of organic biodegradable waste (such as food waste and paper 

waste) (Braguglia et al., 2017). Meanwhile, in some countries with agriculture and animal 

husbandry, a large amount of livestock waste is generated every day. Since human 

pathogens can acquire ARGs via HGT, it is very important to treat biowastes and reduce 

antibiotic resistomes abundance before discharging biowastes into the environment or 

applying them on the land as biofertilizers (Wang et al., 2017b). 

 

Anaerobic digestion (AD) is considered as a cost-effective process for treating biowastes 

because it has many advantages, such as reduction of greenhouse gas emissions, 

production of renewable energy, and production of biofertilizers (Dennehy et al., 2017; 

Jiang et al., 2021; Zhang et al., 2021). Generally, AD facilities are categorized into 

different types according to their configurations. For example, commonly used AD can be 

classified into moderate AD, mesophilic AD (MAD) and thermophilic AD (TAD) based 

on the operating temperature (Pandey and Soupir, 2011). Besides, AD can be categorized 

into wet AD (TS < 15%) and dry AD (TS Ó 15%) according to the TS contents of the 

substrate. Moreover, some anaerobic digestion processes are designed into different levels 

of complexity, such as two-stage digestion and AD enhanced by additives or feedstock 

pre-treatment. Apart from energy recovery, the removal of ARB in AD has also been 

reported in many studies. For instance, Yang et al. (2020b) investigated the occurrence of 

enterococci containing oxazolidinone and phenicol cross-resistance gene (optrA) in full -

scale and lab-scale mesophilic wet AD of pig manure (PM). They found that AD can 

significantly reduce the number of enterococci and the prevalence of optrA gene in the 

enterococci cells. However, optrA harbouring enterococci were still detectable in the 

digestates of full-scale and lab-scale AD with rates of about 38.9% and 43.8%, 

respectively. Resende et al. (2014b) also found that multidrug-resistant bacteria remained 

in the digestate of a lab-scale continuous wet AD operated at ambient temperature. 

Whereas Iwasaki et al. (2019) found that 99.07% of cefazolin-resistant (CEZ-R) bacteria, 

98.60% of ampicillin-resistant (AMP-R) and 99.91% of extended-spectrum ɓ-lactamase 

(ESBL)-producing bacteria were removed during TAD of cattle manure (CM). A similar 

result was also found by Anjum et al. (2017), in which about 92% of ARB were 

eliminated in a pilot-scale two-stage TAD treating chicken manure.  
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In addition to the inactivation of ARB, the fate of ARGs in AD has also been reported in 

the past years. For example, Resende et al. (2014a) studied the dynamics of ermB, aphA2 

and blaTEM-1 genes in pilot-scale wet AD treating CM at ambient temperature (14-25  in 

winter, 24-34  in summer). The concentrations of ermB, aphA2 and blaTEM-1 genes in 

the influents were about 106, 104, and 107 copies/gram sample, respectively. After AD for 

60 days, ermB was reduced by approximately 1 log in both summer and winter. The 

concentrations of aphA2 and blaTEM-1 genes were decreased by 2.2 logs and 2.2 logs in 

summer, while they were reduced by 1 log and 0.84 logs in winter, respectively. Anjum et 

al. (2017) investigated the prevalence of ARGs in a pilot-scale two-stage TAD treating 

chicken manure. Their results suggested that TAD can eliminate blaAmpC, ermB, ermC, 

mecA, tetK, and tetM genes. In another study, Sui et al. (2016) investigated the changes 

of ARGs in two full-scale up-flow solid reactors (USR) treating swine wastewater with 

different operation temperatures and solid retention times (SRT). They found that AD can 

effectively reduce the absolute abundances (AAs) of tetX, ermF, ermB, mefA and sul2 by 

0.72-1.34 logs, while the AAs of tetG, tetM, sul1 and ereA were reduced by 0.21-0.59 

logs. More comprehensively, Ju et al. (2016) employed metagenomic analysis to 

investigate the variation of a broad spectrum of 323 ARGs during AD of thickened 

primary sludge and thickened secondary activated sludge at mesophilic temperature. In 

their study, about 92-96% of quinolone resistance genes were significantly reduced by 

AD. Besides, Kanger et al. (2020) found that the number of ARGs subtypes was 

significantly reduced after AD (lab-scale mesophilic dry anaerobic digestion) of food 

waste, paper and cardboard, from 330-336 to 115. The abundance of most ARGs was 

decreased during the treatment, and some ARGs were even completely removed. 

However, these studies also reported that some ARGs remained and were even enriched 

after AD. For instance, Ju et al. (2016) found that most ARGs remained after MAD, with 

a great enrichment (73-145%) observed in ARGs conferring resistance to vancomycin. 

And about 23 subtypes of ARGs (two aminoglycoside, six beta-lactam, one 

chloramphenicol, four MLS, one sulfonamide, two tetracycline, one trimethoprim and six 

vancomycin resistance genes) were reported to be enriched during mesophilic dry AD 

(Kanger et al., 2020). In addition, the enrichment of ereA and tetA was also found in 

TAD treating chicken manure (Riaz et al., 2020). 

 

The above studies indicate that many factors affect the removal of ARB and ARG in AD, 

such as temperature, residence time, substrate composition and TS contents. Many other 
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factors could also affect the fate of ARB and ARGs, such as volatile fatty acids (VFAs), 

and ammonia nitrogen (AN). Besides, AD enhancement strategies, such as feedstock pre-

treatment and additive supplementary, could also impact the fate of ARGs. Some of these 

factors have been reported to affect ARB and ARGs variations directly. For instance, it is 

reported that high temperature and high VFAs can inactivate or eliminate ARB, while 

deoxyribonuclease (DNase) dosage can reduce ARGs abundance via degrading ARGs in 

extracellular DNA (eDNA) (Zhang et al., 2018b). Nevertheless, most studies suggest that 

operational factors indirectly change the abundance and diversity of ARB and ARGs via 

altering microbial succession and HGT among bacteria. The following sections discuss 

the influence of different factors on reducing ARB and ARGs, and a summary of different 

factors on the fate of antibiotic resistome is provided (Table 2-4). 

 

2.5 Effects of process conditions on the fate of ARB and ARGs 

2.5.1 Operation temperature and temperature transition strategies 

 

Temperature is one of the most important factors that can significantly influence the fate 

of ARB, and a higher removal rate of ARB in TAD than that in MAD have been reported 

in previous studies. For instance, Beneragama et al. (2013a) found that the concentration 

of multidrug-resistant bacteria was reduced by 91.35-98.95% in MAD of cattle manure, 

while it was completely destructed in TAD. Thomas et al. (2019) investigated the 

inactivation of ESBL-/AmpC-producing Escherichia coli (E. coli) during anaerobic 

digestion of chicken manure at 37, 42, and 55 ºC. They found that it took 24-35 days at 37 

ºC to decrease E. coli to the detection limit (100 CFU/mL), while it took only 8-9 days at 

42 ºC. Moreover, the E. coli was nondetectable within 2 hours at 55 ºC. Zou et al. (2020b) 

studied the removal of sulfonamide-resistant bacteria (sul-ARB) and tetracycline-resistant 

bacteria (tet-ARB) during MAD and TAD of PM. They found that the number of ARB 

cells dramatically decreased from 108 CFU/g dry weight of manure to 104 CFU/g dry 

weight of manure in TAD within 10 days, while it only slightly changed in MAD. A 

similar result was also found by Miller et al. (2016), in whose research the concentration 

of tet-ARB was dropped to ~103 CFU/ml within 15 min in TAD but remained at ~104 

CFU/ml in MAD. Studies suggested that many bacteria (including aerobic and anaerobic 

bacteria) could proliferate at mesophilic temperature but cannot survive at thermophilic 

temperatures, because the components (such as proteins, lipids, and carbohydrates) in 
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bacteria cell membranes usually can only withstand narrow changes in temperature; so an 

increase in temperature can cause changes in membrane structure and abnormal transport 

phenomena into or out of the cells, resulting in the breakdown of bacteria cells (Salsali et 

al., 2006). Therefore, TAD usually shows better performance than MAD on the reduction 

of ARB. 

 

Many studies also suggested that high temperature benefits the reduction of ARGs. Sun et 

al. (2016) investigated the variation of ARGs during AD of cattle manure at 20, 35, and 

55 . They found that the AAs and relative abundances (RAs) of tetM, tetQ, tetW, tetX, 

sul1, sul2 and gyrA declined in TAD, while only a few targeted genes were decreased in 

moderate AD and MAD. Instead, they found that the AAs of tetC, tetM, tetQ and tetX 

were enriched after moderate AD and MAD, while only tetC was enriched after TAD. 

Similarly, Ma et al. (2011) investigated the fate of ARGs during wet AD of SS at 

different temperatures (35, 47, 52, and 59 ). They found that TAD operated at 47-59  

showed a better reduction of ermB, ermF, tetO, and tetW than MAD. Besides, Burch et al. 

(2015) observed that the total abundance of the targeted genes (tetX, tetW, qnrA, intI1) 

was reduced by 89-96% at 40 , while it was decreased by 99% in the digesters at 56-

63 . They found that TAD needed a shorter time for ARGs reduction as it usually 

offered greater and more rapid destruction of ARGs than MAD. However, their results 

suggested that AD operated at a higher temperature than 55 °C would not be economical 

since it does not improve the removal of ARGs and intI1 (Burch et al., 2015). Some 

studies also investigated the influence of temperature transition during AD on the fate of 

ARGs. For instance, Tian et al. (2016) employed metagenomic analysis and qPCR to 

investigate the effect of temperature transition (from 35 ºC to 55 ºC, one-step increase 

model) on the distribution and diversity of ARGs and MGEs during wet AD of SS. After 

increasing the temperature from 35 ºC to 55 ºC and operating for 57 days, the total 

abundance of ARGs in the sludge decreased from 125.97 ppm to 50.65 ppm. ARGs that 

confer resistance to chloramphenicol, multidrug, quinolone, fosmidomycin, and 

trimethoprim were significantly decreased during TAD, while beta-lactam and bacitracin 

resistance genes were slightly reduced during the treatment. On the contrary, the 

abundance of aminoglycoside, polymyxin and vancomycin resistance genes increased 

after TAD. Xu et al. (2020) studied the variation of ARGs during wet AD of SS at 

temperature increased from 35 ºC to 55 ºC with a stepwise strategy. By employing 

metagenomic analysis, they revealed that TAD had a better reduction of ARGs, with 407 
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ARG subtypes (30%) reduced and 46 ARG subtypes (3.4%) enriched in TAD. The 

abundance of six predominant ARGs classes (including tetracycline, macrolide, penam, 

fluoroquinolone, acridine dye, and peptide) decreased by 29.71-32.25% after TAD, which 

was higher than that in MAD. Besides, TAD enhanced the reduction of ARGs of 

antibiotic efflux pumps and antibiotic target alteration mechanisms. In addition, Xu et al. 

(2018) and Shin et al. (2020) compared the effects of different temperature transition 

strategies (one-step vs stepwise) on the fate of ARGs during wet AD of SS. Both studies 

suggested that the removal efficiency of most targeted ARGs improved when the 

temperature transited from 37  to 55 , and AD with a one-step temperature increase 

model reduced the abundance of ARGs more rapidly. However, there were no obvious 

differences between these two temperature transition strategies. The higher reduction of 

ARGs in TAD than that in MAD was also reported in many other studies (Jang et al., 

2017; Miller et al., 2016; Sun et al., 2019a; Yang et al., 2020a; Zhao et al., 2020; Zou et 

al., 2020a; Zou et al., 2020b). 

 

Most studies suggested that TAD has a better performance than moderate AD and MAD, 

because it has markedly lower bacterial diversity, as well as ARGs hosts (Ma et al., 2011; 

Sun et al., 2019a; Sun et al., 2016). Besides, higher temperatures accelerate biological and 

chemical reaction rates which result in a higher reduction of extracellular polymeric 

substances (EPS) and total suspended solids (TSS) (Zou et al., 2020a). Furthermore, at 

high temperatures, eDNA (including eARGs and MGEs) are more likely to be released 

into the environment due to the breakdown of bacteria cells, and they might be easier to 

be cleaved by the extracellular DNases without protection from EPS and TSS (Tian et al., 

2016; Zou et al., 2020a). On the other hand, it has been reported that thermophilic 

temperature benefits the removal of antibiotic residues in AD, relieving selective 

pressures on microorganisms (Gurmessa et al., 2020). Thus, TAD is more effective in 

controlling the possibility of HGT than MAD and shows higher removal efficiency of 

ARGs (Ma et al., 2011; Sun et al., 2019a; Tian et al., 2016; Yang et al., 2020a). 
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Table 2-4 Summary of effects of influencing factors on antibiotic resistome reduction during anaerobic digestion 

Focus factor Feedstock Scale Process TS Analytical 

method 

Key findings Reference 

Temperature Chicken 

manure 

Lab -Batch/37 /35 days 

-Batch/42 /35 days 

-Batch/55 /35 days 

 Culture-

dependent 

-Both MAD and TAD effectively reduced ESBL-producing E. coli in chicken manure. 

TAD significantly shortens the elimination time from over 35 days to 2 hours. 

(Thomas et al., 

2019) 

Temperature Pig manure Lab -Batch/35 /60 days 

-Batch/55 /60 days 

4% -qPCR 

-Culture-

dependent 

-TAD significantly decreased the number of sul-ARB and tet-ARB in 10 days, while 

MAD had little effect on their reduction. TAD reduced the AAs of sul1, sul2, tetA, 

tetO, tetX, and intI1 by 0.7-3 logs. MAD reduced the AAs of intI1, sul1, and tetO by 

0.9-1.5 logs but increased the AAs of sul2, tetA, and tetX by 0.8-1.4 logs. 

 

(Zou et al., 

2020b) 

Temperature Pig manure  Lab -Batch/25 /30 days 

-Batch/37 /30 days 

-Batch/55 /30 days 

7.8% HT-qPCR -TAD had lower removal of both RAs and AAs of total ARGs than MAD and moderate 

AD. TAD had the lowest removal efficiencies on sulfonamide, FCA, multidrug, 

MLSB, tetracycline, aminoglycoside, and other resistance genes. Transposase genes 

decreased in all treatments, whereas the intI increased in TAD. 

 

(Huang et al., 

2019b) 

Temperature Cattle manure Lab -Batch/20 /60 days 

-Batch/35 /60 days 

-Batch/55 /60 days 

 qPCR -The AAs of tetC, tetM, tetQ and tetX were enriched after moderate AD and MAD, 

while only tetC was enriched after TAD. TAD significantly declined the RAs of tetM, 

tetQ, tetW, tetX, sul1, sul2, and gyrA by 1-2 orders of magnitude. TAD performed 

better than moderate AD and MAD because of the reduction of mesophilic bacteria 

carrying ARGs. 

 

(Sun et al., 

2016) 

Temperature Pig manure + 

corn straw 

Lab -Batch/35 /60 days 

-Batch/55 /60 days 

 qPCR -MAD decreased qnrA, parC, aac(6ǋ)-Ib-cr, but enriched qnrS, sul1, drfA7, sul2 and 

intI1. TAD reduced all tested ARGs and intI1, and it was more effective in controlling 

the possibility of HGT than MAD 

 

(Yang et al., 

2020a) 

Temperature Sewage sludge Lab -Semi-continuous/ 35 

/20 days 

-Semi-continuous/ 55 

/20 days 

3.83% qPCR -TAD reduced the AAs of all extracellular ARGs (eARGs) and intI1, but increased the 

RA of extracellular tetA. MAD increased the AAs of sul1, sul2, and tetA. TAD 

performed better than MAD in reducing eARGs. 

(Zou et al., 

2020a) 

Temperature Sewage sludge Lab -Semi-continuous/ 35 

/15 days 

-Semi-continuous/ 55 

/15 days 

 Metagenomic 

analysis 

-TAD and MAD did not reduce total ARG abundance and diversity. TAD performed 

better than MAD in the reduction of MLSB, acriflavine and sulfonamide ARGs. MAD 

performed better than TAD in the reduction of bacitracin, aminoglycoside, quinolone 

and beta-lactam resistance genes. Both MAD and TAD eliminated fosmidomycin 

resistance genes but greatly enriched chloramphenicol resistance genes. 

 

(Zhang et al., 

2015b) 

Temperature Sewage sludge Lab -Semi-continuous/53 

/20 days 

-Semi-continuous/37 

/12 days 

2.5% -qPCR 

-Culture-

dependent 

- Tet-ARB dropped within 15min but remained at ~103 CFU/ml after TAD, while it 

remained at Ḑ104 CFU/ml after MAD. TAD is more efficient than MAD in the 

removal of tetG and tetW. 

(Miller et al., 

2016) 

Temperature Wastewater 

solids 

Lab Semi-continuous/ 40, 

56, 60, 63 /40 days 

5% qPCR -ARGs were removed by 89-96 % at 40 °C, and by 99% at 56-63°C (except for qnrA at 

56 °C).  TAD offers greater and more rapid destruction of ARGs than MAD. However, 

AD at temperatures much higher than 55 °C does not improve the removal of ARGs. 

(Burch et al., 

2015) 
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Focus factor Feedstock Scale Process TS Analytical 

method 

Key findings Reference 

Temperature  Swine 

wastewater 

Full -Semi-continuous/35 

/16 days 

-Semi-continuous/ 

ambient/11 days 

 qPCR -Stable operational temperature benefits the reduction of ARGs. TetX, ermB, mefA, 

ermF, and sul2 were efficiently reduced by 0.72-1.34 logs after AD, while tetG, tetM, 

sul1, ereA and intI1 were reduced by 0.21-0.59 logs. 

 

(Sui et al., 

2016) 

Temperature  TH pretreated 

sewage sludge 

Pilot -Semi-continuous/40, 

55 /4-25 days 

 HT-qPCR -The diversity and abundance of ARGs and MGEs were significantly reduced after TH 

pretreatment but rebounded during the subsequent AD process. TAD had lower AAs of 

ARGs and MGEs than MAD. TAD had lower microbial diversity, which may lead to a 

lower HGT frequency. 

 

(Sun et al., 

2019a) 

Temperature -Sewage sludge 

-TH pretreated 

sewage sludge 

Lab -Semi-continuous/35, 

37, 47, 52, 59 /10, 

15, 20 days 

3% qPCR -MAD significantly reduced sul1, sul2, tetC, tetG, and tetX, but increased the abundance 

of tetW, ermB and ermF genes. TAD operating at 47 °C, 52 °C, and 59 °C had similar 

results, and all showed a better reduction of ermB, ermF, tetO, and tetW than MAD. 

TAD showed similar or poorer removal of sul1, sul2, tetC, tetG, tetX and intI1 than 

MAD. TAD had markedly lower bacterial diversity than MAD; this situation 

diminishes the overall probability of HGT. 

 

(Ma et al., 

2011) 

Temperature Cattle manure Lab -Batch/35 /60 days 

-Batch/55 /60 days 

-Batch/35 /60 days 

1) 22% 

2) 22% 

3) 8% 

qPCR -Dry MAD significantly reduced the abundance of tetG and tetW, while they were 

enriched in dry TAD. Dry TAD has higher removal efficiency of tetX than dry MAD. 

Dry MAD is better than dry TAD for reducing ARGs from livestock manure. 

 

(Sun et al., 

2019b) 

Temperature  - Cattle manure 

- Cattle manure 

+ waste milk 

Lab -Batch/37 /22 days 

-Batch/55 /22 days 

 Culture-

dependent 

-MAD inactivated 91.35-98.95% of MDRB, while TAD completely destroyed all 

MDRB. 

 

 

(Beneragama et 

al., 2013a) 

Temperature -Non-CEPT 

sewage sludge 

-CEPT sewage 

sludge 

Lab -Batch/35 /35 days 

-Batch/55 /35 days 

<5% qPCR -MAD and TAD reduced most of ARGs and intI1, except tetD and blaTEM. TAD showed 

higher removal of total ARGs than MAD. 

 

 

 

(Jang et al., 

2017) 

Temperature -Sewage sludge 

-UP/O3 

pretreated 

sewage sludge 

Lab Semi-continuous/ 55 

 for 62 days + 37 

 for 62 days 

9-10% qPCR -TAD significantly decreased qnrA and qnrS by 1-2 orders of magnitude, while the 

abundance of qnrA and qnrS kept almost stable or even slightly increased in MAD. 

 

 

 

(Zhao et al., 

2020) 

Temperature 

+ Additive 

-Sewage sludge 

-Sewage sludge 

+ Ag NPs 

(0.01, 0.1, 1.0 

mg/L) (only for 

TAD) 

Lab -Semi-continuous/ 53 

/12 days 

-Semi-continuous/ 37 

/20 days 

2.5% qPCR -Ag NPs addition in TAD and MAD showed no obvious improvement in the reduction 

of ARGs. TetO and tetW were enriched in MAD without Ag NPs but reduced in TAD. 

Both TAD and MAD had similar removals of sul1, sul2, and intI1 genes, reduced by 1-

2 logs. 

 

 

 

 

(Miller et al., 

2013) 
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Focus factor Feedstock Scale Process TS Analytical 

method 

Key findings Reference 

Temperature 

transition 

Sewage sludge Lab -Batch + Semi-

continuous/37  to 

55 , one-step/25 + 

20 days 

-Batch + Semi-

continuous /37  to 

55 , stepwise/25 + 

20 days 

2.5% qPCR -The RAs of all ARGs effectively decreased at the beginning of TAD, but the diversity 

changed little. RAs of ARGs mainly sharp decreased during the first 5 days. About 

5.4ï88.2% of ARGs were reduced when the temperature transited from mesophilic to 

thermophilic conditions, indicating high temperature can enhance the removal of 

ARGs. 

 

 

 

 

 

 (Shin et al., 

2020) 

Temperature 

transition 

Sewage sludge Lab -Semi-continuous/ 37 

 to 55 , one-

step/15 days 

-Semi-continuous/ 37 

 to 55 , 

stepwise/15 days 

<5% qPCR -Increase in temperature significantly enhanced the reduction of sul1, sul2, tetA, tetO, 

tetX, and intI1. Temperature transition showed no obvious effects on tetL and tetW. 

TAD removed intI1 and most potential hosts (~80%) and showed better control of 

horizontal gene transfer. 

 

 

 

(Xu et al., 2018) 

Temperature 

transition  

Sewage sludge Lab -Semi-continuous/35 

/15 days 

-Semi-continuous/ 35 

 to 55 , 

stepwise/15 days 

<5% Metagenomic 

analysis 

-TAD had better removal of ARGs than MAD, and 407 ARGs (30%) were reduced in 

TAD, but 46 ARGs (3.4%) were enriched in TAD. TAD had high efficiency in the 

reduction of tetracycline, macrolide, penam, fluoroquinolone, acridine dye, and peptide 

resistance genes. ARGs encoding antibiotic efflux pump and antibiotic target alteration 

greatly reduced in TAD, but showed no obvious variation in MAD. 

 

(Xu et al., 2020) 

Temperature 

transition 

Sewage sludge Lab Semi-continuous/ 35 

 to 55 , one-

step/20 days 

5.3% Metagenomic 

analysis + 

qPCR 

-The RAs of total ARG decreased from 125.97 ppm to 50.65 ppm when MAD transited 

to TAD. TAD decreased chloramphenicol, multidrug, quinolone, fosmidomycin and 

trimethoprim ARGs by close to or above 50%, and it slightly decreased beta-lactam 

and bacitracin resistance genes by 1.83-9.92%, but increased aminoglycoside, 

polymyxin and vancomycin ARGs. Thirty-one out of 37 ARGs were reduced after the 

temperature increase, while some other genes were enriched after the temperature 

increase. TAD had better reduction of acrB, tetA, tetL, tetO, tetM, tetX, sul1, ermB, 

ermF and ereA than MAD, while MAD had better reduction of aac(3)-II, aacA4, 

aadA, aadB, aadE, aphA1, strA, strB, mefA, mphB and qnrS than TAD. 

 

(Tian et al., 

2016) 

SRT -Sewage sludge 

-TH pretreated 

sewage sludge 

Lab -Semi-continuous/35, 

37, 47, 52, 59 /10, 

15, 20 days 

3% qPCR -A longer SRT showed better removal of sul1, sul2, tetC, tetG, and tetX genes. MAD 

with longer SRT improved the reduction of tetO. MAD with 10- and 20-day SRT 

showed similar performance, both conditions reduced the AAs of sul1, sul2, tetC, tetG, 

and tetX but enriched ermB, ermF, and tetW. 

 

(Ma et al., 

2011) 

SRT Swine 

wastewater 

Full -Semi-continuous/ 35 

/16 days 

-Semi-continuous/ 

ambient/11 days 

 qPCR -A longer SRT benefits the reduction of ARGs. 

 

 

 

 

(Sui et al., 

2016) 



Chapter 2 

52 

Focus factor Feedstock Scale Process TS Analytical 

method 

Key findings Reference 

SRT + Two-

stage 

-Sewage sludge 

-MW 

pretreated 

sewage sludge 

Lab -Semi-continuous/ 37 

/20 days 

-Semi-continuous, two-

stage/37 /2 days 

for stage I and 18 

days for stage II 

8% qPCR -Raw sludge needs shorter SRT for the ARGs reduction in MAD, while MW pretreated 

sludge needs longer SRT for the ARGs reduction. Shorter SRT facilitated the removal 

of RAs of ermB and tetM but enriched the RAs of blaOXA-1. The blaTEM could be 

reduced in the two-stage AD, while tetG and ereA increased in two-stage AD and AD 

feeding with MW pretreated sludge. SRT has effects on the HGT of ARGs, but the 

response of ARG types to SRT was not correlated to resistance mechanisms. 

 

(Zhang et al., 

2019d) 

HRT TH pretreated 

sewage sludge 

Pilot -Semi-continuous/40, 

55 /4-25 days 

 HT-qPCR -Longer HRT benefited the reduction of AAs of ARGs and MGEs in MAD. (Sun et al., 

2019a) 

TS Pig manure Lab -Batch/37 /74 days 

-Batch/37 /133 days 

-Batch/37 /133 days 

-Batch/37 /133 days 

1) 4% 

2) 8% 

3) 11% 

4) 14% 

qPCR -The variation of AA of total ARGs was similar at different TS contents during the initial 

period (first 2 days) but varied thereafter. AD with different TS contents showed 

different removal rates of ARGs abundances, which were 14.26%, 21.29%, 20.67% 

and 9.43% for the 4%, 8%, 11% and 14% TS treatments, respectively. Higher TS 

treatments need relatively longer ARGs transition times. 

 

(Sui et al., 

2018) 

TS Cattle manure Lab -Batch/35 /60 days 

-Batch/55 /60 days 

-Batch/35 /60 days 

1) 22% 

2) 22% 

3) 8% 

qPCR -Six out of ten ARGs showed a significantly higher removal rate in MAD with higher TS 

content. Both dry MAD and TAD showed significantly higher removal rates of tetC, 

sul2, ermQ, ermX, qnrA, and aac(6ǋ)-ib-cr than wet MAD. The abundance of sul1 

showed no obvious change in dry AD, but increased in wet MAD. Dry AD performed 

better than wet AD on the reduction of MGEs and the potential ARGs hosts, such as 

Firmicutes and Proteobacteria. 

 

(Sun et al., 

2019b) 

pH Sewage sludge 

with pH at 4, 5, 

7, 9 and 10 in 

stage I; sludge 

with pH=7 in 

stage II 

Lab Semi-continuous Two-

stage/35 /8 day for 

stage I, 9 days for 

stage II 

 qPCR -All tet-ARGs showed similar variation to diverse pHs. Acid condition benefits the 

propagation of tetO, tetQ, tetC and tetX, while alkaline conditions contribute to the 

reduction of these genes. pHs affected the amounts of plasmids and carried tet-ARGs 

available for conjugation. Alkaline pHs were harsh for the persistence of eDNA, while 

acid pHs were advantageous to their excretion. 

 

 

(Huang et al., 

2016) 

pH -Sewage 

sludge, pH=10 

-Sewage 

sludge, pH no 

control 

Lab Semi-continuous/ 35 

/8 days 

<5% qPCR -Alkaline AD performed better than conventional AD in the reduction of ARGs, and it 

significantly reduced all targeted ARGs by 0.17 to 1.17 logs. Alkaline AD significantly 

reduced the level of plasmid DNA and caused the shift of genes hosts, contributing to 

the restriction of HGT and attenuation of ARGs. 

 

 

(Huang et al., 

2017) 

pH + 

Substrate 

composition 

Sewage sludge 

with different 

components 

and pH (pH=4, 

5, 7, 9, 10) 

 

Lab -Batch/35 /20 days 

-Semi-continuous/ 35 

/8 days 

<5% -qPCR 

-Culture-

dependent 

-AD could reduce the abundance of sul genes, and high pH benefits the reduction of sul 

genes. The proportion of sulfonamides-resistant bacteria significantly declined with 

increased fermentation pH. However, the diverse components of substrate showed little 

effect on the variation of sul genes. 

(Chen et al., 

2019) 
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Focus factor Feedstock Scale Process TS Analytical 

method 

Key findings Reference 

AN Pig manure 

with ammonia-

N (750, 1500, 

2000, 3000 

mg/L) 

Lab Batch/37 /35 days  Metagenomic 

analysis + 

qPCR 

-AN stress reduced ARGs of antibiotic efflux mechanism, whereas it enriched ARGs of 

antibiotic target alteration. ARGs were enriched in the digesters with 1500 mg/L and 

2000 mg/L AN. Ammonia stress enriched the MLSB resistance genes and MGEs, but 

decreased tetracycline resistance genes. Ammonia stress further enhanced the reduction 

of antibiotic efflux pump genes probably by inhibiting the efflux systems through the 

reduction of the membrane permeability.  

 

(Zhang et al., 

2020a) 

Substrate 

composition 

Pig manure + 

wheat straw 

(3:7, 5:5, and 

7:3) 

Lab Batch/37 /55 days 8% qPCR -The RAs of ARGs decreased by 1.03, 1.37 and 4.23 logs in the digesters with the ratio 

of pig manure:wheat straw were 3:7, 5:5 and 7:3, respectively. The AAs of tetW, tetC, 

ermX, and ermQ increased by 0.01-1.03 logs in digesters with the ratio of pig 

manure:wheat straw were 3:7 and 5:5, whereas the AAs of tetG, tetX, ermB, sul1, sul2, 

and dfrA7 decreased by 0.08-1.87 logs in the digester of pig manure:wheat straw=7:3. 

The succession of the bacterial community along with the changes in environmental 

factors influenced the evolution of ARGs. 

 

(Song et al., 

2017) 

Substrate 

composition 

Pig manure 

with lignite 

(0%, 8%, 16%, 

32%, and 64%) 

Lab Batch/37 /30 days About 

15% 

HT-qPCR -The number of ARGs subtypes decreased with the increase of lignite amendment. But 

high solids AcoD (HS-AcoD) of pig manure and lignite could not significantly reduce 

the number of ARGs and MGEs. The RAs of ARGs and MGEs mainly decreased 

during the first 12 days of HS-AcoD. HS-AcoD could efficiently reduce most ARGs 

and MGEs, and the addition of 16% of lignite could be an effective measure for the 

removal of ARGs and MGEs. 

 

(Guo et al., 

2020a) 

Substrate 

composition + 

Pretreatment 

-Sewage sludge 

-MW-SSa+FW 

-SS+MW-FWb 

Lab Batch/37 /33 days 7% qPCR -Compared with mono-AD of SS, anaerobic co-digestion enhanced the reduction of total 

ARGs. The ereA and tetG were decreased in AD for MW-SS+FW but increased in 

mono-AD and AD for SS+MW-FW. While sul1 was decreased in AD for MW-SS+FW 

and SS+MW-FW, but increased in mono-AD. Anaerobic co-digestion for MW-SS+FW 

showed better ARGs reduction than that for SS+MW-FW. IntI1 could be reduced in 

AcoD, while it increased in mono-SS. 

 

(Zhang et al., 

2016) 

Substrate 

composition + 

pretreatment 

Pig manure, 

chicken 

manure, and 

sewage sludge 

with/without 

autoclave 

pretreatment 

Lab Batch/37 /44 days 8% qPCR -Substrate types significantly influenced the fate of ARGs. The RA of ARGs increased 

significantly after AD for raw pig manure, treated pig manure, raw chicken manure and 

treated chicken manure. But it changed little for the sewage sludge and treated sewage 

sludge. 

 

 

 

 

(Zhang et al., 

2019e) 

Pretreatment -Sewage sludge 

-TH pretreated 

sewage sludge 

Lab -Semi-continuous/35, 

37, 47, 52, 59 /10, 

15, 20 days 

3% qPCR -TH pretreatment remarkable reduced all the ARGs, but most of the ARGs rebounded 

after subsequent AD except sul1 and tetG. The abundances of most ARGs were lower 

in the digesters receiving TH pretreated sludge. 

 

 

(Ma et al., 

2011) 
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Focus factor Feedstock Scale Process TS Analytical 

method 

Key findings Reference 

Pretreatment TH pretreated 

sewage sludge 

Full Semi-continuous/39-40 

/18 days 

8-12% qPCR -TH pretreatment significantly reduced the AAs of total ARGs and MGEs, but it showed 

a slight influence on the removal of blaCTX-M and mefA/E. TH pretreatment and AD 

reduced the AAs of blaTEM, tetA, tetX, sul2 and intI1 but enriched the AAs of blaCTX-M, 

ermB, ermF, mefA/E, qnrS, tetM. The total ARGs and MGEs rebounded after AD, 

such as blaNDM-1 which was even higher than that in the raw sewage sludge. MGEs 

might be the main factor that impacted the fate of total ARGs during the treatments. 

 

(Tong et al., 

2019) 

Pretreatment Cattle manure 

with/without 

pasteurization 

pretreatment 

Full Semi-continuous/ 37 

/22 days 

8% qPCR -Pasteurization pretreatment showed no obvious effects on the reduction of sul1 and 

sul2. TetO and tetW changed little during AD with pretreatment. 

 

 

 

(Wallace et al., 

2018) 

Pretreatment -Sewage sludge 

-MW-H2O2 

pretreated 

sewage sludge 

Lab -Semi-continuous/ 37 

/20 days 

-Semi-continuous, two-

stage/37 /2 days 

for stage I, 18 days 

for stage II 

5-7% qPCR -AD with feedstock pretreatment enhanced ARGs reduction. MW-H2O2 pretreatment 

reduced the AAs of ARGs, especially for ermB, ermF, blaOXA-1 and tetX. However, the 

AA and RA of intI1 increased after MW-H2O2 pretreatment. 

 

 

 

 

(Zhang et al., 

2017b) 

Pretreatment -Sewage sludge 

-MW/MW-H/ 

MW-H2O2 

pretreated 

sewage sludge 

Lab Batch/38 /30 days  -qPCR 

-Culture-

dependent 

-MW-H>MW-H2O2>MW on the reduction of ARB concentration. AD of MW and MW-

H2O2 pretreated sludge showed slightly better performance on the reduction of ARB 

and ARGs when compared with unpretreated sludge. Most ARGs decreased in 

pretreatment but enriched after AD. 

 

 

(Tong et al., 

2016) 

Pretreatment -PWSc 

-MW-

H2O2/TH/O3 

pretreated PWS 

Lab Batch/38 /30 days 1.5-2.2% qPCR -AD with pretreatment showed better ARGs and MGEs reduction, especially for AD 

with TH pretreatment. Sludge pretreatment enhanced tet-ARGs expression in 

enterococci. Most of the ARGs and MGEs rebounded during the AD, especially in the 

AD with feedstock pretreatment. The total RAs of ARGs and MGEs increased for the 

AD with MW and O3 pretreatment but decreased for the AD with TH pretreatment. 

 

(Tong et al., 

2017) 

Pretreatment -PWS 

-MW-

H2O2/TH/O3 

pretreated PWS 

Lab Batch/38 /33 days  qPCR -Most of the individual ARGs were reduced after pretreatments but increased after AD. 

Pretreatment showed significant influence on the increase or reduction of ereA, 

mefA/E, tetM, tetO, mphB, and Tn916/1545 in the subsequent AD. Bacterial diversity 

rather than bacterial community composition is a more important factor influencing the 

fate of ARGs. 

 

(Tong et al., 

2018) 

Pretreatment -Sewage sludge 

-Alkaline/ 

TH/UP 

pretreated 

sewage 

sludge 

Lab Batch/37 /30 days 3% qPCR -Conventional AD reduced about 50.77% of ARGs, and AD with feedstock pretreatment 

further enhanced the removal rate to 52.50-75.07%, especially with UP pretreatment. 

TH pretreatment significantly reduced the AA of total ARGs and intI1, but ARGs were 

greatly enriched in the subsequent AD process. Alkaline and UP pretreatment showed 

little effect on the reduction of AA and RA of total ARGs. Instead, both pretreatments 

slightly enriched intI1. 

 

(Wang et al., 

2019a) 
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Focus factor Feedstock Scale Process TS Analytical 

method 

Key findings Reference 

Pretreatment -Sewage sludge 

-UP combined 

with O3 

pretreated 

sewage 

sludge 

 

Lab Semi-continuous/ 55 

 for 62 days + 37  

for 62 days 

9-10% qPCR -UP/O3 pretreatment greatly improved the reduction of qnrA and qnrS. The reason might 

be the deactivating of ARGs host and the decrease of ARGs in the feedstock. 

(Zhao et al., 

2020) 

Pretreatment 

+ Substrate 

composition 

-Sewage sludge 

with/without 

O3 or TH 

pretreatment 

-PWS 

with/without 

O3 or TH 

pretreatment 

Lab Batch/35 /15 days 10-15% qPCR -AD with pretreatment enhanced the reduction of tet-ARGs, and TH pretreatment was 

more efficient than O3 pretreatment. All treatments had a similar trend in the variation 

of RAs of tet genes. AD for SS significantly reduced all five tet genes, while AD for 

PWS greatly reduced tetA, tetG and tetX but enriched tetO and tetW. The rebound of 

tetQ, tetW and tetX was observed in the subsequent AD. IntI1 was reduced in TH 

pretreatment but rebounded during the subsequent AD, while intI1 reduced by O3 

pretreatment was not rebounded during the subsequent AD. 

 

 

(Pei et al., 

2016) 

Pretreatment 

+ Additive 

-Chicken 

manure 

with/without 

AC 

-MW-Chicken 

manure 

with/without 

AC 

Lab Semi-Continuous/ 37 

/- 

 qPCR -AD with MW pretreatment and AC significantly improved the ARGs removal from 34ï

58% to 87ï95%. MW pretreatment and AC supplementation facilitated the reduction 

tetB, tetM, tetO, tetQ, tetW, and tetX, but slightly changed the variation of tetA. 

 

 

 

 

 

 

(Zhang et al., 

2019g) 

Two-stage Sewage sludge Full -Semi-continuous, two-

stage/50-60  in 

stage I, 35-37  in 

stage II/- 

-Semi-continuous/35-

37 /- 

 qPCR -Two-stage thermophilic/mesophilic AD significantly reduced the abundance of tetX and 

intI1, but showed little effect on the reduction of tetO and tetA. ARGs mainly reduced 

in stage I of two-stage thermophilic/mesophilic AD, but rebounded in stage II. 

Conventional one-stage MAD was inefficient in the reduction of ARGs, and ARGs 

were more likely to increase in the process. 

 

 

(Ghosh et al., 

2009) 

Two-stage -Sewage sludge 

-MW-H2O2 

pretreated 

sewage 

sludge 

Lab -Semi-continuous/ 37 

/20 days 

-Semi-continuous, two-

stage/37 /2 days 

for stage I, 18 days 

for stage II 

5-7% qPCR -Two-stage AD showed a better reduction of ARGs abundance. The abundances of 

blaTEM, sul1, sul2 and tetG were reduced in all the digesters, while two-stage AD 

further reduced the abundance of ereA, tetM and tetX. 

 

 

 

 

(Zhang et al., 

2017b) 

Two-stage Sewage sludge Lab Semi-continuous, two-

stage/55 /3 days 

for stage I, 10 days 

for stage II 

 Metagenomic 

analysis 

-6/27 ARG subtypes were significantly reduced in TAPR but enriched in the subsequent 

TMPR. The aph3Ib, sul2, tetX, aph6Id, tetG, and sul1 were reduced by over 50% in 

TAPR, while some other 13 ARGs increased during the period. Compared to TAPR, 

17 ARG subtypes proliferated in the TMPR (specifically tetM and tetW), while 5 

aminoglycoside and 4 tetracycline resistance genes decreased during the stage. 

(Wu et al., 

2018) 
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Focus factor Feedstock Scale Process TS Analytical 

method 

Key findings Reference 

Two-stage Food 

wastewater 

Full -Continuous, Two-

stage/58.5 /1.5-2.5 

days for stage I, 39 

days for stage II 

-Continuous/50 /39 

days 

 qPCR -Two-stage AD greatly reduced the abundance of ARGs and intI1, and ARGs (such as 

tetG, tetH, tetM, tetQ, and tetX) and intI1 were not detected after two-stage AD. Both 

thermophilic single-stage and two-stage AD reduced the AAs of the total ARGs. Two-

stage TAD showed better performance than single-stage TAD. 

 

 

 

(Jang et al., 

2020) 

Two-stage + 

Temperature 

Sewage sludge Lab -Batch two-stage/ 35 

/3 days for stage I, 

10 days for stage II 

-Batch two-stage/ 55 

/3 days for stage I, 

10 days for stage II 

4% qPCR -TAPR significantly reduced tetA, tetG, tetX, sul1, sul2, ermB, ermF, blaTEM, dfrA1 and 

dfrA12 by 0.20-1.07 logs, but showed no significant reduction of sul3. Whereas tetO 

and tetW were increased. About 80% of tetA, tetG, tetX, sul1, sul2, sul3, ermF, blaTEM 

were rebound significantly in TMPR. MAPR reduced the AAs of tetA, tetG, sul1, 

ermB, blaTEM, dfrA12 by 0.1ï0.37 logs unit, while tetO, tetW, tetX, and ermF 

increased. MMPR decreased the AAs of tetA, tetX, and sul2, but enriched tetW and 

ermF. 

 

(Wu et al., 

2016) 

Two-stage + 

Temperature 

Sewage sludge Lab -Batch, two-stage/ 

35 +55 /30 days 

for stage I, 25 days 

for stage II 

-Batch, two-stage/ 

55 +35 /30 days 

for stage I, 25 days 

for stage II 

<5% qPCR -MAPR-TMPR had higher removal of total ARGs but lower removal of intI1 than 

TAPR-MMPR. Both AD reduced the abundance of tetH, tetBP, sul1 and sul2. ARGs 

rebound was observed in the mesophilic phase. 

 

 

 

 

 

 

(Jang et al., 

2018) 

Two-stage + 

Temperature 

Sewage sludge Lab -Semi-continuous, two-

stage/55  in stage I, 

37  in stage II/5 

days for stage I, 10 

days for stage II 

-Semi-continuous, two-

stage/37  in stage I, 

37  in stage II/5 

days for stage I, 10 

days for stage II 

-Semi-continuous /37 

/15 days 

1% Metagenomic 

analysis 

-Two-stage AD had higher removal efficiency of total ARGs than one-stage AD. MLS 

resistance genes were enriched in MAPR and TAPR. TAPR-MMPR and MAPR-

MMPR had no obvious difference in removing the total abundance of ARGs. Two-

stage AD had a poorer reduction of the abundance of aminoglycoside resistance genes 

than single-stage MAD. Tetracycline resistance genes decreased in stage I but 

increased in stage II of TAPR-MMPR. Whereas they were enriched in both stages of 

MAPR-MMPR. AD has little effect on the reduction of MLS resistance genes, and 

thermophilic alkaline fermentation could significantly enrich MLS resistance genes. 

 

 

 

 

 

(Shi et al., 

2021) 

Additive Cattle farm 

wastewater + 

biochar (0, 5, 

20, 50 g/L) 

Lab Batch/35 /60 days 8% qPCR -The addition of 5 g/L and 20 g/L biochar decreased the RAs of five and seven ARGs 

after AD, and the influence of 20 g/L biochar on the abundance of ARGs was greater 

than that of 5 g/L biochar. However, the addition of 50 g/L biochar significantly 

increased the RAs of sul genes and the total RA of ARGs in the anaerobic digestion 

product. Biochar enhanced the RAs reduction of the tetX, tetW, and qnr genes, but 

enriched the RA of tetC. The addition of biochar showed no influence on sul1, sul2 and 

ermX genes. 

(Sun et al., 

2018) 



Chapter 2 

57 

Focus factor Feedstock Scale Process TS Analytical 

method 

Key findings Reference 

Additive FW + AC (0, 

15 g/L) 

Lab Semi-continuous/ 35 

/30 days 

 qPCR -AC addition enhanced the reduction of tetA, tetM, tetW, tetO, tetQ, sul2 and tetX, but 

showed no obvious impact on the abundance of tetB, sul1, sul2, cmlA, floR, and intI1 

genes. 

 

(Zhang et al., 

2017a) 

Additive FW + CM + 

AC (0, 

15g/L) 

Lab Semi-continuous/ 35 

/30 days 

 qPCR -AC addition enhanced the reduction of tetQ, but deteriorated the reduction of tetA, 

tetM, tetO, tetX, sul1, sul2, cmlA. floR changed little during the AcoD with or without 

AC addition. 

 

(Zhang et al., 

2019a) 

Additive -FW + AC (0, 

15 g/L) 

-FW + SS + 

AC (0, 15 g/L) 

-FW + Chicken 

manure + AC 

(0, 15 g/L) 

 

Lab Semi-continuous/ 35 

/30 days 

 qPCR -AC addition enhanced the removal of most ARGs in mono-AD of FW but showed little 

influence on AcoD. AC addition only enhanced the removal of limited types of ARGs 

from AcoD. 

(Zhang et al., 

2018a) 

Additive Pig manure + 

GO (0, 5, 50, 

100, 500 

mg/L) 

 

Lab Batch/37 /22 days 8% qPCR -GO at 500 mg/L dosage enhanced the reduction of ARGs abundance, but 50-100 mg/L 

of GO deteriorated ARGs reduction. Whereas 5 mg/L of GO had no obvious influence. 

(Zhang et al., 

2017c) 

Additive Pig manure + 

wheat straw + 

GO (0, 100, 

800 mg/L) 

 

Lab Batch/37 /50 days 8% qPCR -GO significantly enhanced the reduction of the abundance of ARGs and MGEs, where 

the low GO concentration performed better than the high GO concentration. GO 

mainly improved the reduction of ARGs by hindering the horizontal transfer of genes 

via MGEs. 

(Zhang et al., 

2019h) 

Additive Pig manure + 

wheat straw + 

GS (0, 5, 10 

g/L) 

 

Lab Batch/35 /50 days 8% qPCR -GS added at 10 g/L had higher ARGs reduction than the AD with 5 g/L GS and without 

GS. GS had an inhibitory effect on HGT. 

(Liu et al., 

2019a) 

Additive Sewage sludge 

+ kitchen waste 

+ ZVI (0, 5, 60 

g/L) 

 

Lab Semi-continuous/ 50 

/24 days 

<5% qPCR -ZVI dosages of 5g/L and 60 g/L showed similar influence on ARGs and MGEs, both 

significantly enhancing the reduction of tet (except tetW) and inI1 genes. 

(Gao et al., 

2017) 

Additive Cattle manure 

+ nZVI (0, 80, 

160 mg/L) 

Lab Batch/35 /43 days 8% qPCR -The addition of 160 mg/L nZVI is recommended for AD treatment, as it significantly 

enhances the reduction of AAs of ARGs and Tn916/1545. nZVI dosage induced the 

accumulation of intI1 and intI2. 

 

 

 

 

(Ma et al., 

2019) 
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Focus factor Feedstock Scale Process TS Analytical 

method 

Key findings Reference 

Additive Pig manure + 

nano-

magnetite (0, 

5, 75, 150, 

350 mmol) 

Lab Batch/35 /38 days 8% qPCR -Conventional AD and AD with low nano-magnetite addition enriched the AAs of intI1, 

while AD with high nano-magnetite addition reduced the abundance of intI1. Nano-

magnetite deteriorated the reduction of the AAs of sul1 and sul2, while the reduction of 

blaTEM could be enhanced by nano-magnetite, and the reduction of mcr-1 and the 

changes of blaCTX-M was not influenced much. The addition of nano- magnetite 

alleviated the increase of tetG, tetM, mefA and ereA during AD, and 350 mmol 

addition of nano- magnetite even changed the variation of tetX from increase to 

decrease. AD can reduce the RAs of all target ARGs, while nano-magnetite addition 

showed limited effects on the fate of ARGs, as well as the control of HGT. 

 

(Zhang et al., 

2019b) 

Additive Pig manure + 

magnetite (0, 

5, 75, 150, 

350 mmol) 

Lab Batch/37 /30 days 8% qPCR -Magnetite enriched the abundance of ermF and tetM, but reduced the abundance of 

mefA. Magnetite showed little effect on the abundance of sul1, sul2, blaCTX-M, blaTEM, 

and mcr-1. The effects of magnetite on AD mainly happened at day 13, but showed 

little effects at day 5 and day 30. The overall results showed that magnetite did not 

influence the total abundance of ARGs. 

 

(Zhang et al., 

2019f) 

Additive -Sewage sludge 

+ Fe3O4 NPs 

(0, 0.5, 1, 2, 4 

g/L) 

-Sewage sludge 

+ nZVI (0, 0.5, 

1, 2, 4 g/L) 

 

Lab Continuous/35 /20 

days 

8% qPCR -The average reduction rate of aac(6ǋ)-Ib was 94.73% in conventional AD, while they 

increased to 96.50% and 95.83% in AD with Fe3O4 NPs and nZVI , respectively. 

Compared with conventional AD, the addition of nZVI enhanced the reduction of 

ARGs, especially ermA and ermT. Whereas Fe3O4 did not improve the ARGs 

reduction but even enriched ermT. 

(Xiang et al., 

2019) 

Additive -Sewage sludge 

+ Fe3O4 NPs 

(0, 0.5, 1, 2, 4 

g/L) 

-Sewage sludge 

+ nZVI (0, 0.5, 

1, 2, 4 g/L) 

Lab Semi-continuous/ 37 

/ 20 days 

8% qPCR -Both AD with Fe3O4 NPs and nZVI could significantly reduce the AA of total ARGs, 

especially for blaOXA. The removal rate of total ARGs decreased with the increase of 

Fe3O4 NPs dosage. The AAs of ermF, ermATR, sul2 and tetT decreased in enhanced 

AD, while the AAs of sul1, tetW and dfrA12 increased. AD with iron NPs showed 

limited influence on the abundance of aac(6ǋ)-Ib, tetE and ermT, while some targeted 

genes were enriched in AD with iron NPs.  

 

 

(Zhang et al., 

2020b) 

Additive Pig manure + 

FeCl2 (0, 5, 10, 

25 40 mmol/L) 

Lab Batch/37 /41 days 8% HT-qPCR -FeCl2 dosage improved the reduction of the abundance of total ARGs, especially in the 

AD with 25 mmol/L FeCl2. FeCl2 dosage enhanced the reduction of tetracycline and 

others. FeCl2 addition enhanced the ARGs abundance reduction of all resistance 

mechanisms, except antibiotic efflux. 

 

 

 

 

 

 

(Lu et al., 2020) 
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Focus factor Feedstock Scale Process TS Analytical 

method 

Key findings Reference 

Additive + 

Temperature 

-Pig manure 

-Pig manure + 

15 g/L ZVI 

-Pig manure + 

4g/L Natural 

zeolite 

-Pig manure + 

1000 U/mL 

Dnase (except 

TAD) 

 

Lab -Batch/37 /22 days 

-Batch/55 /22 days 

10% qPCR -ZVI and natural zeolite addition increased the reduction of AAs of ARGs, while the 

addition of Dnase in MAD deteriorated the reduction of ARGs. As for the RAs, ZVI 

and natural zeolite addition increased the ARGs reduction in MAD by 33.3% and 

138.5%, respectively. But their addition deteriorated the ARGs reduction in TAD.  

 

(Zhang et al., 

2018b) 

Additive + 

Temperature 

FW + nZVI (0, 

0.1, 0.5, 1, 2, 

and 5 g/L) 

Lab -Batch/35 /15 days 

-Batch/55 /10 days 

14.74% qPCR -TAD had a higher removal rate of total ARGs than that of MAD. TetO, tetQ and tetX 

genes were reduced in TAD with nZVI, while tetO and tetQ genes were reduced in 

MAD with nZVI. TAD with 2 g/L nZVI had the highest ARGs removal ratio (about 

86.64%). The efficient reduction of ARGs in TAD might be due to the decrease of 

ARGs hosts, such as Firmicutes, Actinobacteria and Crenarchaeota. 

 

(Wang et al., 

2019b) 

Additive + 

SRT 

Sewage sludge 

+ ZVI (0, 800, 

1000, 1200 

mg/L) 

Lab Semi-continuous/ 35 

/10, 20, and 30 days 

1% qPCR -ZVI addition enhanced the reduction of RA of aac (6ǋ)-ib-cr and tetB but showed no 

obvious effects on the reduction of sul1 and sul2. The diversity of microorganisms 

increased with the increase of SRT. 

(Zhou et al., 

2020) 

a  MW-SS: Microwave pretreated sewage sludge 

b MW-FW: Microwave pretreated food waste 

c PWS: Pharmaceutical waste sludge 
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However, TAD does not always perform better than MAD in reducing ARGs, and some 

genes are found to be enriched after TAD. Sun et al. (2019b) found that dry MAD 

significantly reduced the abundance of tetG and tetW, while those two genes were 

enriched in dry TAD. And the overall results suggested that dry MAD is better than dry 

TAD for reducing ARGs from livestock manure. Huang et al. (2019b) employed HT-

qPCR to investigate the effect of temperature on the dynamic of ARGs during wet AD of 

PM. They found that the RA and AA of total ARGs were much higher in the digesters 

operated under 55  when compared to MAD and moderated AD. Besides, TAD had the 

lowest removal efficiencies of sulfonamide, FCA (fluoroquinolone, quinolone, florfenicol, 

chloramphenicol and amphenicol), multidrug, MLSB and tetracycline resistance genes, 

and it even enriched the abundance of intI1. Zhang et al. (2015b) studied the removal of 

ARGs during AD of SS with the application of metagenomic analysis. They found that 

TAD had higher reduction efficiencies of MLS, acriflavine and sulfonamide resistance 

genes than MAD, while it had lower removal rates of bacitracin, aminoglycoside, 

quinolone and beta-lactam resistance genes. However, the overall results indicated that 

neither TAD nor MAD showed an obvious reduction in the total ARGs abundances and 

diversity. The increase of ARGs abundance in TAD was also observed in previous studies 

(Ma et al., 2011; Sun et al., 2016; Xu et al., 2020). 

 

In summary, most studies suggest that TAD is more efficient in the inactivation of some 

ARB, and it is recommended for biowaste treatment as it has a higher reduction of ARGs. 

However, neither TAD nor MAD can completely remove ARGs. The inconsistent results 

indicate that the fate of different ARGs subtypes varies in the treatment; ARGs could be 

reduced or enriched even though they have been studied at the same operating 

temperatures. Besides, the fates of ARGs of different resistance mechanisms might be 

varied in the same digesters. That means many other factors could also impact the fate of 

ARGs, and further studies are needed in the future. 

 

 

2.5.2 HRT and SRT 

 

Residence times, such as hydraulic retention time (HRT) and solids retention time (SRT), 

are important operation parameters for AD. By changing HRT and SRT, the composition 

of bacterial communities is also changed, as well as the fate of ARGs and MGEs (Ma et 
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al., 2011). Ma et al. (2011) investigated the removal of ARGs and MGEs in a series of 

lab-scale reactors, and they found that MAD significantly reduced the AAs of sul1, sul2, 

tetC, tetG and tetX, and MAD with longer SRT showing better performance on the 

reduction of these genes. Sui et al. (2016) investigated the variation of ARGs of 

tetracycline (tetG, tetM and tetX), sulfonamide (sul1 and sul2) and macrolide (ermB, 

ermF, ereA and mefA) in two full-scale AD plants treating swine wastewater; their results 

demonstrated that a stable operating temperature and longer SRT benefited the reduction 

of ARGs. The higher removal efficiency of ARGs in the AD with longer SRT was also 

reported by Zhang et al. (2016). Similarly, extending the HRT of AD reactors achieved a 

better reduction of ARGs and MGEs (Sun et al., 2019a). Sun et al. (2019a) suggested that 

the lower microbial diversity in the MAD with longer HRT might be responsible for the 

lower absolute abundance of ARGs and MGEs. However, Zhou et al. (2020) found that 

the diversity of microorganisms was increased with the increase of SRT, and there was no 

significant difference between the AD with SRT of 10 days and 20 days on the reduction 

of ARGs. Moreover, Zhang et al. (2019d) suggested that extending the SRT cannot 

always improve ARG removal, and different types of ARGs respond differently to SRT 

changes. In their study, they found that a shorter SRT benefited the reduction of ARGs in 

conventional AD or two-stage AD of raw SS, whereas the digestion of microwave (MW) 

pretreated sludge needed a longer SRT for higher removal efficiency. A shorter SRT 

facilitated the removal of RAs of ermB and tetM in MAD, which differed from that of 

sulfonamides, tetracycline and beta-lactam resistance genes. 

 

In summary, the removal efficiency of ARGs and MGEs are more likely to be enhanced 

by extending the residence time. Since the residence time impacts the fate of ARGs and 

MGEs mainly by influencing antibiotics degradation and microbial succession, the 

optimal SRT and HRT might differ in different processes (Zhou et al., 2020). 

 

2.5.3 Substrate features 

 

Substrate features (such as substrate composition, TS contents, pH, AN and VFAs 

concentrations) are also important factors which have significant effects on system 

stability and methane production of AD, and they can also impact the variation of ARGs. 

For instance, AD with high TS contents has advantages such as a higher organic loading 

rate (OLR), lower energy requirement, and smaller digester size. However, an increase in 
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TS contents result in higher ionic strength, changes in cellular compartment volume and 

higher viscosity, restricting intermediate products transfer (Sui et al., 2018). Besides, 

hydrolysis and acidogenesis of organic matters at a higher TS contents usually lead to an 

imbalanced pH and higher inhibitor concentrations, such as free ammonia (FAN) and free 

VFAs (FVFA) (Jiang et al., 2018c). Since both FAN and FVFA are toxic to bacteria, AD 

with high TS content could facilitate the removal of some hosts of ARGs, thereby 

reducing the abundance of ARGs. Sun et al. (2019b) investigated the removal of ARGs 

and MGEs in both dry MAD (TS=22%) and wet MAD (TS=8%) of cattle manure. They 

found that six ARGs (sul2, ermQ, ermX, qnrA, aac(6')-Ib-cr and tetC) were much lower 

in dry MAD when compared to wet MAD; in particular, tetC was rapidly reduced in dry 

AD. Besides, dry AD showed better performance than wet AD in reducing MGEs (intI1, 

intI2, ISCR1 and Tn916/1545) and the potential ARGs hosts, such as Firmicutes and 

Proteobacteria. On the contrary, some studies reported that TS contents, especially 

volatile solids, is usually considered to have a positive relationship with the abundance of 

microorganisms (Turker et al., 2018). Due to the high density of bacteria in the dry AD, 

the HGT is more likely to happen among the bacteria within the flocs via MGEs (Huang 

et al., 2017). Moreover, increasing the TS contents of the feedstock could introduce more 

antibiotic residues to the reactors but obtain a lower antibiotic degradation rate, resulting 

in selective pressures on microorganisms (Sui et al., 2018). Sui et al. (2018) investigated 

the fate of ARGs (blaTEM, ereA, ermB, ermF, mefA, sul1, sul2, tetG, tetM, tetA, tetX, 

mcr-1 and aac(6')-Ib-cr) during MAD of PM at different TS contents (4%, 8%, 11% and 

14%). They found that the abundance of ARGs in AD with high TS contents was 

gradually increased during the early period of AD, but it decreased during the following 

periods. The removal rates of ARGs in digesters with TS contents of 4%, 8%, 11% and 

14% were 14.26%, 21.29%, 20.67% and 9.43%, respectively. Compared to AD with low 

TS content (TS<10%), it took a longer time for the high TS digesters to change the profile 

of ARGs. However, it is still unclear whether dry AD or wet AD performs better in 

reducing ARGs because few studies have fully compared it. Thus, further studies are 

required in the future. 

 

The environmental pH is another feature that could impact antibiotic resistome variation. 

It was reported that lower acidic pH was advantageous to the excretion of DNA from 

cells, while alkaline pH benefited the degradation of eDNA (including eARG). Huang et 

al. (2016) investigated the influence of pH on the fate of tetracycline-resistant bacteria 
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and HGT during two-stage AD of waste sludge. The sludge was fermented at five 

different pH conditions (pH=4, 5, 7, 9, 10) at stage I, and then all pretreated sludges were 

digested under a neutral condition at stage II. They found that the AAs of tetO, tetQ, tetC 

and tetX were significantly increased after being treated in acidic conditions while they 

were considerably reduced in alkaline conditions, and the removal rate increased with the 

increase of pH value. In another study, Huang et al. (2017) compared the performance of 

alkaline AD (pH=10) and conventional AD on the removal of six ARGs (sul1, sul2, tetO, 

tetQ, tetC and tetX). In conventional AD, the abundances of targeted genes were reduced 

by 0.19-0.46 logs after 100 days. In comparison, a further reduction of 0.42-1.36 logs of 

ARGs was achieved in alkaline AD. Besides, the concentration of plasmids in alkaline 

AD was only half of that in conventional AD. The ARGs variation might be attributed to 

the apoptosis of ARGs hosts (such as Clostridium sp. and Bacillus sp.) and the decline of 

MGEs abundance under alkaline pH conditions. Chen et al. (2019) investigated the effect 

of pH on the fate of sulfonamide resistome during AD of sludge. They observed that the 

proportion of sulfonamides-resistant bacteria significantly declined with the increase of 

fermentation pH, and the results showed sul genes were significantly reduced at alkaline 

pHs. The maximum reduction of sul1 and sul2 was achieved at the fermentation pH=10, 

which was about 0.8-1.1 logs higher than at pH=7. Besides, there was a lower abundance 

of intI1 gene in the digesters with alkaline pHs. In fact, most bacteria prefer neutral pH, 

and they can grow well in a pretty narrow pH range. Thus, small changes in pH might 

significantly affect the microbial community structure, which could further influence the 

variation of ARGs and MGEs (Beneragama et al., 2013b). Previous studies suggested that 

alkaline conditions restricted the persistence of eDNA and the amount of MGEs (Huang 

et al., 2016; Huang et al., 2017). In addition, alkaline pH decreases the zeta potential, and 

the enhanced mutual repulsion between bacteria makes them difficult to contact each 

other (Huang et al., 2017). All the factors restrict the horizontal and vertical transfer of 

ARGs and contribute to their reduction. 

 

Endogenous inhibitors (such as VFAs and AN) are also important factors for pathogens 

and ARB reduction (Beneragama et al., 2013a; Jiang et al., 2018c). A high VFAs or AN 

concentration could affect microbial succession and contribute to the variation of ARGs. 

Zhang et al. (2020a) investigated the ammonia stress on the fate of ARGs during 

mesophilic AD of sludge. They found ammonia stress increased the abundance of MLS 

resistance genes, but significantly reduced tetracycline resistance genes. However, no 
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apparent influence was found on the fate of aminoglycoside resistance genes. On the 

other hand, ammonia stress promoted the reduction of antibiotic efflux pump to up to 

86.6%, while it enriched ARGs of antibiotic target alteration. They suggested that FAN 

reduced bacteria membrane permeability and thus inhibited its efflux systems. However, 

the toxicity of VFAs and AN usually depends on the form of FVFA and FAN, because 

these undissociated forms can diffuse through the bacteria cell membrane (Jiang et al., 

2020). VFAs and AN concentrations can significantly affect the environmental pH, while 

the pH, in turn, greatly influences the concentrations of FVFA and FAN. Therefore, a 

lower pH value and a higher pH value can contribute to greater toxicity of VFAs and AN, 

respectively; both of them will result in higher pathogen and ARB removal efficiencies 

(Beneragama et al., 2013a; Jiang et al., 2020). Despite the reduction of ARB, ammonia 

stress was also reported to increase the abundance of MGEs and the alpha diversity of 

microbial communities, resulting in the promotion of HGT of some ARGs (Guo et al., 

2015; Tong et al., 2018). 

 

Generally, the VFAs and AN generation, as well as pH value, are highly related to the 

substrates of AD. In that case, the substrate composition influences the variation of ARB 

and ARGs. Zhang et al. (2019e) compared the fate of ARGs in AD of different substrate 

types with and without autoclave pretreatment. Their results indicated that substrate types 

significantly influenced the fate of ARGs; the RA of ARGs after AD of raw PM, treated 

PM, raw chicken manure and treated chicken manure significantly increased by 6.14, 7.38, 

2.65 and 1.19 times, respectively. But it changed little for the SS and treated SS. More 

specifically, both AD for PM and treated PM decreased the RAs of tetM, blaTEM and mcr-

1 but enriched tetX, mefA and ermF. AD for raw chicken manure and treated chicken 

manure decreased the RAs of tetM, ermB, blaTEM and mcr-1, but enriched tetX, mefA and 

ermF. As for the SS and treated SS, AD decreased the RAs of tetX, mefA, blaTEM, mcr-1 

and sul1, but enriched ermF. In another study, Zhang et al. (2016) compared the variation 

of ARGs in mono-AD and anaerobic co-digestion (AcoD). They found that AcoD of SS 

and FW enhanced the reduction of total ARGs and MGEs when compared to mono-AD. 

The abundances of ereA, tetG, sul1 and intI1 were decreased in AD for MW treated SS 

and FW, while they were increased in mono-AD. Besides, the authors also noticed that 

the AcoD for MW-treated SS and FW showed better ARGs reduction than that for MW-

treated FW and SS. Apart from the influence of substrate types, it is reported that the ratio 

of substrates of AcoD could also impact the fate of ARGs and MGEs. For instance, Song 
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et al. (2017) investigated the removal of ARGs in AD at different PM to wheat straw 

ratios (3:7, 5:5, and 7:3), and the RAs of ARGs decreased by 1.03, 1.37 and 4.23 logs in 

the digesters with the ratio of PM:wheat straw of 3:7, 5:5 and 7:3, respectively. Besides, 

the fate of targeted genes varied in different treatments. The AAs of tetW, tetC, ermX, 

and ermQ increased by 0.01-1.03 logs in digesters with the ratio of PM:wheat straw of 

3:7 and 5:5 when compared with the mono AD of PM, whereas the AAs of tetG, tetX, 

ermB, sul1, sul2, and dfrA7 decreased by 0.08-1.87 logs when PM:wheat straw was 7:3. 

Guo et al. (2020a) employed HT-qPCR to investigate the impacts of lignite addition (8%, 

16%, 32% and 64%) on the variation of ARGs during mesophilic dry AD of PM. They 

found the AAs of ARGs and MGEs greatly declined during the treatment, except for 

multidrug resistance genes. The removal rates of ARGs and MGEs ranged from 74.80% 

to 92.02% in the first 12 days, and they were 81.28-96.05% after 30 days. Although dry 

AD could not effectively reduce the number of ARGs and MGEs subtypes, the number of 

ARG subtypes decreased with the increase of the lignite amendment. Dry AD with 16% 

lignite amendment was suggested as the best measure for the removal of ARGs and 

MGEs when considering the methane yield. It is worth noting that environmental 

parameters (including VFAs, AN, pH, and so on) might be varied in anaerobic digesters 

at different ratios of carbohydrate/protein substrates, which will further result in different 

system performance and microbial community structure (Chen et al., 2019). As most 

ARGs persist in live microorganisms, the dynamic changes in microbial community 

structure will  contribute directly to the different fates of ARGs (Zhang et al., 2019e). 

 

2.5.4 Enhanced AD 

 

Apart from conventional AD, studies about the fate of antibiotic resistome in enhanced 

AD (including AD with feedstock pretreatment, two-stage AD, and AD with additive 

supplement) have also been reported.  

 

2.5.4.1  Feedstock pretreatment 

 

Nowadays, many pretreatment methods can be applied to treat biowastes. ARGs' fate in 

pretreated biowastes might differ due to the different pretreatment mechanisms. Thermal 

pretreatments, such as thermal hydrolysis (TH), pasteurization and autoclave 

pretreatments, are commonly used strategies to enhance the performance of AD. Many 



Chapter 2 

66 

studies have investigated the influence of thermal pretreatments on the fate of ARB and 

ARGs in AD. For example, Zhang et al. (2019e) explored the fate of ARGs (sul1, sul2, 

ermB, ermF, ereA, mefA, blaCTX-M, blaTEM, tetM, tetG, tetX and mcr-1) and intI1 in MAD 

treating different biowastes (chicken manure, PM, and SS) with and without autoclave 

pretreatment. They found that autoclave treatment reduced the RAs of total ARGs in all 

biowastes but had little impact on the composition of ARGs. Tong et al. (2019) 

investigated the changes of ARGs (tetA, tetX, tetM, sul1, sul2, blaTEM, blaCTX-M, blaNDM-1, 

ermB, ermF, mefA/E, qnrA and qnrS) and MGEs (intI1 and Tn916/1545) in two full-scale 

MAD plants combined with TH pretreatment treating waste sludge. The AAs of total 

ARGs and MGEs were significantly reduced after TH pretreatment by 20.8-25.5 logs and 

3.55-4.71 logs, respectively. Similarly, a significant reduction in total ARGs after TH 

pretreatment was also reported by Ma et al. (2011). Some studies suggested that high 

temperature and pressure during thermal pretreatment can destroy cell walls of microbes 

in biowastes and even destroy some DNA, resulting in the removal of ARB and ARGs 

(Ma et al., 2011; Tong et al., 2019; Zhang et al., 2019e). However, Wallace et al. (2018) 

reported that pasteurization pretreatment had no significant influence on the variation of 

RAs of targeted ARGs (tetO, tetW, sul1 and sul2) when treating cattle manure, and the 

RAs changed little during the following full-scale MAD. The results suggest that thermal 

pretreatment would impact the fate of some selected ARGs, and the performance be 

influenced by other operational parameters. Moreover, a lot of studies observed that the 

abundance of many ARGs significantly was rebounded in the subsequent AD (Ma et al., 

2011; Sun et al., 2019a; Tong et al., 2019; Zhang et al., 2019e). Nevertheless, the 

previous studies indicate that thermal pretreatment impacts the fate of some ARGs and 

shows selective influence on their abundances. 

 

In addition to thermal pretreatment, MW combined processes are also used to enhance 

AD performance for biowastes treatment, especially for waste sludge treatment. Studies 

have also been conducted to investigate the influence of MW pretreatment on the fate of 

ARGs. Zhang et al. (2017b) investigated the variation of ARGs and MGEs during the 

treatment of SS with or without MW-H2O2 pretreatment (MW of alkaline adjusted 

feedstock and then dosed with H2O2) and noticed that MW-H2O2 pretreatment reduced 

the AAs of ARGs, especially for ermB, ermF, blaOXA-1 and tetX. Compared to 

conventional AD, their results indicated that AD with MW-H2O2 pretreatment promoted 

the reduction of ARGs. Tong et al. (2016) compared the influence of MW, MW-H (MW 
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of acidic adjusted feedstock), and MW-H2O2 pretreatments on the variation of ARB and 

ARGs during MAD of SS. Their results showed that the removal rates of ARB were 

35.5%, 18.0% and 13.5% for MW-H, MW-H2O2 and MW pretreatments, respectively. 

They suggested that MW radiation can rupture the spore coat and inner membrane of 

bacteria to increase cell membrane permeability, resulting in the leakage of proteins, ions, 

and genetic matters (Tong et al., 2016). Consequently, most of the targeted ARB and 

ARGs were reduced after MW combined pretreatments. Other pretreatment methods have 

also been studied for the reduction of ARGs, including alkaline, ozone (O3), ultrasound 

(UP), as well as their combination (Pei et al., 2016; Tong et al., 2018; Tong et al., 2017; 

Wang et al., 2019a; Zhao et al., 2020). The efficiencies of these pretreatment methods 

have been compared with thermal pretreatments and MW combined pretreatments. Tong 

et al. (2017) found that O3 pretreatment had the lowest AAs reduction of ARGs and 

MGEs when compared to MW-H2O2 and TH pretreatment. As for the total RAs, it 

changed little and even increased after TH and MW-H2O2 pretreatments, respectively, 

while it decreased after O3 pretreatment. A similar result was also found in another study 

reported by Tong et al. (2018). Both studies observed that most of the targeted ARGs and 

MGEs were reduced after pretreatment but rebounded during AD, especially in the 

subsequent AD with pretreatment. However, compared to the unpretreated feedstock, 

their studies showed that AD with feedstock pretreatment enhanced the reduction of 

ARGs and MGEs, especially for AD with TH pretreatment. As for AD with alkaline and 

UP pretreatments, a study showed that they had higher removal rates than that AD with 

TH pretreatment (Wang et al., 2019a). In their study, the removal rate of ARGs in 

conventional AD was 50.77%, and they were 52.50%, 66.38% and 75.07% in AD with 

TH, alkaline and UP pretreatment, respectively. All these results indicate that 

pretreatments enhanced ARGs reduction, and UP would have the best performance.  

 

Although many studies showed that feedstock pretreatment significantly declined the 

AAs or RAs of ARGs and MGEs, studies found that most individual ARGs were enriched 

in the subsequent AD. Nevertheless, most studies found that the abundances of most 

ARGs were lower in the digesters after feedstock pretreatment (Ma et al., 2011; Pei et al., 

2016; Tong et al., 2016; Tong et al., 2017; Wang et al., 2019a; Zhang et al., 2017b; Zhang 

et al., 2019g; Zhao et al., 2020).  
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2.5.4.2  Two-stage AD 

 

Two-stage AD, which consists of the acidogenic phase reactor (APR) and the 

methanogenic phase reactor (MPR), is also regarded as an AD with pretreatment to some 

extent. Two-stage AD can provide optimal system stability, increased energy efficacy and 

better control over crucial parameters governing compared to single-stage AD. Generally, 

the microorganism structures and environmental parameters are different in the two 

stages, so the fates of ARGs and MGEs are usually different too. Previous studies have 

found that most of ARGs were mainly reduced in APR, while some of the ARGs were 

significantly rebounded in the following MPR (Ghosh et al., 2009; Jang et al., 2018; Wu 

et al., 2018; Wu et al., 2016).  

 

Nevertheless, several studies have found that the total abundance of ARGs was lower 

after two-stage AD than that after conventional AD, though some ARGs were rebounded 

in the methanogenic stage. These results suggest that two-stage AD can facilitate the 

removal of ARGs. For instance, Zhang et al. (2017b) found that two-stage MAD 

performed better than conventional MAD in reducing ARGs abundance during digestion 

of SS and MW-H2O2 pretreated SS. Compared to conventional MAD, two-stage MAD 

further reduced the abundances of ereA, tetM and tetX. A higher reduction of ARGs and 

MGEs in two-stage TAD than in single-stage TAD was also reported by Jang et al. (2020). 

In their study, some targeted genes, such as tetG, tetH, tetM, tetQ, tetX and intI1, were 

not detected after two-stage TAD. In addition, studies have also been conducted to 

compare the performance of two-stage AD with different operating temperatures and the 

two-stage AD with different temperature sequences (Jang et al., 2018; Wu et al., 2016). 

Wu et al. (2016) investigated the variation of ARGs in both two-stage MAD and TAD, 

and they found that the AAs of tetA, tetG, tetX, sul1, sul2, ermB, ermF, blaTEM, dfrA1 

and dfrA12 decreased by 0.20-1.07 logs in thermophilic APR (TAPR), while the AAs of 

tetA, tetG, sul1, ermB, blaTEM, dfrA12 in mesophilic APR (MAPR) decreased by 0.1-0.37 

logs. However, about 80% of the targeted ARGs were rebounded in the thermophilic 

MPR (TMPR), and the abundance of tetW and ermF were increased in the mesophilic 

MPR (MMPR). Compared to two-stage MAD, the two-stage TAD had higher ARGs 

reduction. In another study, Jang et al. (2018) compared the removal efficiencies of 

MAPR+TMPR and TAPR+MMPR for ARGs. Their results suggested that both AD 

reduced the abundance of tetH, tetBP, sul1 and sul2, and a higher removal of total ARGs 
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was observed in MAPR+TMPR rather than in TAPR+MMPR. Unlike the above studies, 

which were only focused on several selective ARGs and MGEs, a more comprehensive 

study with the employment of metagenomic analysis was conducted by Shi et al. (2021). 

Shi et al. (2021) explored the fate of ARGs in one-stage MAD and two-stage AD 

(TAPR+MMPR and MAPR+MMPR) of SS. The authors concluded that two-stage AD 

had higher removal efficiency of total ARGs than one-stage AD. Still, there was no 

obvious difference between the two-stage ADs in removing the total abundance of ARGs. 

Interestingly, they found the removal efficiency of aminoglycoside resistance genes in 

one-stage AD was higher than that in two-stage AD, and the variation of different types 

of ARGs varied at different periods of two-stage AD. These results indicate that the 

variations of ARGs are different in acidogenic and methanogenic phases of AD, and the 

individual ARG subtypes might have different fates in the treatments. 

 

2.5.4.3  Additive supplementary 

 

It is known that adding some additive supplements, such as biochar, activated carbon 

(AC), graphene oxide (GO) and natural zeolite, could benefit the bio-energy recovery of 

AD. Because they are amorphous carbonaceous materials that have high porosity and a 

large specific surface area, they can provide sites for bacteria to grow, resulting in more 

diverse microbial communities and higher microbial activity (Zhang et al., 2018a; Zhang 

et al., 2018b). Since additive dosage could impact microbial succession, adding these 

materials could also influence the variation of ARB and ARGs. Sun et al. (2018) 

investigated the impact of biochar on the fate of ARGs during MAD of cattle farm 

wastewater. Their results indicated that the changes of individual genes varied in the 

digesters with different biochar amendments. The addition of 20 g/L biochar had a more 

significant influence and better reduction on the abundance of ARGs than that of 5 g/L 

biochar, whereas the addition of 50 g/L biochar significantly increased the RAs of ARGs. 

Particularly, biochar addition enhanced the reduction of tetX, tetW and qnr but increased 

the RAs of tetC and MGEs, and had no influence on sul1, sul2 and ermX abundances. 

Some studies investigated the effects of AC on the fate of ARGs during mesophilic 

mono-AD and AcoD of different substrates (Zhang et al., 2019a; Zhang et al., 2018a; 

Zhang et al., 2017a). The addition of 15 g/L AC enhanced the reduction of tetA, tetM, 

tetW, tetO, tetQ, sul2 and tetX, but had no obvious impacts on the abundances of tetB, 

sul1, sul2, cmlA, floR, and intI1 genes in mono-AD of FW (Zhang et al., 2017a). 
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Conversely, Zhang et al. (2019a) found that AC addition enhanced the reduction of tetO 

but deteriorated the reduction of most targeted ARGs, including tetA, tetM, tetO, tetX, 

sul1, sul2, and cmlA. Their results were consistent with that reported by Zhang et al. 

(2018a), in which the AC addition enhanced the removal of most ARGs in mono-AD of 

FW but had little influence on AcoD. Zhang et al. (2017c) and Zhang et al. (2019h) 

investigated the effects of GO on the reduction of ARGs during mono-AD and AcoD, 

respectively. GO at 500 mg/L dosage enhanced the reduction of ARGs abundance during 

mono-AD of PM, but 50-100 mg/L of GO deteriorated ARGs reduction; whereas 5 mg/L 

of GO had no obvious influence on ARGs variation (Zhang et al., 2017c). They suspected 

low GO concentration could make bacteria cells create oxidative stress, resulting in the 

change of cell membrane fluidity and promotion of genetic materials exchange, so as the 

HGT. In comparison, a high GO concentration (500 mg/L) enhanced the reduction, 

probably due to the high GO dose having high absorbance of ARGs and more substantial 

inhibitory effects on ARGs proliferation (Zhang et al., 2017c). However, Zhang et al. 

(2019h) reported that GO significantly enhanced the reduction of ARGs and MGEs, with 

better performance found in the AcoD with low GO concentration. They thought GO 

addition could restrict the mobility of MGEs and inhibit gene transfer between bacteria, 

thereby improving the reduction of ARGs (Zhang et al., 2019h). However, the influence 

of these amorphous materials on the fate of ARGs and MGEs was based on their dosage 

and could be impacted by other factors. Hence, the application of these additive materials 

for controlling ARGs and MGEs should be further considered. 

 

Iron-based materials, such as zero-valent iron (ZVI), magnetite (Fe3O4) and ferrous 

chloride (FeCl2), are electron donors that could optimize the microbial community 

structure and enhance direct interspecies electron transfer (DIET) in AD. Therefore, the 

addition of iron-based materials has been also reported to influence the ARGs' variation. 

For instance, Gao et al. (2017) found that ZVI dosages of 5 g/L and 60 g/L showed 

similar influence on ARGs and MGEs, and both significantly enhanced the reduction of 

tetA, tetC, tetG, tetM, tetO, tetX and intI1 during thermophilic AcoD of SS and kitchen 

waste. Besides, Zhou et al. (2020) reported that ZVI addition enhanced the reduction of 

RA of aac(6ô)-Ib-cr and tetB, but it had no obvious effects on sul1 and sul2. As for 

nanoscale ZVI (nZVI), it was reported that 160 mg/L nZVI dosage facilitated the 

reduction of AAs of ARGs, but the dosage of nZVI induced the accumulation of intI1 and 

intI2 (Ma et al., 2019). In addition, Wang et al. (2019b) found that the addition of nZVI in 
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TAD and MAD enhanced the reduction of tetO, tetQ and tetX (only in TAD), and TAD 

with 2 g/L nZVI had the highest ARGs removal ratio. Compared to ZVI-enhanced AD, 

some studies reported that AD with Fe3O4 nanoscale particles (Fe3O4 NPs) had less 

improvement in the control of ARGs abundance (Xiang et al., 2019; Zhang et al., 2019b; 

Zhang et al., 2019f). While,  Zhang et al. (2020b) found that both nZVI and Fe3O4 NPs 

significantly reduced the AA of total ARGs, especially for blaOXA. But the removal rate of 

total ARGs decreased with the increase of Fe3O4 NPs dosage. In another study, Lu et al. 

(2020) studied the influence of FeCl2 on the fate of broad-spectrum ARGs (252 ARGs 

subtypes were targeted) during mesophilic AD of PM with the employment of HT-qPCR. 

They found that FeCl2 enhanced AD, especially in the AD with 25 mmol/L FeCl2, and 

promoted the reduction of total ARGs abundance. However, FeCl2 addition enhanced the 

ARGs abundance reduction of all resistance mechanisms, except antibiotic efflux. 

Although iron-based materials were reported to change the enzyme activities of some 

MGEs and promote HGT, a lot of studies suggested their dosage could increase or 

decrease ARGs by changing the abundance of ARGs hosts directly (Lu et al., 2020; Ma et 

al., 2019; Wang et al., 2019b). 

 

2.6 Summary 

 

This literature reviews the consumption of antibiotic drugs and the problem caused by 

antibiotic resistance. Due to the long-term application of antibiotics, studies have found 

that livestock wastes, WWTPs and the food chain are reservoirs of ARB and ARGs. AD, 

as one of the most used biowaste management processes, benefits the mitigation of 

greenhouse gases emission and the recovery of renewable energy. Previous studies 

reported that AD with different operating conditions could influence the fate of ARGs; 

some ARGs could be reduced while others might be enriched. Most studies recommend 

AD with high temperatures or alkaline pH for treating biowaste, as it can achieve a higher 

removal rate of antibiotic resistome. However, the influence of operation conditions on 

the reduction of ARGs was inconsistent among these studies. Due to the varied analytical 

methods and target genes, it is usually difficult to compare the results of two different 

studies, and it might be one reason for the inconsistent results. Besides, the variation of 

several targeted ARG subtypes in the processes cannot represent the overall trend as they 

can be influenced by many factors. Since the fate of antibiotic resistomes in anaerobic co-



Chapter 2 

72 

digestion is still unclear, more comprehensive studies have been conducted in the 

following chapters. 
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Chapter 3 

Diversity and abundance of antibiotic resistance 

genes in typical biowastes revealed by 

metagenomic analysis and high-throughput qPCR 
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3.1 Introduction  

 

Antibiotics are widely used in families, hospitals and farms. In particular, it is reported 

that nearly half of antibiotics are used in the farming of animals (Couch et al., 2019); pigs 

have the highest antibiotic usage, followed by chicken and cattle (Elliott et al., 2017). As 

a result, antibiotic-resistant organisms (ARO) and ARGs have been detected in livestock 

wastes, sewage sludge, and raw food products. For instance, a high abundance of ARB 

and ARGs have been detected in WWTPs (especially which receive hospital wastewater) 

and their surrounding environment (Cahill et al., 2019; Calero-Caceres et al., 2014; 

Mahon et al., 2017; Su et al., 2017a). In addition, many studies have reported that 

livestock wastes (especially pig manure) and manure-amended soil are hotspots of AMR 

(Qian et al., 2017; Wang et al., 2017a; Zhu et al., 2013). More recently, studies have 

revealed ARB and ARGs in food chains, such as in fruits, vegetables and meat products 

(Randall et al., 2017; Sapkota et al., 2019; Xiong et al., 2019). Many MGEs-mediated 

ARGs in the biowastes have direct links to human and animal health as they could shift 

into pathogens via HGT (Kanger et al., 2020; Zhang et al., 2017d). Thus, assessing the 

profile of ARGs and MGEs in the biowastes is essential for evaluating their risks to 

human health and for better waste management. 

 

Culture-dependent and culture-independent methods are commonly used to investigate 

AMRôs profile in environments. Culture-dependent methods usually use culture media 

with selective antibiotics to enumerate and isolate specific bacterial groups (Su et al., 

2017b). Besides, agar diffusion assays combined with traditional polymerase chain 

reaction (PCR) are also used to evaluate the isolatesô susceptibility to antibiotics and 

identify specific genes in the isolates (Yang et al., 2017). Culture-dependent methods not 

only can reveal the relationship between the resistance phenotype and the genotype of the 

genes directly but also have the ability to build links between ARGs and their hosts 

(Alonso et al., 2017). However, culture-dependent methods are usually laborious and 

time-consuming, and can only test culturable bacteria, limiting their application in 

exploring the profile of ARGs in complex environments. 

 

Culture-independent molecular technologies might be an alternative way to investigate 

the profile of ARGs in complex environments. Apart from conventional PCR and 
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quantitative PCR (qPCR) methods, which target only small numbers of genes each time, 

some developed molecular technologies can determine hundreds of ARGs simultaneously. 

For instance, HT-qPCR, which can perform thousands of nanoliter qPCR reactions each 

time, has been employed in recent years. HT-qPCR significantly extends the discovery of 

ARGs and MGEs in complex communities, though it can only be employed to determine 

the genes with available primers (Su et al., 2017b). Studies have used HT-qPCR to 

explore the diversity and abundance of ARGs and MGes in various environments, 

including soils, rivers, estuaries, and animal manures (Lu et al., 2017; Quintela-Baluja et 

al., 2019; Xiang et al., 2018; Zhu et al., 2017b). Besides, HT-qPCR has also been applied 

to investigate the variation of ARGs and MGEs in biotreatment processes and the 

influence of biofertilizer application on AMR profiles in the soils (Gou et al., 2018; 

Kanger et al., 2020; Zhang et al., 2017e; Zhou et al., 2019).  

 

Metagenomics sequencing is also a powerful tool for exploring the diversity and relative 

abundance of ARGs and MGEs in complex environments (Luo et al., 2017). 

Metagenomics analysis has limited impacts on discovering truly novel ARGs and MGEs, 

and it cannot identify the ARGs and MGEs that are not included in the databases or with 

a very low relative abundance (Howe et al., 2014; Su et al., 2017b). But it can find 

thousands of ARGs and MGEs by homology searching in the annotated DNA databases 

(Su et al., 2017b). With appropriate bioinformatics tools, it is possible to show the 

changes in the abundance of the discovered ARGs and MGEs with metagenomic 

sequencing data. Generally, National Center for Biotechnology Information (NCBI), 

Antibiotic Resistance gene DataBase (ARDB) and Comprehensive Antibiotic Resistance 

Database (CARD) are the most commonly used databases for metagenomic analysis (Liu 

et al., 2019b; Su et al., 2017b; Yin et al., 2018). However, many annotated genes in 

ARDB and CARD are unverified, and homology searches in the databases could produce 

false-positive annotations of genes (Yin et al., 2018). Thus, curated databases and 

improved pipelines in the bioinformatic analysis are essential. 

 

ARGs-OAP, based on the Structured Antibiotic Resistance Genes (SARG) database, is a 

useful approach for investigating ARGs profiles in different environments (Yang et al., 

2016; Yin et al., 2018). Up to date, the SARG database contains manually curated 

reference sequences of 1244 ARG subtypes (24 ARG types), which are mainly derived 

from ARDB, CARD and the National Center for Biotechnology Information Non-
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Redundant Protein Sequence Database (NCBI-NR) (Yin et al., 2018). Besides, SARG is 

expanding to include the new confirmed reference sequences. The improved pipeline with 

the updated database provides a convenient way to investigate the profile of ARGs in 

environmental samples, and it is accepted and applied by researchers. For instance, Luo et 

al. (2017) employed ARGs-OAP (v1.0) to investigate the variations of ARGs in full-scale 

biogas reactors and a total of 300 ARG subtypes with the abundance of 7×10-3-1.08×10-1 

copy of ARG/copy of 16S rRNA gene were detected in their study. Li et al. (2018) 

successfully presented a novel way to track ARGs and identify their sources using ARGs-

OAP and machine-learning approaches. More recently, Yoo et al. (2020) explored the 

profile of antibiotic resistome in sludges of WWTPs by using ARGs-OAP (v2.0), and a 

total of 22 ARG types (181 subtypes) were detected with abundances about 3.17×10-4-

1.57×10-1 copy of ARG/copy of 16S rRNA gene. The previous studies have indicated that 

using the ARGs-OAP pipeline to explore ARGs profiles in complex environments is 

feasible. 

 

Up to date, studies have been conducted to investigate the profile of ARGs and MGEs in 

sludges, animal manures and environmental samples. Although ARB and ARGs have 

been detected in the food chain, the diversity and abundance of ARGs and MGEs in food 

waste (FW) have not been comprehensively studied yet. This study used a combination of 

metagenomic sequencing and HT-qPCR methods to compare the diversity and abundance 

of ARGs, MGEs and microbial communities in four typical biowastes: FW, pig manure 

(PM), aerobic activated sludge (AS), and anaerobically digested sludge (ANS). In that 

case, more comprehensive profiles of ARGs and MGEs in the biowastes are provided, 

benefiting the evaluation of biosafety of the biowastes and choice of appropriate 

treatment processes.  

 

3.2 Materials and methods 

3.2.1 Sample collection 

 

FW was collected from the bins of the largest canteen at the National University of 

Ireland, Galway. The canteen serves hundreds of staff and students every day. About 

three kilograms of FW were obtained in total. The FW was a mixture of food leftovers, 

such as fruits, vegetables, meats, bread, dairy products, etc. The FW was ground to <2 
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mm and mixed well homogeneously using a food processor before FW samples were 

taken for measuring ARGs and MGEs. Approximately 20 L of fresh pig slurry was taken 

from a local pig farm, and it was centrifuged at 6000 rpm (ROTOFIX 32A, Hettich) for 5 

min to obtain the solid fraction. Then, a PM sample was taken from the mixed centrifugal 

solids. Sludge was taken from a local WWTP with an average daily load of 150,000 

Population Equivalent. In this WWTP, waste sludge is treated using anaerobic digestion. 

Thus, a centrifuged aerobic activated sludge (AS) sample and a dewatered anaerobic 

sludge (ANS) sample were taken for further analysis. The detailed information of the 

samples is shown in Table 3-1. All samples were stored in the freezer at -80  until 

conducting HT-qPCR and metagenomic analysis. 

 

Table 3-1: Physicochemical properties of food waste, pig manure, dewatered anaerobic 

sludge and aerobic activated sludge 

Characteristics FW a PM b ANSc ASd 

pH 4.5 ± 0.2 8.4 ± 0.1 8.4 ± 0.1 6.9 ± 0.1 

Moisture content (MC, %) 70.6 ± 0.5 74.4 ± 0.2 81.2 ± 0.1 98.8 ± 0.5 

Total solids (TS, g/L) 293.8 ± 0.5 256.2 ± 0.2 188.0 ±0.1 12.1 ± 0.5 

Volatile solids (VS, g/L) 283.7 ± 0.8 211.4 ± 0.2 128.3 ± 0.6 7.8 ± 0.6 

VS/TS (%) 96.6 ± 2.4 82.5 ± 1.2 68.2 ± 2.8 64.4 ± 2.4 

Soluble chemical oxygen demand 

(SCOD, g/L) 
92.6 ± 3.9 35.0 ± 3.1 16.4 ± 2.1 1.2 ± 0.1 

Total volatile fatty acids (VFA, mg/L) 3,007 ± 351 9,821 ± 899 NDe ND 

Total ammonia nitrogen (TAN, mg/L) 386 ± 35 3,666 ± 393 990 ± 109 40.67 ± 0.46 

Note: The samples were analyzed in duplicate. 

a FW: food waste 

b PM: pig manure 

c ANS: dewatered anaerobic sludge 

d AS: aerobic activated sludge 

e ND: Not detectable 

 

3.2.2 Metagenomic sequencing and bioinformatic analysis 

 

The frozen samples were sent to the Beijing Genomics Institute (BGI, Hong Kong, China) 

for sequencing on the DNB-seq PE100 platform. DNA extraction and quality control 

were conducted by BGI using the E.Z.N.A. Stool DNA kit (Omega) with BGI 

modification. Raw sequence data were treated using SOAPnuke (ñ-l 20 -q 0.4 -n 0.001 -
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M 3 -A 0.25 --seqType 0 -Q 2 --minLen 100ò) to get clean reads. Finally, above 4 Gb of 

clean sequence data (61,806,086 - 63,741,212 clean reads) were obtained for each sample. 

 

To determine the profile of ARGs and MGEs, as well as the microbial community 

structure, a pipeline was built on the platform of Irish Centre for High-End Computing 

(ICHEC). The clean sequence data were searched by using a local version of ARGs-OAP 

(v2.0) to determine the diversity and abundance of ARGs (Yin et al., 2018). According to 

the manual, the Structured Antibiotic Resistance Genes (SARG, v2.2) database was used 

with recommended parameters (e-value, 1e-5; similarity identity, 80%; alignment length, 

25 amino acids). The SARG database contains curated reference sequences of 24 ARG 

types and 1244 subtypes. Via this package and the scripts, the ARG types and subtypes 

were identified and categorized automatically. The relative abundances of ARGs (copy of 

ARG/copy of 16S rRNA gene) were also calculated. In order to get more information 

about the ARGs subtypes, such as the resistance mechanisms, the results were further 

annotated according to the database downloaded from the CARD database using a 

customized script. The information of antibiotic resistance genes is shown in Table A.1. 

 

Since MGEs in the gut microbiome are usually closely related to the transfer frequency of 

ARGs, a high abundance of MGEs in the gut microbiome benefits the transmission of 

antibiotic resistance. Therefore, the diversity and abundance of MGEs in different 

samples were identified by aligning the clean sequences of samples against the Intestinal 

Microbiome Mobile Element Database (ImmeDB) via BLASTn (Jiang et al., 2019a). The 

ImmeDB has 4928 putative MGEs from the dominant gut microbiome, Actinobacteria, 

Bacteroidetes, Firmicutes, Proteobacteria and Verrucomicrobia. The read meets the 

criteria: (1) cut-off e-value Ò 1e-5; (2) above 90% nucleotide sequence identity;(3) the 

alignment length Ó 60bp (Chen et al., 2013; Kintses et al., 2019; Li et al., 2020). All 

MGEs were divided into seven classes according to their transfer and transposition 

mechanisms. The classes are prophages, integrative conjugative elements (ICEs), 

integrative mobilizable elements (IMEs), group II introns, transposons, unclassified islets, 

and unclassified genomic islands. The relative abundance of each MGEs-like gene was 

calculated by dividing the number of MGEs reads by the total number of clean reads in 

the corresponding sample. 
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As for the microbial community structure, quality control and trimming of the clean reads 

was conducted by Kneaddata toolkit with the 

SILVA_128_LSUParc_SSUParc_ribosomal_RNA database. The parameters were set as 

ñïtrimmomatic -options óSLIDINGWINDOW:4:20 MINLEN:50ô and ïbowtie2 -options 

óïvery-sensitive ïdovetailô ò. Then, MetaPhlAn2 and bowtie2 with default parameters 

were applied to conduct taxonomic classification and quantification (Xu et al., 2020). 

 

3.2.3 High-throughput quantitative PCR (HT-qPCR) and data analysis 

 

Since the AS is not directly discharged into the environment from the local WWTP, only 

FW, PM and ANS were selected for HT-qPCR analysis in this study. Firstly, DNeasy 

Powersoil Kit (QIAGEN) was used for DNA extraction according to the manufacturerôs 

instructions. For each extraction, about 0.25 g of sample was added into the bead tube. To 

minimize the potential bias, each sample was extracted in quadruplicate. Then, the 

parallel DNA samples were well mixed and determined by a fluorometer (Qubit 2.0, 

Thermo Scientific, USA) and a spectrophotometer (Nanodrop 2000c, Thermo Scientific, 

USA) for their concentrations and qualities, respectively. Finally, a vacuum freeze dryer 

(Lyovapor L-200, Buchi, Switzerland) was used to dry all the DNA samples, and the 

freeze-dried DNA samples were delivered to the Institute of Urban Environment 

(Xiamen, China) for ARGs and MGEs determination. 

 

To determine the abundance of ARGs and MGEs, HT-qPCR reactions were operated 

using the Wafergen SmartChip Real-time PCR system (Wafergen, Fremont, CA). The 

detailed detection methods and primers followed previous studies (Chen et al., 2017b; Su 

et al., 2015; Zhou et al., 2019; Zou et al., 2020b). The detailed information of the 296 

primer sets and target genes is shown in Table B.1, which includes 283 ARGs relevant to 

almost all major antibiotic classes, eight transposase genes, three universal and one 

clinical integron-integrase genes (intI1, intI2, intI3, cintI1), and one 16S rRNA gene. 

Only the results with an amplification efficiency in the range of 90-100% were kept for 

further analysis. Then, the results were further confirmed by the following two criteria: 

(1) threshold cycle (CT) < 31; and (2) Ó 3 positive in 3 replicates (Su et al., 2015). 

Relative copy numbers, as well as ARGôs fold change (FC) of the treated biowaste 

samples (against W0 and D0, respectively), were calculated referring to the methods 

reported by Chen et al. (2016b) and Chen et al. (2017a). 
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3.2.4 Statistic analysis 

 

The barplot and heatmap were performed in OriginLab and HemI (version 1.0), 

respectively. For the network analysis, the pair-wise correlations among ARGs subtypes, 

MGEs and bacterial phyla were conducted in R with VEGAN, igraph, and Hmisc 

packages. The correlation was considered statistically strong and significant if 

Spearmanôs correlation coefficient |ɟ| > 0.8 and the P-value < 0.01. Besides, the 

BenjaminiïHochberg (FDR) method was used to adjust the P-value. Then the co-

occurrence network was visualized by using Gephi (version 0.9.2). 

 

3.3 Results and discussion 

3.3.1 Diversity and abundance of ARGs types revealed by sequencing 

 

As shown in Figure 3-1a, a total of 19 ARGs types were detected in the four biowaste 

samples. The total abundances of ARGs in different biowastes were in the following 

order:  PM (4.03 ×10-1 copy of ARG/copy of 16S rRNA gene) > AS (2.93 ×10-1 copy of 

ARG/copy of 16S rRNA gene) > ANS (2.23 ×10-1 copy of ARG/copy of 16S rRNA 

gene) > FW (1.90 ×10-1 copy of ARG/copy of 16S rRNA gene). Since antibiotics are 

widely used in animals and humans, it is not a surprise that PM and AS had high 

abundances of ARGs. However, it can be found that the composition of ARGs in PM and 

AS was quite different (Figure 3-1b). The primary ARG type in PM was tetracycline 

(47%), followed by macrolideīlincosamideīstreptogramin (MLS, 21%) and 

aminoglycoside (15%). In addition, there were 4% of multidrug and 4% of sulfonamide 

resistance genes in PM. Unlike PM, AS had 23% of bacitracin resistance genes (mainly 

consisting of bacA and bcrA genes). To our best knowledge, bacA gene is involved in 

catalysis reactions which produces undecaprenyl phosphate (an important material for 

peptidoglycan and cell wall components synthesis) (El Ghachi et al., 2004). Whereas, 

bcrA is an ABC transporter that is commonly found in Bacillus licheniformis and many 

pathogens (Podlesek et al., 1995). Therefore, it is normal to find that all four biowastes 

had high abundances of bacitracin resistance genes. Apart from bacitracin resistance 

genes, the dominant ARG types in AS conferred resistance to multidrug (25%). Besides, 

the proportions of sulfonamide, beta-lactam and rifamycin resistance genes in AS were 
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the highest among the four biowastes. Whereas, the proportions of tetracycline, MLS and 

aminoglycoside resistance genes in AS were relatively lower than in PM. The different 

ARGs profile of PM and AS might due to the application of antibiotics in the 

corresponding environments (Yevutsey et al., 2017; Zhao et al., 2018). In Ireland, the 

majority of veterinary antibiotics applied during 2016 and 2019 were tetracyclines 

(39.5~42.3%), sulfonamides and trimethoprim (15.5~20.7%), penicillins (20.4~24.2%), 

aminoglycoside (5.4~6.1%), and MLS (6.6~7.5%) (HPRA, 2019). Therefore, it is 

reasonable that PM had a high proportion of tetracycline, aminoglycoside and MLS 

resistance genes. On the contrary, the primary outpatient antimicrobial consumption in 

Ireland during 2017 and 2018 was penicillins (56.7~57.9%), followed by macrolides 

(17.6~18.1%) and tetracyclines (11.4~12.1%) (HSE Health Protection Surveillance 

Centre, 2019). During this period, the antimicrobials consumed in hospitals were mainly 

penicillins (51%), whereas tetracycline and aminoglycosides were not frequently used. In 

this study, the WWTP receives wastewater from hospitals and households; this might be 

the reason why AS had high abundances of multidrug, beta-lactam and MLS resistance 

genes. 

 

As for the FW, multidrug, bacitracin and MLS resistance genes accounted for 61% of the 

total abundance of ARGs. Apart from the fact that many lactic acid bacteria have a 

natural resistance to bacitracin, MLS and many other types of antibiotics (Álvarez-

Cisneros and Ponce-Alquicira, 2018), anthropogenic activities can also help introduce 

antibiotic resistance to FW. In recent years, papers about AMR detection in the food 

chain have been reported. For instance, ESBL-producing strains were isolated from meat 

products (Apostolakos et al., 2020; Collineau et al., 2020; Guo et al., 2020b). Besides, the 

prevalence of ARGs was found in vegetables and fruits (Li et al., 2020; Xiong et al., 2019; 

Zhu et al., 2017a). In this study, the FW was a mixture of food leftovers, including human 

contaminated fruits, vegetables, and cooked food products. These could explain the 

presence of ARGs in the FW, especially the carbapenemase-producing genes (OXA-like 

genes). 
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Figure 3-1. (a) Abundance of ARGs types (copy of ARGs per copy of 16S rRNA gene) in 

different biowastes and (b) Proportion of ARGs types in each biowaste. MLS, 

macrolideīlincosamideīstreptogramin.  

 

This study also found that the total abundance of ARGs in the ANS was lower than in the 

AS. In particular, the abundances of bacitracin, multidrug, sulfonamide, and beta-lactam 

resistance genes were obviously reduced after AD. The results suggest anaerobic 

digestion of waste sludge can reduce those types of ARG, and this phenomenon has also 

been observed in previous studies (Ma et al., 2011; Yoo et al., 2020). However, the 

proportions of MLS and aminoglycoside resistance genes were significantly increased 

after AD, and their ratios in the ANS were 30% and 9%, respectively. The enrichment of 

MLS and aminoglycoside resistance genes was also found in other researches studying 

anaerobic digestion (Huang et al., 2019a; Ju et al., 2016; Shi et al., 2021; Wolak et al., 

2022). These two types of resistance genes are highly related to MGEs and pathogenic 

bacteria, so it is suggested from these researches that these genes are unlikely to be 

removed by the conventional AD process. However, the reduction of MLS and 

aminoglycoside resistance genes have not been comprehensively studied, and more 

studies are needed to improve their removal efficiency.  
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3.3.2 ARGs subtypes in biowastes revealed by metagenomic analysis 

 

In this study, a total of 317 ARGs subtypes were detected in all samples, with 200, 213, 

167 and 174 subtypes of ARGs being detected in FW, PM, ANS and AS, respectively 

(Figure 3-2). Multidrug was the most diverse one in all types of biowastes, and about 43 

to 60 subtypes of multidrug resistance genes were discovered in the samples, accounting 

for 20~31% of all subtypes (Figure 3-2b). A total of 20 subtypes of multidrug resistance 

genes with abundances over 1×10-3 copy of ARG/copy of 16S rRNA gene were found in 

at least one sample (Figure 3-3). Following this, the dominant subtypes in all samples 

conferred resistance to beta-lactam, MLS, tetracycline and aminoglycoside. In total, about 

18 subtypes of tetracycline resistance genes and 17 subtypes of MLS resistance genes met 

the filter requirement (>1×10-3 copy of ARG/copy of 16S rRNA gene in at least one 

sample). And the abundances of most of these ARG subtypes in the PM were higher than 

those in other types of biowastes. 

 

 

Figure 3-2. (a) Number of shared and unique ARGs subtypes among four biowastes; (b) 

Number of ARGs subtypes detected in each biowaste. 

 

On the contrary, the abundance of macB (MLS resistance gene) was much higher in 

sludge (both in ANS and AS), and its abundance was up to 2.3×10 -2 copy of ARG/copy of 

16S rRNA gene. Other researchers also found a high abundance of macB in activated 

sludge (Liu et al., 2019b). It can also be seen that FW, ANS and AS had more subtypes of 

beta-lactam and multidrug resistance genes than PM, especially in FW. Among all ARG 

subtypes, bacA (resistant to bacitracin) was the only gene with an abundance of over 
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1×10-2 copy of ARG/copy of 16S rRNA gene in all samples. Bacitracin is a commonly 

used medicine for the treatment of skin and eye infections, and it is an approved diet 

supplement to livestock animals. Thus, the wide use of bacitracin contributes to the 

propagating of bacitracin resistance among the microbiomes.  

 

The numbers of shared and unique ARGs subtypes among the samples are shown in 

Figure 3-2a. 94 subtypes of ARGs were detected in all biowastes, and most of them were 

related to multidrug (37 subtypes), tetracycline (13 subtypes), MLS (10 subtypes), and 

aminoglycoside (seven subtypes). Whereas there were 47, 58 and 12 unique ARGs 

subtypes in FW, PM and ANS, respectively, among which, 9 aminoglycoside, 15 MLS, 8 

tetracycline and 5 vancomycin resistance genes were only detected in PM. It is worth 

mentioning that 33 out of 47 unique ARGs subtypes in FW confer resistance to beta-

lactam, including 27 subtypes of OXA genes. It is known that OXA enzymes belong to 

class D beta-lactamases, and some OXA-producing strains could show resistance to 

cephalosporins and carbapenems (Evans and Amyes, 2014). The infections caused by 

OXA carbapenemases-producing bacteria are usually very challenging to be treated. In 

particular, OXA carbapenemases producing Enterobacteriaceae pose a risk of infecting 

immunocompromised individuals, and it has been regarded as an emergency public health 

concern in recent decades (Galler et al., 2014). Evans and Amyes (2014) think that genes 

coding for OXA-48-like enzymes (OXA-48, OXA-244 and OXA-247) can spread much 

more rapidly and widely than other OXA-type genes, because OXA-48 like enzymes 

spread via plasmids instead of clonal lineages. The FW was collected from canteen bins, 

which contained raw and leftover food materials. ARGs composition in the FW was 

influenced by anthropogenic activities as they might come from either raw food materials 

or individuals dining in the canteen. Further studies are needed to investigate the 

proportion and risks of AMR entering food waste from individuals. Overall, this study 

shows that FW is an essential reservoir of carbapenems resistance genes, and it should be 

managed carefully to prevent pathogenic bacteria from obtaining OXA-type genes.  
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Figure 3-3. Eighty-seven major ARGs subtypes in the biowastes (above 1×10-3 copy of 

ARG/copy of 16S rRNA gene in at least one sample). 

 

3.3.3 Composition of resistance mechanisms 

 

According to the CARD database, the detected ARGs were classified into different 

categories based on resistance mechanisms: antibiotic efflux, antibiotic inactivation, 

antibiotic target alternation, antibiotic target protection, antibiotic target replacement, and 

ñother/unknownò. As shown in Figure 3-4a, antibiotic efflux, antibiotic inactivation and 

antibiotic target alteration were the dominant resistance mechanisms in FW, ANS and AS, 

and the proportion of these three classes accounted for 89.5-95.4% of the total ARGs 

abundance. The proportions of resistance mechanisms in AS and ANS were similar, 
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which means the resistance mechanism would have little influence on the removal of 

ARGs during sludge digestion. Unlike ANS and AS, about 62.2% of ARGs in FW 

belonged to the antibiotic efflux mechanism. Besides, PM had the highest proportion of 

antibiotic target protection ARGs (21.6%) among all samples, while the percentage of 

antibiotic efflux ARGs was the lowest.  

 

Figure 3-4. (a) Composition of resistance mechanism, calculated based on the copy of 

ARG/copy of 16S rRNA gene; (b) Number of ARGs subtypes in each resistance 

mechanism. 

 

It was found that most ARGs subtypes detected in this study belonged to antibiotic efflux 

(67-88 ARGs subtypes) and antibiotic inactivation (57-80 ARGs subtypes) categories 

(Figure 3-4b). In this study, the antibiotic efflux class was mainly composed of multidrug 

(63 subtypes) and tetracycline (19 subtypes) resistance genes. Generally, microorganisms 

can pump antibiotics or other toxic substrates out of their cells under the support of efflux 

pump proteins (Shi et al., 2021). Thus, the antibiotic efflux resistance mechanism is 

usually associated with multidrug resistance. 

 

Aminoglycoside (26 subtypes) and beta-lactam (77 subtypes) resistance genes were 

dominant in the antibiotic inactivation mechanism class. Antibiotic inactivation arises 

mainly through hydrolysis, group transfer, or redox (Wright, 2005). For instance, beta-

lactams can be hydrolyzed by beta-lactamases, while group transfer usually occurs in 
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beta-lactams and aminoglycosides inactivation. However, the abundances of most 

antibiotic inactivation genes were low in this study. In contrast, only 13-35 ARGs 

subtypes belonged to the antibiotic target alteration category, but the total abundance of 

this category was higher than that of the antibiotic inactivation class.  

 

3.3.4 Diversity and abundance of MGEs 

 

Nowadays, prophages, group_II_introns, and transposons are commonly reported MGEs 

classes in the gut microbiome. In addition, a novel class of MGEs named ñgenomic 

islandsò have also been reported in recent years. Genomic islands are chromosomal 

regions that can transfer via conjugation or have been previously transferred by other 

MGEs. ICEs and IMEs are two types of genomic islands that can use integrase and 

relaxase for chromosomal integration and excision. The difference is that IMEs have to 

hijack the mating pore of ICEs or conjugative plasmids for their transfer (Jiang et al., 

2019a). The remaining genomic islands can be classified as unclassed_genomic_islands 

(>10kb) and unclassed_islets (<10kb) according to their sizes. 

 

By employing metagenomic sequencing technology and bioinformatic analysis, the 

diversity and abundance of MGEs were investigated in this study. As shown in Table 3-2, 

PM had the highest abundances of ICEs (178.6 ppm; parts per million, one read in one 

million reads) and IMEs (228.2 ppm), which were about 105.9-153.1 ppm and 136.3-

212.3 ppm higher than other samples. Besides, the abundances of transposons, 

unclassed_genomic_island, and unclassed_islets in PM were also the highest among all 

samples. It is known that there is a high abundance of the gut microbiome in PM, which 

might be the reason for the high abundance of MGEs. On the contrary, the total 

abundance of MGEs in FW was only 58.7 ppm. The abundance of MGEs in AS was 

about half of that in the PM, but the subtype number of MGEs in AS was the highest. It 

might be because the WWTP receives wastewater from different sources (such as 

hospitals, households, commercial buildings, etc.) and gut floras from various 

environments are mixed in the WWTP. Although the relative abundance of gut bacteria of 

the AS was lower than that of PM, the biodiversity in the AS was higher than that of PM 

(the Shannon index of AS and PM were 5.26 and 4.82, respectively). Therefore, AS had 

more subtypes of MGEs than PM. It also found that the abundance and subtype number 
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of MGEs in AS were reduced after anaerobic digestion. According to previous studies, 

AD can efficiently deactivate viable pathogens, including the hosts of ARGs and MGEs, 

which could explain why there were lower abundances of ARGs and MGEs in ANS than 

in AS (Jiang et al., 2018c). The overall results suggest that PM and AS are important 

pools of MGEs.  

Table 3-2 Abundance and diversity of MGEs in different biowastes 

MGEs 

FW 
 

PM  ANS  AS 

Abundance 

(ppm)a 

Subtype 

 

 Abundance 

(ppm) 

Subtype  Abundance 

(ppm) 

Subtype 

 

 Abundance 

(ppm) 

Subtype 

 

Unclassed_genomic_islands 7.7 52 
 

63.0 50  16.3 71  53.5 122 

Group_II_introns 2.5 6 
 

1.7 14  0.4 7  1.7 21 

ICEs 25.5 46 
 

178.6 45  49.2 51  72.7 69 

IMEs 15.9 110 
 

228.2 198  37.4 145  91.9 297 

Unclassed_islets 0.5 4 
 

2.2 4  0.9 4  0.4 6 

Prophages 3.9 26 
 

3.1 38  18.1 44  10.4 76 

Transposons 2.7 40 
 

19.9 102  5.2 55  19.5 188 

Total 58.7  
 

496.8   127.5   250.2  

aAbundance: the proportion of MGEs-like reads in total clean reads. The result is 

presented in ñppmò (parts per million, one read in one million reads). 

 

It is widely accepted that MGEs play essential roles in spreading antibiotic resistance 

because ARGs located on MGEs can be transferred among bacteria via vertical or 

horizontal gene transfer. The gut microbiome is an ecosystem of viruses, protozoa, 

commensal and pathogenic microorganisms; and it plays an essential role in health and 

disease. Furthermore, the gut microbiome is an important hotspot for HGT, among which 

gene transfer mostly happens within the phyla by conjugation. Therefore, the transfer of 

ARGs from gut commensals to pathogens promotes the risk to public health. But, the risk 

of antibiotic resistance to public health could be reduced by treating these biowastes with 

AD processes via inactivating pathogens or reducing ARGs abundance (Haffiez et al., 

2022; Jiang et al., 2020). 

 

3.3.5 ARGs and MGEs determined by HT-qPCR 

 

Although metagenomic analysis provided the profile of ARGs and MGEs in diverse 

samples, it only showed the relative abundance of each gene. Besides, metagenomic 

analysis could miss some ARGs with low abundance. While HT-qPCR can provide the 
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absolute abundances of selected genes even if they were in relatively lower abundances. 

Therefore, a combination of metagenomic analysis and HT-qPCR can provide a more 

comprehensive evaluation of the profile of ARGs and MGEs in different samples.  

 

 

Figure 3-5. (a) Absolute abundance of ARGs and MGEs in different biowastes; (b) 

Normalized abundance of ARGs and MGEs. 

 

As mentioned in Section 3.2.3, only FW, PM, and ANS were analysed by HT-qPCR in 

this study. The absolute abundance and normalized abundance of ARGs and MGEs of the 

samples are shown in Figure 3-5, and more details about the profile of genes can be found 

in Figure 3-6. According to the results, 36, 103, and 58 subtypes of ARGs were detected 

in FW, PM, and ANS by HT-qPCR, respectively. Compared with the ARGs detected by 

metagenomic sequencing, 20, 61 and 39 ARGs subtypes were only detected by HT-qPCR 

in the FW, PM and ANS, including some vital important ARGs like blaCTX-M and blaIMP 

genes. The total absolute abundances of ARGs in PM, ANS, and FW were 1.6×1010 ratios 

(ñratiosò means copies of gene/g wet sample, thereafter), 3.4Ĭ109 ratios, and 2.2×107 

ratios, respectively (Figure 3-5a). Among all types of ARGs, tetracyclines, MLS, and 

aminoglycoside resistance genes were the dominant ones in PM, and their abundances 

were 1.0×1010 ratios, 3.4×109 ratios and 2.6×109 ratios, respectively. The genes conferring 

resistance to MLS, aminoglycoside, and tetracycline were also the highest among all 

types of ARGs in the ANS. The ANS had the highest abundance of beta-lactam resistance 

genes (1.9×107 ratios), including high abundances of blaIMP (1.4×105 ratios) and blaOXA 

(7.6 ×106 ratios) encoding genes. As for the FW, the dominant types of ARGs were 

associated with tetracycline, multidrug, MLS, and aminoglycoside, and their abundances 

ranged from 1.6×106 ratios to 9.6×106 ratios. It is worth mentioning that every sample had 
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a high abundance of MGEs, and the abundance was about 2.9×108-1.8×109 ratios. To 

minimize the influence of the biomass content on the comparison of genes abundances 

among the samples, the results were normalized and presented as copies/16S rRNA 

(Figure 3-5b). The normalized abundances of ARGs in FW, PM and ANS were 3.6×10-3, 

1.76 and 2.7×10-1 copies/16S rRNA, respectively. And the normalized abundance of 

MGEs in PM was 1.9×10-1 copies/16S rRNA, which was 4.0 and 7.75 times higher than 

that in FW and ANS, respectively. The results also suggested that tetracycline, MLS and 

aminoglycoside were the dominant types of ARGs in the samples.  

 

Although the results obtained from HT-qPCR and metagenomic sequencing have 

different units and scales in this study, both HT-qPCR and metagenomic sequencing 

revealed that PM, ANS, and FW were reservoirs of ARGs and MGEs. Previous studies 

also reported that PM is a reservoir of ARGs and ARB. For instance, Zhu et al. (2013) 

investigated the diversity and abundance of ARGs in PM in three pig farms in China, and 

about 149 unique ARGs were found. In other research, 146 ARGs were found in pig 

slurry, and the total abundance was up to 1.3×1010 copies/g pig faeces, and the average 

normalized abundance was 1.71 copies/16S rRNA (Zhao et al., 2018). Their results were 

similar to the results of this study. Sewage sludge is also considered as a source of ARGs 

and ARB, possessing potential health risks to the environment and humans (Bondarczuk 

et al., 2016; Ju et al., 2016). Moreover, a growing number of studies indicate that the 

application of PM, sewage sludge, and their following treatment products (such as 

compost and digestate) could contaminate the soil and aquatic environment (Bondarczuk 

et al., 2016; Joy et al., 2013; Peng et al., 2017; Sandberg and LaPara, 2016). 

Consequently, plants and meat products harvested from these areas may carry some 

antibiotic resistomes. 
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Figure 3-6. Diversity and distribution of ARGs and MGEs in different biowastes. 
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In recent years, more and more studies have detected ARGs and ARB on raw vegetables 

and meats. For example, Zhu et al. (2017a) found the absolute abundance of ARGs in the 

phyllosphere of lettuce from organic farming was about 1.76 × 108 to 1.59 × 109 copies/g 

solid. Randall et al. (2017) evaluated the prevalence of ESBL-producing and carbapenem-

resistant Escherichia coli in raw food materials between 2013 and 2014 in 5 regions in 

the UK; about 2% of raw beef and pork and 65% of raw chicken samples contained CTX-

M type of ESBL-producing E. coli. More recently, multidrug-resistant ESBL-producing E.  

coli and Salmonella were found on raw vegetable salads in Bharatpur, Nepal (Sapkota et 

al., 2019). However, these studies are focused on detecting the ARB and ARGs in raw 

food materials; the profile of ARGs in the domestic FW is rarely studied. Domestic FW 

consists of raw food materials and leftovers. So, anthropogenic activities significantly 

impact the abundance of antibiotic resistome in the FW. Some critical ARGs (especially 

ESBLs encoding genes such as blaOXA-10, blaCTX-M-5, blaCMY, etc.), pathogens or viruses 

not present in the raw food materials can be transferred to the FW through human 

contacts, resulting in potential risks to public health. Thus, more attention should be paid 

to the disposal of FW.  

 

3.3.6 Microbial composition and its linkage to ARGs and MGEs 

 

The diversity and relative abundance of bacteria, archaea and viruses in the samples are 

shown in Figure 3-7. Firmicutes was the predominant phylum in the PM, accounting for 

66.9% of the total taxa. The following dominant phyla in the PM were Actinobacteria 

(13.9%), Proteobacteria (12.3%), and Euryarchaeota (6.5%). Those are four phyla 

commonly found in the gut microbiome. Among the four types of biowastes, the FW had 

the lowest diversity of microbes. The dominant phyla in the FW were Firmicutes (86.3%), 

Proteobacteria (4.6%) and Cloacimonetes (3.0%). About 4.3% of sequence reads in the 

FW were identified as viruses; in particular, about 3.1% belonged to the genus 

Gammaretrovirus. Compared to the FW and PM, the microbial diversity was higher in 

the sludge (both AS and ANS). However, the microbial community composition of the 

AS was very different from that of the ANS. In the AS, the dominant bacterial phyla were 

Proteobacteria (40.6%), Nitrospirae (17.8%), Actinobacteria (9.0%) and Firmicutes 

(8.8%). After anaerobic digestion, the microbial structure shifted to Cloacimonetes 
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(64.4%), Proteobacteria (15.0%), Euryarchaeota (12.0%), Acidobacteria (3.5%) and 

Firmicutes (3.3%).  

 

 

Figure 3-7. Relative abundance of different microbial phyla. 

 

Studies have reported that the presence of ARGs in biowastes is related to the bacteria 

community composition (Ma et al., 2011). Thus, a co-correlation network was used to 

investigate the co-occurrence patterns among the major ARGs subtypes (detected in at 

least two samples, and the relative abundance was above 1× 10-3 copy of ARG/copy of 

16S rRNA gene in at least one sample), MGEs types and bacteria phyla (detected in at 

least two samples).  

 

As shown in Figure 3-8, there are 89 nodes in this network, including 73 ARGs subtypes, 

7 MGEs types and 9 bacterial phyla. The results suggested that Nitrospirae might be the 

host of multidrug resistance genes (mdtB, mdtC, mexB, mexC, mexD, mexF, mexW, 

multidrug_transporter), beta-lactam resistance genes (blaOXA-10 and blaOXA-129), 

fosmidomycin resistance genes (rosA and rosB) and sulfonamide resistance gene (sul4); 

Actinobacteria was more likely to be the host of tetracycline, aminoglycoside and MLS 

resistance genes; whereas, Proteobacteria was a possible host of bacitracin, beta-lactam, 

MLS, polymyxin and sulfonamide resistance genes. Nitrospirae, Actinobacteria and 

Proteobacteria as potential hosts of ARGs have also been reported in previous studies 

(Liu et al., 2019b; Zhou and Yao, 2020). The strong and significant positive correlation 
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between tetracycline and aminoglycoside resistance genes indicated that they might be 

carried by the same phyla. In contrast, the strong and significant negative correlation 

between tetracycline resistance genes and multidrug resistance genes suggested that these 

two types of ARGs might have different hosts. In addition, strong and significant positive 

correlations between MGEs (except the transposons) and ARGs are also shown in Figure 

3-8. Among all types of MGEs, IMEs had the most connections to the ARGs, while other 

types of MGEs (Group_II_introns, ICEs, prophages, islets and other genomic_islands) 

were only connected to a few ARGs subtypes. IMEs usually need to hijack other 

conjugative elements (such as some ICEs and plasmids), and often contain numerous 

cargo genes (including some ARGs) (Jiang et al., 2019a). This suggests that IMEs might 

play an important role in the spreading of ARGs.  

 

Figure 3-8: Network analysis revealing the co-occurrence patterns between the major 

ARGs subtypes, MGEs and bacterial phyla. The nodes are coloured according to the gene 

types and bacterial phyla, while the edges are coloured according to the correlations 

between two items (red colour represents positive correlation, and green colour represents 

negative correlation). The size of each node is weighted according to the number of 

connections. 
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3.4 Summary 

 

By employing both HT-qPCR and metagenomic sequencing, this study revealed the broad 

profiles of ARGs, MGEs and microbial communities in four different types of biowastes. 

There were 167-213 ARGs subtypes detected in FW, PM, ANS and AS, which suggests 

they are important reservoirs of antibiotic resistance genes, and some efficient treatment 

processes are needed to control the spread of antibiotic resistance. Among all types of 

biowastes, PM had the highest abundance of ARGs and MGEs. Land application of 

untreated PM is likely to increase the abundance of antibiotic resistome in soil and field 

crops. Notably, this study revealed that waste sludge and FW are reservoirs of some 

carbapenems resistance genes. Unappropriated treatment of waste sludge and FW could 

lead to the propagation of CPE, resulting in public health problems. Although some 

studies investigated the variation of ARGs and MGEs in AD, the efficiency of AD on the 

removal of CPE has not been studied yet. So, the next chapter will investigate the 

inactivation of CPE in AD and provide an answer to this question. 
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2020. Inactivation of carbapenemase-producing Enterobacterales during anaerobic co-

digestion of food waste and pig manure. Bioresource Technology Reports,11, p.100455 

 

4.1 Introduction  

 

Enterobacterales are common human and animal gut bacteria. Biowastes, such as animal 

manures and municipal wastes, are potential CPE reservoirs as they might be generated 

by CPE carriers. Generally, raw animal manures are spread on agricultural land as soil 

amendments or fertilizers (Dennehy et al., 2017); compost or anaerobic digestate of FW 

is also applied on land as bio-fertilizer (Jiang et al., 2018c; Liao et al., 2019a). It has been 

reported that the application of bio-fertilizers on land contributes to the dispersal of ARB 

and ARGs (Christou et al., 2017; Liao et al., 2019a). It has been found that the 

probabilities of human pathogens acquiring antibiotic resistance have increased due to the 

presence of HGT among microbes (Wang et al., 2017b). To eliminate the potential danger 

to ecology and human health, effective methods are required to eliminate CPE from 

livestock wastes and municipal biowastes. 

 

AD has been widely applied for recovering renewable energy from biowastes. Compared 

with mono-anaerobic digestion, co-digestion of animal manure with organic wastes (e.g. 

FW, crop straw and grass silage) is considered as an alternative process for bio-waste 

treatment due to the advantages over mono-digestion, such as optimized C/N ratio, 

increased biomethane yield, improved system stability and high economic viability for 

digestion plants (Dennehy et al., 2018; Jiang et al., 2018c; Xie et al., 2017). The operation 

conditions of FW and PM co-digestion have been assessed by Dennehy et al. (2018) and 

Jiang et al. (2018c) at low TS content (TS <10%, namely wet digestion) and high TS 

content (TS = 20%, namely dry digestion) for better system stability and higher biogas 

production, respectively. Although the eliminations of enteric bacteria and ARB during 

anaerobic co-digestion have been reported (Beneragama et al., 2013b; Dennehy et al., 

2018; Jiang et al., 2018b; Jiang et al., 2018c; Zhang et al., 2019d), these studies mainly 

focused on the influences of various operation factors (e.g. types of substrates, antibiotics 
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residues and metals) on the inactivation of ARB. As an important factor, the effect of TS 

contents on the inactivation of ARB has never been assessed, and the performances of dry 

and wet AD on the inactivation of CPE strains during FW and PM co-digestion are still 

unclear. 

 

Hence, this study was conducted to assess the feasibility of FW and PM co-digestion to 

inactivate three types of CPE strains, especially the effect of TS content on inactivation 

effectiveness. 

 

4.2 Materials and methods 

4.2.1 Experimental set-up 

 

FW and PM were collected from a local (Galway City, Ireland) canteen and a pig farm, 

respectively. The PM was separated in a centrifuge for 5 min at a speed of 6000 rpm 

(ROTOFIX 32A, Hettich) to attain the solid fraction. FW was ground to < 2 mm by a 

food processor. The inoculum was dewatered sludge after anaerobic digestion in a local 

wastewater treatment plant. The inoculum was stored at 11 ºC, which was the average 

annual temperature in Ireland, before use. The characteristics of the substrates and 

inoculum are shown in Table 4-1. 

 

Table 4-1 Physicochemical properties of food waste, pig manure and inoculum 

Characteristics Solid fraction of pig 

manure 

Food waste Inoculum 

pH 7.8 4.8 8.4 

Moisture content (MC, %) 78.5 63.4 79.9 

Total solids (TS, %) 21.5±0.03 36.6±0.16 20.1±0.23 

Volatile solids (VS, %) 16.9±0.00 35.3±0.21 14.0±0.21 

VS/TS (%) 78.6±0.11 96.4±0.17 69.7±0.26 

Total volatile fatty acid (TVFA, mg/L) 24045 32053 45808 

Free VFA calculated (mg/L) 18 10285 6 

Total ammonia nitrogen (TAN, mg/L) 3317 107 1072 

Free ammonia nitrogen 

calculated (FAN, mg/L) 

264 0 279 

 

The experiment was performed in 500 mL digesters with a substrate and inoculum 

mixture of 250 g in wet weight (Figure 4-1). According to the previous studies, the 

preferable operation conditions for FW and PM co-digestion were at the FW: PM: 

inoculum ratio of about 25: 25: 50 based on VS (Dennehy et al., 2018; Jiang et al., 2018c). 
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Solid fraction of PM, FW and inoculum were mixed, and then the mixture were adjusted 

to TS contents of 5%, 10%, 15% and 20% with water before adding to the digesters. 

 

At each TS content, three different CPE strains, including KPC-3 producing K. 

pneumoniae (NCTC 13438), NDM-1 producing K. pneumoniae (NCTC 13443) and 

OXA-48 producing K. pneumoniae (NCTC 13442) were added into different digesters 

separately at a concentration of 1.8×105 colony-forming unit (CFU)/g wet weight, and 

each condition was assessed in triplicate. In total 36 reactors (R1-R12, R13-R24 and R25-

R36 for KPC-3, NDM-1 and OXA-48 producing K. pneumoniae, respectively) were 

operated during the experiment. Detailed information on the addition of 

substrate/inoculum and the spiking of strains into digesters at individual TS contents is 

shown in Table 4-2. All digesters were incubated at 37¤1 ºC  and were manually shaken 

once a day during the experiment. 

 

 

Figure 4-1. (a) Schematic diagram of the anaerobic digesters; and (b) anaerobic co-

digestion experimental system. 

 

Table 4-2 Detailed information of the digesters 

Food 

waste 

(g) 

Pig 

manure 

(g) 

Inoculum 

(g) 

Water 

(g) 

TS 

content 

(%) 

Digester number for different 

strains 

KPC-3 NDM-1 OXA-48 

27.2 57.1 137.9 27.8 20 R1-R3 R13-R15 R25-R27 

20.4 42.8 103.5 83.3 15 R4-R6 R16-R18 R28-R30 

13.6 28.5 69.0 138.9 10 R7-R9 R19-R21 R31-R33 

6.8 14.3 34.5 194.4 5 R10-R12 R22-R24 R34-R36 
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4.2.2 Isolation and identification of carbapenemase-producing Enterobacterales 

 

The raw substrates (FW and PM) and inoculum were analyzed for the presence of CPE 

strains by culture on selective agars. Approximately 1 g sample was collected from each 

digester on Day 0, 1, 2, 3, 5, 6, 7, 9 and 11 during the operation of the digesters to 

determine the residual of CPE. Before sampling, the reactors were shaken by hands and a 

stainless steel sampling spoon was used to stir the biomass around the sampling port to 

ensure the homogeneity. The sampling spoon was sterilized carefully using 70% ethanol 

wipes before each sampling. 1 mL of deionized water was added to 1 g sample and mixed 

well using a Vortex (IKA Vortex Genius 3). Each sample was streaked onto CHROMagar 

mSuperCARBA agar (CHROMagar) and incubated at 37 ºC for 18-24 hours. 

Carbapenemase-producing K. pneumoniae grew as blue colonies, and suspected 

carbapenemase-producing K. pneumoniae were isolated and stored at - 20 ºC for further 

analysis.  

 

The isolates were identified using matrix-assisted laser desorption/ionization time-of-

flight (MALDI -TOF) mass spectrometry (Bruker; Biotyper version 4.1). Antimicrobial 

Susceptibility Testing (AST) was conducted by disc diffusion for testing the susceptibility 

of isolates to Ertapenem and Meropenem according to EUCAST criteria (EUCAST, 

2017). Briefly, the suspension of isolated strains in saline solution (sodium chloride 0.9%, 

Sigma) was adjusted to a turbidity of 0.5 McFarland standard using a colorimeter 

(VITEK). The adjusted suspension was swabbed over the entire surface of Mueller 

Hinton Agar (MHA) using a sterile swab. An Ertapenem disk (10-µg) and a Meropenem 

disk (10-µg) were placed on each plate. All plates were incubated at 37 ºC for 16-24 

hours and, following incubation, breakpoints were read according to the EUCAST criteria. 

Additionally, real-time polymerase chain reaction (Real-time PCR) was applied to assess 

the presence of carbapenemase-encoding genes (KPC-3, NDM-1 and OXA-48) (Cahill et 

al., 2019; Swayne et al., 2011). 

 

4.2.3 Physicochemical properties analysis 

 

Another 1 g sample was collected from each digester based on the sampling schedule as 

outlined in section 4.2.2 for physicochemical analysis, including total volatile fatty acids 

(TVFA), total ammonia nitrogen (TAN) and pH. For each sample, 9 g of deionized water 
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was added and mixed well, and a pH meter (PHS-3C, INESA) was used to measure the 

pH. Then, the dilutions were centrifuged at 20627 ×g (Sigma 2.16P) for 5 min and filtered 

using 0.45 µm syringe filters. The filtrates were used for detecting TVFA and TAN based 

on Jiang et al. (2018c). TAN was detected by a nutrient analyzer (Thermo Clinical 

Labsystems, USA). TVFA was measured with a high-performance liquid chromatography 

(HPLC, Agilent 1200, Agilent Technology, Richardson, TX, USA). The concentrations of 

FVFA and FAN were calculated with Equations (1) and (2), respectively (Jiang et al., 

2018c). 

CFVFA/CTVFA=1/(1+10(-pKa+pH))      (1) 

CFAN/CTAN=1/(1+10-pH/10-(0.09018+2729.92/T(K))     (2) 

where: CFVFA, CTVFA, CFAN and CTAN are concentrations of FVFA, TVFA, FAN and TAN 

(mg/L), respectively; pKa is the dissociation constants of individual VFAs at 25 ºC, and 

T(K) is the Kelvin temperature. The VFAs measured in this study included acetic acid, 

propionic acid, butyric acid, valeric acid, iso-butyric acid and iso-valeric acid. TS and VS 

were measured in accordance with the standard methods (APHA, 2005). As for the SMY, 

biogas produced in each digester was collected using a biogas bag. And then, a 

volumetric flow meter (FMA-1620A-TOT, Omega, Deckenpfronn, Germany) and gas 

chromatography (GC7890A, Agilent Technology, USA) were used to determine the 

biogas volume and composition, respectively. 

 

4.2.4 Statistical analysis 

 

SPSS 24.0 (IBM, USA) was used for statistical analysis. The stepwise method in multiple 

linear regression analysis was used to analyze the effects of TVFA, FVFA, TAN, FAN 

and pH on the inactivation of CPE. P<0.05 was used to indicate statistically significant 

(Jiang et al., 2018c). The collinearity statistics tolerances in the models should be >0.2 to 

guarantee there are no co-linearity among different variables. Otherwise, independent 

variables should be re-considered. 
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4.3 Results and discussion 

4.3.1 Inactivation of carbapenemase-producing Enterobacterales 

 

Bacterial growth was observed when samples were streaked onto the selective agar plates 

and incubated overnight. The inactivation of CPE at different TS contents is shown in 

Figure 4-2. It was found that CPE strains were effectively inactivated during anaerobic 

co-digestion within 11 days under all conditions. The survival time of CPE decreased 

with the increase of TS content, with the values of 9, 7, 5 and 2 days at the TS contents of 

5%, 10%, 15% and 20%, respectively. Due to the limit access permission to the 

laboratory at weekend, the agar plates on day 3 had been incubated for 2 days, longer than 

the 18-24 hours required in the CPE testing manual. As a result, some small blue colonies 

were found on the plates of TS=20% on Day 3 after incubation for 2 days. These blue 

colonies were much smaller than the suspect CPE colonies grown on the plates under 

other conditions (TS=5%, 10% and 15%). These small blue colonies were checked by 

real-time PCR, but no carbapenemase-encoding genes were found, so they were not CPE 

colonies. There were no colonies grown on the plates since Day 9, 6 and 4 when testing 

the samples collected from digesters at the TS contents of 10%, 15% and 20%, 

respectively (Figure 4-2). Whereas there were still some unknown white colonies grown 

on the plates for the samples taken from reactors at TS content of 5%. It may be due to 

the low concentration of inhibitors at low TS content. Samples were taken from all 

reactors on day 30 and 64 and were tested to check the growth of any CPE colonies, but 

no CPE strains were found, indicating that CPEs did not regrow. The results indicated 

that a higher TS content would benefit the inactivation of CPE, as well as other 

carbapenem resistant organisms. 

 

A higher TS content may cause higher ionic strength, changes of cellular compartment 

volume and higher viscosity. Hydrolysis and acidification of organic matters at a higher 

TS content usually lead to higher ammonia and VFAs concentrations, and both are toxic 

to bacteria (Jiang et al., 2018c). 

 

During 2-7 days of AD, some pink colonies were observed on the plates (Figure 4-3), 

indicating some other carbapenem resistant strains that were not carbapenemase-

producing K. pneumonia were present in the digesters. Some of these pink colonies were 
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selected for identification and were identified as carbapenemase-producing Escherichia 

coli (OXA-48 and NDM-1) and Citrobacter freundii (OXA-48). However, these strains 

were not found in the raw substrates or inoculum. Most of these pink colonies 

disappeared before the disappearance of blue colonies, and no pink colonies were found 

after 9 days. There are several explanations for this observation: one is that HGT might 

have occurred in the reactors, and the other is that these strains are presented in the 

original PM, FW and inoculum but at a level too low to be detectable. 

 

 

Figure 4-2. Inactivation of carbapenemase-producing Enterobacterales (CPE) at different 

total solids (TS) contents during the experiment (blue colonies were suspect CPE strains, 

and red boxes represent the plates where CPE strains were last observed). 
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Figure 4-3. Pink colonies were observed during the experiment (Some isolates were 

identified by MALDI-TOF). 

 

4.3.2 Profiles of pH, ammonium-N and volatile fatty acids 

 

In addition to biogas production in these digesters, there was no obvious inhibition 

observed at the TS of 5% and 10%, while the biogas production at the TS of 15% and 20% 

was inhibited at the beginning (Figure 4-4). However, the inhibition was gradually 

relieved after long lag phases at the two TS contents. A long lag phase (up to 18 days) in 

dry AD conditions was also reported by Jiang et al. (2018a) with a specific methane yield 

of 263mL/gVSadded. 

 

As shown in Figure 4-5b, the pH values increased with time during the experiment, 

except for those at the TS content of 20%. The pH values in all reactors ranged from 7.17 

to 8.38 in this study. Compared to the digesters with low TS contents of 5% and 10%, the 

increasing rate of pH value was slower in digesters with TS contents of 15% and 20%. It 

is well known that the change of pH level was determined by both VFA and ammonia 

nitrogen concentrations. Generally, the increases of TAN and TVFA concentrations lead 

to the rise and decline of pH, respectively. At TS 15% and 20%, in the lag phases, the 

methane productions were inhibited (Figure 4-4) and the accumulation of VFAs led to a 

lower pH value (Figure 4-5).  
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Figure 4-4. Specific methane yield during the first 33 days of anaerobic co-digestion. 

 

Because the physicochemical data after the elimination of CPE did not contribute to the 

inactivation of CPE, the average concentrations of parameters (such as TVFA, FVFA, 

TAN, FAN and pH) at different TS contents were calculated using the data obtained 

before CPE was eliminated. The average pH values of all conditions are shown in Figure 

4-5a. It has been reported that pH level is critical to affect the activity of bacteria (Xiao et 

al., 2013). For example, it can affect biogas production, metabolic pathway and the lag 

phase period (Xiao et al., 2013). However, pH usually does not impact the metabolism of 

bacteria directly, but by affecting the composition of ammonia nitrogen and VFAs 

indirectly. Because the concentrations of FVFA and FAN are strongly dependent on pH, 

the antibacterial effect of FVFA or FAN would be enhanced when the pH value is under 

5.0 or over 7.5, respectively (Levison, 1973; Lu et al., 2013; Willis et al., 2007). The 

influence of the physico-chemical environment during AD is very complex, and it will be 

discussed later. 

 



Chapter 4 

106 

 

Figure 4-5. (a) Average pH before carbapenemase-producing Enterobacterales (CPE) 

inactivation; and (b) Variation of pH during the experiment. 

 

Figure 4-6a and Figure 4-6b show that the concentrations of TVFA and FVFA increased 

with the increase of TS content. In the experimental period, the concentrations of TVFA 

were 1.20-4.13 g/L, 4.15-8.69 g/L, 10.00-15.40 g/L and 12.37-26.12 g/L at TS contents of 

5%, 10%, 15% and 20%, respectively. The production of TVFA was attributed to the 

hydrolysis and acidification of organic matter such as carbohydrates and lipids in the 

substrates. The concentration of TVFA at the TS content of 20% increased during the first 

several days and reached the highest value of around 26 g/L on Day 7. The TVFA 

concentrations of other digesters with lower TS contents reached the highest values on 

Day 2 and then decreased gradually. The accumulation of TVFA and a longer lag phase 

might be caused by the inhibition of methanogens at high TS content (Jiang et al., 2018c). 

According to Equation (1), FVFA concentration depends on TVFA concentration and pH. 
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The average concentrations of TVFA and FVFA were calculated according to the CPE 

survival time (Figure 4-6c and Figure 4-6d). Compared with the digesters with lower TS 

contents (TS=5%, 10% and 15%), the digesters with TS content of 20% had higher TVFA 

concentrations and lower pH values. Therefore, the FVFA concentrations in TS=20% 

digesters were much higher than those in other digesters. In this experiment, a shorter 

survival time of CPE was observed when the concentration of TVFA increased (Figure 

4-7). 

 

Figure 4-6. Variation of total volatile fatty acids (TVFA) (a) and free volatile fatty acids 

(FVFA) (b) during the experiment; and the average concentrations of TVFA (c) and 

FVFA (d) before carbapenemase-producing Enterobacterales disappeared. 

 

The variations and average concentrations of TAN and FAN during the experiment are 

shown in Figure 4-8. TAN concentration increased with the increase of TS content, and 

the concentrations of TAN were 0.47-0.96 g/L, 1.07-1.82 g/L, 1.76-2.81 g/L and 2.23-

3.69 g/L at TS contents of 5%, 10%, 15% and 20%, respectively. As there were higher 

masses of substrates contained in the reactors at higher TS contents, hydrolysis of these 

nitrogen-rich substrates was the reason for the increase of TAN. However, due to the low 

pH values, the FAN concentrations in those digesters with TS content of 20% were lower 

than those in digesters with TS contents of 10% and 15%.  
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Figure 4-7. Correlation between carbapenemase-producing Enterobacterales survival 

time and total volatile fatty acids (TVFA). 

 

Ammonia nitrogen is reported to be toxic to microorganisms, and the biogas process can 

be inhibited at any pH at NH4-N over 3000 mg/L (McCarty, 1964). Hobson and Shaw 

(1976) found that methanogenesis was completely inhibited at a TAN concentration of 

over 3300 mg/L. FAN instead of TAN is considered as the main reason for the inhibition 

of biomethane production, because FAN has high permeability to cell membrane; it can 

diffuse into bacterial cells easily and disturb the intracellular pH, as well as the proton 

balance (Rajagopal et al., 2013). It was reported that 150 mg/L FAN could induce an 

inhibition effect on anaerobic digestion, and the biogas production was low when FAN 

was up to 652 mg/L (Altinbas and Cicek, 2018). Ammonia nitrogen can also inhibit other 

bacteria, such as acetogenic bacteria (Zhang et al., 2020a). The bactericidal effect of 

ammonia nitrogen especially FAN was reported by Manyi-Loh et al. (2016). Nicholson et 

al. (2005) investigated the survival of pathogens in livestock manure, and reported that 

temperature and free ammonia might be the main factors contributing to the inactivation 

effect. More directly, a pure culture experiment was conducted by Naundorf and Aumen 

(1990) to investigate the injury effects of ammonia on Escherichia coli and Enterobacter 

aerogenes (E. aerogenes), and they found ammonia could cause cell envelope damage 

and reduce the growth ability of strains.  
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Figure 4-8. Variation of total ammonia nitrogen (TAN) (a) and free ammonia nitrogen 

(FAN) (b) during the experiment; and the average concentrations of TAN (c) and FAN (d) 

before carbapenemase-producing Enterobacterales disappeared. 

 

4.3.3 Correlations between the fate of CPE and physic-chemical parameters 

 

The elimination efficiency of pathogenic microorganisms can be affected by many factors 

in anaerobic digestion, in particular pH, volatile fatty acids, and ammonium concentration 

(Jiang et al., 2020). Statistical analysis was conducted to figure out the factors 

contributing to the inactivation of CPE. TS content affects the performance of AD by 

directly affecting VFA concentration, ammonium concentration and pH. Therefore, TS 

content was not considered as a variable during the statistical analysis. In the statistical 

analysis, the survival time of CPE was regarded as the dependent variable, while other 

parameters (average TVFA, FVFA, TAN, FAN and pH) were considered as independent 

variables. The collinearity statistics tolerances in the models should be >0.2 to guarantee 

there is no co-linearity among the variables. Otherwise, independent variables should be 

re-considered. Through statistical analysis, significant negative correlations were 

observed between TVFA and the survival time of KPC-3 producing K. pneumoniae 

(P<0.05, R2=0.942), as well as the OXA-48 producing K. pneumoniae (P< 0.01, 

R2=0.995), indicating the inhibition of TVFA. Jiang et al. (2018b) investigated the 

minimum inhibitory concentrations (MIC) of VFAs on inactivation of Salmonella, which 

also belongs to Enterobacterales. The toxic concentration of VFAs was as low as 50 
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mmol/L (3 g/L VFAs at acetate equivalent), and the toxicity had an accumulative effect 

with time. In this study, although the TVFA concentrations in the digesters (TS = 5-15%) 

decreased after 2 days, VFAs concentrations were still above 3 g/L. Thus, CPE strains 

were inactivated with time. However, no significant correlation was observed between 

these physicochemical parameters and the survival time of NDM-1 producing K. 

pneumoniae (P> 0.05). Generally, the expression of different genes can result in different 

features (Eser, 2017; Iovleva and Doi, 2017). For example, although OXA-type 

carbapenemases (Ambler class D) have a similar serine to that of KPC-type 

carbapenemases (Ambler class A), the activity of OXA-type carbapenemases against 

carbapenems is weaker than that of KPC, and it has a unique spectrum (Iovleva and Doi, 

2017; Nordmann et al., 2011). Thus, it was presumed that the expression of different 

carbapenemase-encoding genes might have affected the response of K. pneumoniae to 

environmental conditions, but further work is needed. 

 

In fact, the correlations among different factors are complex, and other factors may also 

more or less affect the fate of CPE. For instance, the favourable pH range for bacteria is 

6-7.5, and the survival time of bacteria would be shorter in an acidic pH environment 

(Manyi-Loh et al., 2016). In this experiment, the digesters with TS content of 20% had 

the highest TVFA concentration, which contributed to the lowest pH values among all 

conditions (<7.5). Indeed, it was reported that organic acids can freely penetrate the cell 

membrane and enter the cytoplasm of bacteria, causing osmotic problems (Jiang et al., 

2018c; Puchajda and Oleszkiewicz, 2004). Besides, un-ionized acid molecule (also called 

FVFA) possess greater inhibition on bacteria activities rather than ionized acids 

(Beneragama et al., 2013a; Levison, 1973; Puchajda and Oleszkiewicz, 2004). With the 

increase in TS content, higher TVFA and FVFA concentrations were obtained, 

consequently increasing the toxicity to microorganisms (Beneragama et al., 2013b; 

Kothari et al., 2017). However, FVFA concentrations were low in this study, so there was 

no significant correlation found between the FVFA concentration and the CPE survival 

time. The TAN concentration at TS content of 20% was the highest among all TS 

contents tested, and it could inhibit methanogenesis activity. This would result in the 

accumulation of TVFA, and further cause the decrease of pH value and improvement of 

inactivation performance.  
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4.4 Summary 

This study shows that anaerobic co-digestion can effectively inactivate carbapenemase-

producing K. pneumoniae, and digesters with higher TS contents had better performance 

in reducing CPE. CPE strains in the digesters with 20% TS content were eliminated in 

two days, whereas it took more than nine days at the TS content of 5%. According to the 

statistical analysis, TVFA was the significant factor in inactivating KPC-3 and OXA-48 

producing K. pneumoniae. Some unexpected carbapenem-resistant bacteria were 

observed during the process, such as carbapenemase-producing Escherichia coli (OXA-48 

and NDM-1) and Citrobacter freundii (OXA-48), indicating that HGT might have 

occurred in the reactors. Fortunately, all suspected carbapenemase-producing organisms 

were eliminated after nine days, which means AcoD can reduce carbapenemase-

producing organisms efficiently.  
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5.1 Introduction  

 

Compared to wet AD, dry AD (TS Ó 20%) needs a much less digester working volume 

and produces much less digestate, which is beneficial for storage, transportation and 

biofertilizer use of the digestate (Jiang et al., 2018c). Through co-digestion of carbon-rich 

biowastes (such as food wastes) with nitrogen-rich animal manures, the inhibition caused 

by high volatile fatty acids or free ammonia in mono dry AD can be solved. Previous 

studies have demonstrated that dry AcoD is more efficient than wet AcoD on inactivating 

pathogenic indicator bacteria (such as total coliforms, E. coli, Enterococci, Salmonella, 

etc.) (Jiang et al., 2018b; Jiang et al., 2018c; Jiang et al., 2020), and carbapenemase-

producing Enterobacterales that are resistant to almost all antibiotics (Chapter 4). 

However, the fate of ARGs and MGEs in dry AD (or AcoD) is rarely reported.  

 

Most of the previous studies targeted several specific ARGs in AD by using traditional 

qPCR technique. To date, HT-qPCR and metagenomic techniques have been widely used 

to investigate the occurrence of antibiotic resistomes in different environments, but few 

studies have employed HT-qPCR or metagenomic techniques to study ARGs in AD 

systems. If only a small number of targeted ARGs are removed in AD systems, there may 

be still a high abundance of other ARGs surviving in AD; this is a great challenge for the 

safe disposal of digestate (Gurmessa et al., 2020). Therefore, a comprehensive picture of 

ARGs reduction in AD should be elucidated. 

 

As the substrates and operation conditions have significant impacts on the fates and 

behaviors of ARGs and MGEs, the variation of ARGs and MGEs in dry AcoD should be 

different from that in wet AcoD. There are no comprehensive comparisons of the 

performances of wet and dry AcoD in removing ARGs and MGEs yet. In this study, the 

reduction of ARGs and MGEs was assessed under both wet and dry AcoD of FW and PM. 
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HT-qPCR technique, which can detect a total of 296 ARGs and MGEs, was utilized for 

such a comprehensive comparison. Moreover, the co-occurrence of MGEs, ARGs and the 

dominant phyla during anaerobic digestion was investigated by constructing network 

analysis. 

 

5.2 Materials and Methods 

5.2.1 Experimental setup 

 

The substrates were FW and PM obtained from university canteens and a pig farm located 

in Galway, Ireland, respectively. The fresh FW (after non-degradable parts, like plastics 

and bones, were picked out) was ground to < 2 mm and well mixed; the PM was 

centrifuged to get the solid fraction. Dewatered anaerobic sludge was taken from a local 

WWTP and stored in a sealed drum at 11  (the annual average temperature of Ireland) 

for more than 60 days to minimize the organic residues before using as inoculum. The TS 

contents of the FW, PM and inoculum were 40.52 ± 0.38%, 39.96 ± 0.30%, and 22.90 ± 

0.01% respectively; their VS contents were 17.93 ± 0.01%, 20.02 ± 0.05% and 13.76 ± 

0.08%, respectively. Detailed characteristics of the substrates and inoculum can be found 

in Wang et al. (2020). The FW, PM, and inoculum were mixed at a ratio of 25:25:50 (VS 

basis), which had been determined as the optimal ratio in a previous study (Jiang et al., 

2018c). Then, the mixture was adjusted with tap water to specific TS contents (5-20%) 

respectively and served as feedstocks for the subsequent AcoD experiments.  

 

Two groups of lab-scale anaerobic reactors were set up focusing on the reduction of 

ARGs and MGEs under wet and dry AcoD conditions. One group was operated at a TS 

content of 5%, representing wet AcoD; the other group was operated at a TS content of 

20%, representing dry AcoD. Each group consisted of nine 500-mL anaerobic digesters, 

which were filled with 250 g feedstock respectively with the corresponding TS content 

(i.e. 5% or 20%) and operated in parallel. All the digesters were placed in an incubator at 

a constant temperature of 37 ± 1 ºC and were shaken manually once every day. The total 

duration of the experiment was 64 days. The anaerobic co-digestion experimental system 

was the same as described in Chapter 4. 
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Meanwhile, another group of experiments with the same feedstocks and experimental 

conditions was also set up to investigate the biogas production performance of the 

anaerobic co-digestion system with 2-litre digesters under different TS contents (5-20%) 

and to provide circumstantial information (environmental parameters, bacterial 

community) to the current study. The system performance and variations of physico-

chemical parameters, such as VFAs, AN, pH, etc., were reported previously by Wang et 

al. (2020). Briefly, the highest TAN and FAN concentrations in wet and dry AcoD were 

1093.86 ± 20.58 and 110.68 ± 9.78 mg/L, 5293.44 ± 58.81 and 1585.24 ± 74 mg/L, 

respectively. The TVFA concentrations in wet and dry AcoD were 0-3182.20 and 

8174.90-29554.30 mg/L, respectively. Although a relatively longer lag phase (24.74 days) 

was induced by high AN and VFAs concentrations in dry AcoD, both wet and dry AcoD 

were operated steadily. pH values during the wet and dry AcoD experiments were about 

7.01-8.54 (within the adaptable range 6.5-8.5) (Wang et al., 2020). As for the biogas 

production, the average cumulative specific methane yield (SMY) of wet AcoD and dry 

AcoD were 278.8 ± 3.9 mL/g VSadded and 259.8 ± 6.0 mL/g VSadded, respectively. 

 

5.2.2 Sampling and HT-qPCR analysing 

 

Zou et al. (2020b) reported that changes of ARGs mainly happened during the first 10 

days in AD, and it changed little thereafter. Therefore, samples were taken on day 0 

(beginning of AcoD; marked as ñ0ò), day 9 (the early stage of AcoD; marked as ñHò) and 

day 64 (end of AcoD, nearly no biogas production; marked as ñEò) in this study. For a 

specific sampling day, samples collected from the parallel reactors (i.e. wet or dry AcoD) 

were mixed and stored at -20 ºC before DNA extraction. The samples collected from the 

wet anaerobic digesters were named as W0, WH and WE, respectively. Similarly, 

samples collected from the dry anaerobic digesters on specific days were named as D0, 

DH and DE, respectively. To meet the DNA concentration requirement for ARGs 

analysis, 1 g wet sample was taken from W0, WH and WE respectively for DNA 

extraction. More wet samples from the dry anaerobic digesters were needed to extract 

DNA, because the DNA concentration decreased sharply during dry AcoD. Specifically, 

about 2.5 g wet sample was taken from D0 and DH, respectively, while 5 g wet sample 

was taken from DE. 
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DNA extraction was conducted later, and HT-qPCR was employed to detect the diversity 

and abundance of ARGs and MGEs. The detailed DNA extraction and HT-qPCR analysis 

methods used in this study are described in Appendix B. 

 

5.2.3 Bacterial community analysis 

 

Biomass samples collected from the 2-litre digesters were delivered to Sangon Biotech 

Co. Ltd. (Shanghai, China) for microbial community analysis. Briefly, PowerSoil DNA 

Extraction Kit (Laboratories Inc., CA, USA) was used for DNA extraction. The V3-V4 

universal primers, CCTACGGGNGGCWGCAG (341F) and 

GACTACHVGGGTATCTAATCC (805R), were used to amplify the quantified DNA 

samples. Illumina MiSeq platform (Illumina, Inc., San Diego, CA, USA) and Usearch 

(version 5.2.236) software were used for high-throughput sequencing and operational 

taxonomic unit (OTUs) clustering, respectively (Wang et al., 2020). 

 

5.2.4 Data analysis 

 

General data analysis was carried out using Microsoft Excel. Bar figures and heatmap 

were plotted using OriginLab and HemI 1.0, respectively. The Spearman's correlation 

analysis among MGEs and ARGs was performed using R3.6.3 with the packages ñHmiscò 

and ñigraphò. The correlation was considered significant at r > 0.8 and P-value < 0.05 

(Luo et al., 2017). Then, co-occurrence network visualization was constructed using 

Gephi platform (version 0.9.2) (Chen et al., 2017b). 

 

5.3 Results and Discussion 

5.3.1 Diversity and abundance of MGEs and ARGs 

 

A total of 199 ARGs and 12 MEGs were detected in this study. The detailed diversity and 

distribution of the detected genes are presented in Figure 5-1. All the detected ARGs were 

clustered based on major antibiotic classes, including tetracyclines, vancomycin, 

sulfonamides, multidrug, aminoglycoside, MLSB, beta-lactams, FCA, and others. All the 

integron-integrase genes and transposase genes were categorized as MGEs.  
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At the beginning of the AcoD processes, the total subtype number of ARGs and MGEs 

detected in the wet AcoD (W0) sample was 156, and it was 161 in the dry AcoD sample 

(D0) (Figure 5-2). It can be found that the subtype numbers of ARGs and MGEs changed 

little under both conditions during the initial period (day 0-9), but they decreased to 111 

and 120 at the end of the wet and dry AcoD, respectively. Most of the changes happened 

in beta-lactams, tetracyclines, multidrug and MLSB relevant resistance genes (number 

changes > 5) in both the wet and dry AcoD. It was hypothesized that the fates of ARGs 

would be highly correlated to their resistance mechanisms, because most of the absent 

genes in this study confer efflux pump and antibiotic deactivation mechanisms (Figure 

5-1). The association of the resistance mechanism and the fates of ARGs will be 

discussed in detail in Section 5.3.4. 

 

Among all classes of ARGs, the subtype number of beta-lactam resistance genes 

decreased the most, and only 13 subtypes of beta-lactam resistance genes were detected 

after both the AcoD processes. It was reported that the presence of ARGs is highly 

correlated to the existence of antibiotics (He et al., 2017). Due to its instability, beta-

lactam antibiotics can be easily degraded under alkaline and acidic conditions 

(Deshpande et al., 2004). Therefore, organic acids and ammonia produced during the 

AcoD processes could promote the hydrolysis and degradation of beta-lactam antibiotics, 

eliminate the selective pressure of beta-lactam on microbes and result in a decrease of 

beta-lactams resistance genes. 
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Figure 5-1. Diversity and distribution of antibiotic resistance genes and mobile genetic 

elements during the experiment. (W0, WH and WE are samples obtained on day 0, early 

stage and the end of wet AcoD; D0, DH and DE are samples obtained on day 0, early 

stage and the end of dry AcoD) 
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Figure 5-2. Numbers of antibiotic resistance genes (ARGs) and mobile genetic elements 

(MGEs) subtypes detected in wet and dry anaerobic co-digestion. (W0, WH and WE are 

samples obtained on day 0, early stage and the end of wet AcoD; D0, DH and DE are 

samples obtained on day 0, early stage and the end of dry AcoD) 

 

As shown in Figure 5-3, the absolute abundances of ARGs in W0 and D0 were 4.04 × 109 

and 6.75 × 109 copies/g wet sample, respectively. The absolute abundance of MGEs in 

W0 was 7.85 × 108 copies/g wet sample, while it was 1.13 × 109
 copies/g wet sample in 

D0. MLSB, tetracyclines and aminoglycoside resistance genes were the dominant ones in 

the raw feedstocks (W0 and D0), accounting for 32.4-37.5%, 25.4-26.5% and 25.1-25.5% 

of the total ARGs, respectively (Figure 5-3b). During the initial period (day 0-9) of AcoD, 

the absolute abundance of the total ARGs increased in both AcoD processes (wet AcoD: 

increased by 0.04 logs copies/g wet weight; dry AcoD: increased by 0.12 logs copies/g 

wet sample). Tetracyclines and MLSB resistance genes increased the most during this 

period. Similar phenomena were also reported by Sun et al. (2016) and Zou et al. (2020b). 

Different from the results by Zou et al. (2020b), the abundances of total ARGs and MGEs 

were significantly decreased in both wet and dry AcoD in this study, while the 

abundances changed little in their study. One reason is that Zou et al. (2020b) only 

targeted several specific genes whose changes can not represent most of other ARGs. For 

instance, an increase of tetA gene and a decrease of tetO gene was also found in the 

present study, but the variations of many other genes were not counted in their studies. 
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This indicates the importance to have a comprehensive and big picture of ARGs in AcoD. 

The other reason is that the experimental condition in this study was significantly 

different from Zou et al. (2020b)'s. The TAN concentration in dry AcoD was about 5g/L, 

which was about 5 times of TAN concentrations in wet AD. The ammonia stress can 

exert selective pressures on microbes and impact the fate of ARGs (Zhang et al., 2020a). 

 

 

Figure 5-3. Variation of antibiotic resistance genes (ARGs) and mobile genetic elements 

(MGEs) during wet and dry anaerobic co-digestion: (a) absolute abundance; (b) relative 

abundance (MGEs were not included in the calculations). (W0, WH and WE are samples 

obtained on day 0, early stage and the end of wet AcoD; D0, DH and DE are samples 

obtained on day 0, early stage and the end of dry AcoD) 

 

From day 9 to the end of AcoD, the absolute abundance of total ARGs in the dry AcoD 

decreased from 8.89 × 109 to 3.91 × 108
 copies/g wet sample, while it decreased from 

4.45 × 109 to 1.16 × 109 copies/g wet sample in wet AcoD. Compared with W0 and D0, 
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the total reductions of ARGs in wet and dry AcoD were 0.54 and 1.24 logs copies/g wet 

sample, respectively. As for MGEs, it decreased to 1.51 × 107 copies/g wet sample after 

dry AcoD (DE), which was 26.9 times lower than that in WE. It is noteworthy that the 

subtype number of ARGs in DE was higher than that in WE, while the absolute 

abundance of ARGs in DE was much lower than that in WE (as shown in Figure 5-3a). 

The results suggest that the absolute abundance of ARGs was not directly related to the 

number of ARGs subtypes. AD can reduce some ARGs to under the detection limits, but 

most of the ARGs and MGEs cannot be completely removed. In particular, some ARGs 

are intrinsic parts of certain microbes, thus cannot be cleared at all (Xu et al., 2019). A 

similar conclusion is also made in the review paper of Gurmessa et al. (2020), suggesting 

that pre-, post- treatment and some other strategies should be studied to further enhance 

the reduction of ARGs and MGEs. 

 

It is also worth mentioning that the composition of ARGs changed significantly and quite 

differently in the wet and dry AcoD (Figure 5-3b). In the dry AcoD, the composition of 

ARGs mainly changed during the initial period (day 0-9), and it only changed slightly 

thereafter. During the initial period, the proportions of MLSB and tetracycline resistance 

genes increased to 42.2% and 38.4%, and to 34.4% and 54.8% in wet and dry AcoD, 

respectively, whereas the proportions of most other classes of ARGs decreased. In 

particular, the proportion of aminoglycoside resistance genes decreased from 25.1-25.5% 

to 7.2-10.3%. The increase of MLSB and tetracyclines resistance genes might be 

attributed to the fact that these two classes of ARGs possessed the most detected cellular 

protection genes, and some genes belonging to this resistance mechanism increased 

significantly during this period, such as ermF, ermB, tetM and tetQ. It has been reported 

that cellular protection genes have a wide range of hosts, and they can easily transfer 

among different genera and species of bacteria (Wang et al., 2016b). As the microbial 

community successions and replacement mainly changed during the starting period of AD, 

along with the ammonia stress on microbes containing efflux pump genes, it is reasonable 

that MLSB and tetracyclines resistance genes increased and counted for most parts in this 

period (Zou et al., 2020b). Besides, it is known that the removal efficiencies of MLSB 

and tetracyclines by AD are relatively lower than other antibiotics (Van Epps and Blaney, 

2016), which could also cause MLSB and tetracycline resistance genes dominant after 

both wet and dry AcoD. 
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The dominant classes of ARGs changed little during the subsequent process of dry AcoD. 

However, the situation differed in the wet AcoD. After wet AcoD, the ARGs conferring 

resistance to MLSB occupied 63.1% of the total ARGs, followed by tetracyclines (15.2%) 

and aminoglycoside (7.7%) resistance genes. The proportions of multidrug and 

sulfonamides resistance genes slightly increased, but their absolute abundance slightly 

decreased in wet AcoD. In comparison with other classes, sulfonamides and multidrug 

relevant ARB and ARGs are found to be more persistent in AD (Anjum et al., 2017; 

Kanger et al., 2020), which could be the reason for the increase in their relative 

abundances. However, bacteria could prefer to drop plasmid mediate genes under the 

constant selective pressure of high ammonia in dry AcoD (Zhang et al., 2020a). 

 

5.3.2 Fold change of ARGs and MGEs 

 

The fold changes (Figure 5-4) of the detected genes were calculated by comparing the 

absolute abundance of each gene in the samples (WH, WE, DH and DE) to their copy 

numbers in the initial samples (W0 and D0), respectively. To make the results more 

readable, the target genes which had been enriched over 5-fold or decreased to 0.2-fold 

were regarded as significantly changed. As shown in Figure 5-4, the fold changes of 

ARGs were different in the wet and dry AcoD. During the initial period (day 0-9), there 

were 18 ARGs and 3 MGEs significantly decreased in the wet AcoD, while only 4 ARGs 

and one MGEs decreased in the dry AcoD. Besides, about 22 ARGs and 3 MGEs were 

enriched in the dry AcoD during this period, while only about 19 ARGs and one MGEs 

were enriched in the wet AcoD. The most increased gene in the wet AcoD was InuB-02 

(by 2808-fold), followed by ereB (by 905-fold), cfxA (by 113-fold), and blaVEB (by 97-

fold). While the gene with the most increase in the dry AcoD was tnpA-04 (by 4215-fold), 

followed by tetG (by 138-fold), IS613 (by 41-fold), and cfxA (by 34-fold). InuB-02 and 

ereB are MLSB resistance genes, while tetG is the most common resistance gene 

conferring resistance to tetracycline. The enrichment of these specific genes explains the 

increase in the abundances of MLSB and tetracycline resistance genes as shown in Figure 

5-4. TnpA-04, IS613 and Tp614 (enriched in the dry AcoD) are known MGEs that 

possess the ability to carry many ARGs and play an important role on antibiotic resistance 

spreading (Partridge et al., 2009). The significant enrichment of these MGEs suggests that 

HGT probably happened during the initial period of the dry AcoD and contributed to the 

enrichment of ARGs.  
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Figure 5-4. Fold changes of antibiotic resistance genes (ARGs) and mobile genetic 

elements (MGEs) (enriched over 5-fold or decreased to 0.2-fold). (W0, WH and WE are 

samples obtained on day 0, early stage and the end of wet AcoD; D0, DH and DE are 

samples obtained on day 0, early stage and the end of dry AcoD) 
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Despite more ARGs being enriched in the dry AcoD than in the wet AcoD during the 

initial period, the dry AcoD achieved much more effective ARGs removal at the end. In 

total, 46 genes (ARGs and MGEs) were reduced after the dry AcoD, compared to 42 

genes reduced by the wet AcoD. Meanwhile, 12 ARGs and 2 MGEs were enriched at the 

end of wet digestion (WE), which were about twice of those in the sample obtained at the 

end of the dry AcoD (DE). The top 5 increased genes in WE were mexF, InuB-02, ereB, 

InuC, and tnpA-01, which were enriched by 1800 fold, 1783 fold, 93 fold, 70 fold, and 24 

fold, respectively. Unlike the wet AcoD, the fold changes of almost all the enriched genes 

in the dry AcoD were under 50, except for tnpA-04 which increased by 771 fold. The 

enrichment of tnpA genes was also found in many studies, and it was suggested to be 

critical in the HGT (Guo et al., 2020a; Xie et al., 2016). In particular, dry AcoD seemed 

more effective in removing aminoglycoside, multidrug, and sulfonamide resistance genes 

as they kept decreasing over time, while the relative abundances of multidrug and 

sulfonamide resistance genes increased after the wet AcoD. Additionally, most ARGs 

(including tetracycline and MLSB resistance genes) in the dry AcoD decreased at a 

similar pace (fold change values were similar) from day 9 to the end of AcoD (Figure 

5-4). 

 

5.3.3 Shift of antibiotic resistance mechanisms 

 

ARGs are classified into four groups according to their resistance mechanisms: cellular 

protection, antibiotic deactivation, efflux pump, and other/unknown mechanisms. The 

resistance mechanism of each targeted gene is shown in Appendix A. In this study, the 

proportion of each mechanism was calculated based on the absolute abundance, and the 

result is shown in Figure 5-5. The main antibiotic resistance mechanisms in the initial 

samples were cellular protection and antibiotic deactivation, accounting for 44.6-52.0% 

and 31.2-33.8%, respectively. Cellular protection genes can be found in many antibiotic-

resistant organisms (such as vancomycin-resistant bacteria), which can work 

independently or with other resistance mechanisms (Xiao et al., 2016). Due to the 

difference in substrates and inoculum, the composition of antibiotic resistance 

mechanisms varied in individual studies (Chen et al., 2017b; Xiao et al., 2016; Zhu et al., 

2013). The proportions of different antibiotic resistance mechanisms remained more or 

less constant in wet AcoD throughout the entire digestion period (Figure 5-5), which 

suggests that the overall reduction of all resistance mechanisms in wet AcoD was similar. 
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However, the proportions of different antibiotic resistance mechanisms varied 

significantly during the initial period (day 0-9) of dry AcoD. The proportions of cellular 

protection and other unknown mechanisms in dry AcoD rose to 77.6% and 6.8% during 

the initial period, while the proportions of antibiotic deactivation and efflux pump 

mechanisms decreased to 10.8% and 4.8%, respectively. After 9 days, the proportions of 

different antibiotic resistance mechanisms in the dry AcoD changed little. The results 

indicate that dry AcoD was more efficient than wet AcoD on the removal of ARGs with 

mechanisms of antibiotic deactivation and efflux pump. 

 

 
Figure 5-5. Changes of antibiotic resistance genes (ARGs) based on antibiotic resistance 

mechanisms. (W0, WH and WE are samples obtained on day 0, early stage and the end of 

wet AcoD; D0, DH and DE are samples obtained on day 0, early stage and the end of dry 

AcoD) 

 

As antibiotic resistance is evolved by natural selection of microbial communities, there is 

a possibility that microbes respond differently to different environments since they are 

carrying ARGs of different mechanisms (Chen et al., 2016a). For instance, microbes can 

pump antibiotics or other hazard molecules out of their cells for surviving under stress 

environments. Some researchers reported that antibiotic deactivation genes could be more 

easily reduced than cellular protection genes and efflux pump genes when treating 

wastewater or sewage sludge by AD process (Ghosh et al., 2009; Sui et al., 2016). 

However, this study shows that in wet AcoD, the overall fate of ARGs associated with 
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AcoD, the proportion of cellular protection mechanism in the dry AcoD significantly 

increased while those of the efflux pump and antibiotic deactivation declined. It has been 

suspected that the high free ammonia in dry AcoD would alter the proton concentration 

and reduce membrane permeability, resulting in the inhibition of the efflux system and 

reduction of efflux pump genes (De Vrieze et al., 2015; Zhang et al., 2020a). The 

concentration of ammonia nitrogen in dry AcoD (over 4000 mg/L) was about four times 

higher than that in wet AcoD (Wang et al., 2020); this could be one reason for the lower 

proportion of efflux pump mechanism after the dry AcoD. On the other hand, cellular 

protection genes are usually carried by conjugative transposons, so they have a wide 

range of hosts (Wang et al., 2019a). Several studies have reported that cellular protection 

ARGs are more persistent than other ARGs, and the increase of cellular protection ARGs 

is commonly found in AcoD systems (Wang et al., 2016b; Zhang et al., 2019c). Moreover, 

high ammonia in dry AcoD could also enhance the transfer of cellular protection genes 

among microorganisms of different genus or species (Zhang et al., 2020a).  

 

The antibiotic residues in the feedstock may also affect the composition of antibiotic 

resistance mechanisms as they have selective pressures on microbes. In this study, almost 

all the detected aminoglycoside and beta-lactam resistance genes belong to the antibiotic 

deactivation mechanism, and all the targeted multidrug resistance genes are efflux pump 

genes. However, nearly all cellular protection genes detected in this study are conferring 

resistance to MLSB and tetracyclines. As aminoglycosides and beta-lactams are easily 

degradable while MLSB and tetracyclines are relatively resistant to AD (Van Epps and 

Blaney, 2016), it is logical to find the decrease of the antibiotic deactivation mechanism 

and the increase of the cellular protection mechanism during the AcoD process in this 

study. 

 

5.3.4 Co-occurrence among ARGs, MGEs, and microbes during AcoD 

 

It is generally accepted that bacterial community succession along with HGT contributes 

to the variation of ARGs abundance (Zhang et al., 2020a). Thus, network analysis was 

employed to investigate the co-occurrence of ARGs, MGEs, and dominant phyla during 

the AcoD processes, and significant correlations (Spearman's r > 0.8, P-value < 0.05) 

between ARGs, MGEs and the dominant phyla were visualized (Figure 5-6). It can be 

found that most of MLSB resistance genes were highly related to Firmicutes, while 
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aminoglycoside resistance genes were connected to Planctomycetes, Chloroflexi and 

unclassified phyla. Tetracyclines and sulfonamides resistance genes had many potential 

hosts, such as Firmicutes, Chloroflexi, Actinobacteria, Euryachaeota, etc. Significant 

correlations between Synergistetes and ARGs (sat4, mexF, etc.) were also found in this 

study. Additionally, significant correlations between ARGs and MGEs (IS613, Tp614, 

tnpA, etc) are shown in Figure 5-6. In contrast, Proteobacteria was not connected to most 

of the ARGs or MGEs. 

 

 

Figure 5-6. Network analysis revealing the co-occurrence among antibiotic resistance 

genes (ARGs), mobile genetic elements (MGEs), and dominant phyla. A larger node 

represents more points are connected with greater importance. 

 

The correlations between phyla and ARGs have been reported in numerous studies. For 

instance, it has been reported that Firmicutes play a key role in carrying and transferring 

ARGs (Song et al., 2017), and Bacteroidetes have significant correlations with tetO, tetX, 

tetL, and tetW (Wang et al., 2017b). Zhang et al. (2019e) reported that Synergistetes was 

highly related to blaCTX-M, ereA, tetG, and sul1. Chloroflexi was highly related to MLSB 

resistance gene (Chen et al., 2016b; Sun et al., 2019b). Unlike other phyla, it was 

suggested that Proteobacteria is not strongly connected to ARGs or MGEs, thus the 
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increase of Proteobacteria might reduce the relative abundance of ARGs (Zhang et al., 

2016). 

 

The microbial community composition changed significantly under the two different 

AcoD conditions (Figure 5-7). In the initial samples (day 0, initial feedstock without 

dilution), the dominant phyla were Firmicutes (33.87%), Proteobacteria (19.49%), and 

Chloroflexi (11.39%). During the early stage of AcoD, the dominant phyla in the wet 

AcoD (WH) changed to Chloroflexi (38.83%), Firmicutes (20.07%), and Proteobacteria 

(16.52%), while the dominant phyla in the dry AcoD (DH) were Firmicutes (49.14%), 

Proteobacteria (18.60%), and Chloroflexi (7.3%). As mentioned above, Firmicutes and 

Chloroflexi were highly related to MLSB and tetracyclines resistance genes. These two 

phyla increased from 45.26% to 58.90% and 56.17% during the initial period of wet and 

dry AcoD, respectively. Besides, the absolute abundance of tnpA-01 significantly 

increased in wet AcoD, while there were more MGEs (tnpA-04, IS613 and Tp614) 

increased in dry AcoD. Thus, HGT was more likely to happen in dry AcoD, resulting in 

obvious increases of both MLSB and tetracyclines resistance genes. 

 

 

Figure 5-7. Relative abundances of dominant phyla (ratio >0.2%) at specific stages. Raw: 

raw feedstock before dilution. 
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The phyla composition changed slightly during the later period of the wet AcoD, but most 

of the phyla decreased at the end of the dry AcoD (DE) with a significant decrease of 

Chloroflexi to 2.77% at the end of the dry AcoD. Correspondingly, a higher reduction of 

MGEs was found in dry AcoD. The results indicated that the reduction of hosts of ARGs 

would have contributed to more efficient removals of ARGs in dry AcoD. 

 

5.3.5 Impacts of environmental parameters on microbes 

 

 

Figure 5-8. Variation of total volatile fatty acids (TVFA) in wet and dry co-anaerobic 

digestion 

 

It is known that environmental factors more likely to affect gene abundances by altering 

the bacterial community succession, instead of working on genes directly. In this study, 

the concentration of TVFA in the dry AcoD was as high as 29.55 g/L, while the highest 

concentration of TVFA in the wet AcoD was about 3.18 g/L (Figure 5-8). The highest 

concentration of TAN in the dry AcoD was about 5.29 g/L, which was about 4.85 times 

of that in the wet AcoD. As shown in Figure 5-9, Firmicutes and Proteobacteria had 

positive correlations with high concentrations of TAN and FAN respectively, whereas 

most other phyla (Chloroflexi, Bacteroidetes, Acidobacteria, Euryarchaeota, etc) were 

more sensitive to the environment with high ammonia nitrogen. Actinobacteria and 
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Candidatus. Saccharibacteria can be adapted to high TVFA and FVFA, while 

Synergistetes had a negative correlation with volatile fatty acids. 

 

Firmicutes, Chloroflexi and Proteobacteria are dominant phyla in AD systems. 

Firmicutes can persist during AD and are more likely to enrich under alkaline and high 

TAN conditions (Huang et al., 2017; Jiang et al., 2019b; Zhang et al., 2020a). Firmicutes 

includes many acetogenic bacteria which can degrade VFAs and produce acetic acid (Wu 

et al., 2020). Chloroflexi, Proteobacteria and Synergistetes are highly related to 

fermentation activities (such as hydrolysis and acidogenesis), and their proportions could 

increase in wet digestion (Shin et al., 2020; Sun et al., 2016). However, Zhang et al. 

(2020a) found that Chloroflexi and Synergistetes decreased under ammonia stress, while 

Proteobacteria was enriched significantly. A negative correlation between Synergistetes 

and VFAs was also found by Jiang et al. (2018a). 

 

Figure 5-9. Correlations between environmental parameters and dominant phyla (TVFA, 

total volatile fatty acids; FVFA, free volatile fatty acids; TAN, total ammonia nitrogen; 

FAN, free ammonia nitrogen; sCOD, soluble chemical oxygen demand; * for P-value < 

0.05, ** for P-value < 0.01, *** for P-value < 0.001). 
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Compared to Firmicutes, Proteobacteria, and Chloroflexi, the proportions of other phyla 

were low in both wet and dry AcoD, accounting for only 13.67-27.30% of all phyla. 

Although the proportion of other phyla were low, they would still be important in AD 

processes; and most of those phyla were also potential hosts of ARGs and MGEs. It is 

known that high VFAs and TAN are toxic to microbes, both inhibiting microbial 

activities. For instance, Zhang et al. (2020a) reported that ammonia stress had significant 

effects on the efflux system of bacteria, and it increased horizontal genes transfer via 

enhancing the conjugation frequency. Besides, previous studies also suggested that VFAs 

played an important role in reducing ARB in the AD system (Beneragama et al., 2013a). 

In this study, Firmicutes and Proteobacteria seemed more tolerant of high concentrations 

of ammonia and VFAs than Chloroflexi and Synergistetes. Besides, the high ammonia 

concentration in dry AcoD might also inhibit the growth of other phyla, which further 

contributed to an improved reduction of ARGs and MGEs. 

 

Overall, dry AcoD showed a greater reduction of ARGs and MGEs than wet AcoD. 

However, the high ammonia stress also led to microbial succession and HGT during the 

initial period (hydrolysis and acidogenesis stages), and resulted in a significant increase 

of ARGs. Thus, a long retention time should be considered when treating biowastes in dry 

AcoD process. 

 

5.4 Summary 

 

This study shows that anaerobic digestion efficiently reduced the abundance of ARGs and 

MGEs in biowastes, and dry AcoD performed better than wet AcoD. Among all ARGs, 

aminoglycosides, multidrug, and sulfonamides resistance genes were removed more 

efficiently in dry AcoD than in wet AcoD. In comparison with wet AcoD, there was a 

significant increase in cellular protection genes at the early stage of dry AcoD, but the 

composition of different resistance mechanisms changed little thereafter. It was suspected 

that the efficient removal of ARGs in dry AcoD was mainly due to the decrease in 

biomass. As AcoD progressed, high ammonia nitrogen concentrations in dry AcoD led to 

the reduction of protentional hosts of ARGs and MGEs. However, although dry AcoD 

effectively reduced ARGs, the challenge remained as there were still high abundances of 

ARGs in the digestate. 
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Chapter 6 

Changes of enteric bacteria and antibiotic 

resistance genes in thermophilic anaerobic co-

digestion of food waste and pig manure 
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6.1 Introduction  

 

According to the previous study, the initial TS content had a significant influence on the 

inactivation of pathogens and reduction of antimicrobial resistomes. It has been reported 

that temperature can also significantly impact the microbial succession and the fate of 

ARGs and MGEs. Although a few researchers have investigated the fate of ARGs in 

thermophilic AD, most of them only targeted several specific genes. As the behaviours of 

different subtypes of ARGs vary, targeting only a few ARGs subtypes can not reveal the 

overall variation tendency of ARGs in the system.  

 

An experiment was conducted to investigate the initial TS content on the inactivation of 

pathogenic bacteria and reduction of ARGs in thermophilic anaerobic co-digestion of 

food waste and pig manure. Metagenomic sequencing was employed to reveal the broad 

profile of ARGs during thermophilic AD. 

 

6.2 Materials and methods 

6.2.1 Inoculum and substrates 

 

Table 6-1 Physicochemical features of the food waste, pig manure and inoculum 

Parameters 
Solid fraction of 

pig manure 
Food waste Inoculum 

pH 8.31±0.00 5.98±0.00 8.28±0.01 

Total solids (TS, %) 18.8±0.05 27.8±0.23 20.4±0.15 

Volatile solids (VS, %) 14.3±0.00 26.4±0.23 13.0±0.05 

VS/TS (%) 76.2±0.21 94.8±0.02 63.7±0.25 

TVFA (mg HAc/L) 637.71±30.17 509.17±32.41 125.18±7.88 

FVFA calculated (mg HAc/L) 0.15±0.01 24.32±1.32 0.04±0.00 

TAN (mg/L) 2946.73±29.09 393.54±10.11 1866.28±8.20 

FAN calculated (mg/L) 1305.65±12.89 1.46±0.04 795.30±18.35 

TCOD (g/L) 146.67±4.55 209.79±9.78 67.37±0.30 

sCOD (g/L) 24.48±0.56 89.32±2.26 6.02±0.27 

 

This experiment was carried out during the COVID-19 pandemic in Galway City, Ireland. 

During this period, people were asked to restrict their movement, and there was limited 

access to the canteens and restaurants. Thus, collecting FW from public dining places was 

unavailable. In that case, the FW was collected from five local families with good health 
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status, ensuring no infection risks. The collected FW was ground to < 2mm and mixed 

well using a food processor. The fresh PM obtained from a local pig farm was centrifuged 

(ROTOFIX 32A, Hettich) at 6000 rpm for 5 min to get the solid fraction. The inoculum 

was dewatered anaerobic sludge collected from the largest local WWTP, and it was 

placed at 11  for more than two months to release biogas completely. The detailed 

physicochemical features of the FW, PM and inoculum are shown in Table 6-1. 

 

6.2.2 Experimental setup 

 

According to previous studies, when FW: PM: Inoculum was mixed at the ratio of 1:1:2 

(VS basis), the anaerobic co-digestion system can perform steadily (Dennehy et al., 2018; 

Jiang et al., 2018c).  

 

Figure 6-1. Schematic diagram of the anaerobic digesters and thermophilic anaerobic co-

digestion experimental setup. 

 

A lab-scale experiment was conducted using 1 L digesters (Figure 6-1). The feedstock 

was first mixed well at the ratio of 1: 1: 2 (FW: PM: Inoculum) and was adjusted to TS 

content of 20% by adding tap water. Then, the mixture was further diluted to TS content 

of 15%, 10%, and 5%. A total amount of 600 g feedstock (wet weight) with different TS 

contents was fed into each digester, and then the digester was sealed with a cap and 

sealant. Then, the digesters were flushed with nitrogen gas for around 5 min before being 

placed in an incubator at 55 . Each condition was conducted in triplicate. Thus, a total 
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of 12 digesters were operated at four different TS conditions (TS= 5%, 10%, 15%, and 

20%). All digesters were shaken manually once every day. 

 

6.2.3 Sample collection and analysis 

 

To investigate the fate of ARGs and the shift of microbial community structures, about 3 

g wet samples were taken from each digester on day 0 (initial day) and in different 

operation times (For TS =5% and 10%, sampling on days 10, 32, and 64; for TS =15% 

and 20%, sampling on days 10, 20, 32, 64, and 93). The sampling dates were selected 

during the specific periods of AD: beginning, active methanogenic period, slowed 

methanogenic period, and the end. The samples collected from parallel digesters on the 

same day were mixed well and then stored at -20  until delivered to the Beijing 

Genomics Institute (BGI, Hongkong, China) for metagenomic sequencing. Except for the 

initial sample collected from the initial mixture (TS=20%) on day 0, all samples were 

labelled according to the TS contents and operation days. For example, the sample 

collected from the digesters of TS=5% on day 10 was labelled as ñTS5-10ò. 

 

In order to monitor the operation status of AD, about 1 g wet sample was taken from each 

digester every day in the first week and then twice a week to analyze physicochemical 

characteristics, such as pH, TAN, TVFA, and sCOD, according to the methods used in 

Section 4.2.3, and the concentrations of FAN and FVFA were calculated according to the 

equations reported by Jiang et al. (2018c). Briefly, 10-fold dilution was obtained by 

adding nine parts of deionized water (w/w) to each wet sample (about 1 g) and mixing 

well. The dilutions were used for determining pH values with a pH meter (PHS-3E, 

China). Then, the dilutions were centrifuged at 13,500 rpm for five minutes (Sigma 2-16P 

with a 12148-H rotor, Germany). Finally, the supernatants were filtered via a nylon 

syringe microfilter (0.45 µm), and the filtrates were used for further analysis (TAN, 

TVFA, and sCOD). 

 

Additionally, about 1 g sample was taken from each digester every day in the first week 

for enumerating enteric indicator bacteria (E. coli and enterococci) using the viable plate 

count technique (Jiang et al., 2018c). As for the SMY, biogas produced in each digester 

was collected using a biogas bag. And then, a volumetric flow meter (FMA-1620A-TOT, 
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Omega, Deckenpfronn, Germany) and gas chromatography (GC7890A, Agilent 

Technology, USA) were used to determine the biogas volume and composition, 

respectively. 

 

6.2.4 Metagenomic sequencing and bioinformatic analysis 

 

The methods used for ARGs and MGEs identification, as well as the microbial 

community analysis, are the same as that used in Chapter 3. Detailed information about 

ARGs is shown in Table A.1. 

 

6.2.5 Data analysis 

 

General data analysis was conducted using Excel and R. Heatmap and Venn diagram 

were generated by HemI (version 1.0) and TBtools software, respectively (Chen et al., 

2020). The pair-wise correlations among ARGs subtypes, MGEs and bacterial phyla were 

conducted in R with VEGAN, igraph, and Hmisc packages. In addition, Benjaminiï

Hochberg (FDR) method was employed to adjust the P-value. The results were filtered 

according to the two criteria: (1) Spearman's correlation coefficient |ɟ| > 0.6; and (2) P-

value < 0.05. Finally, a co-occurrence network was visualized by using Gephi (version 

0.9.2). 

 

6.3 Results and discussion 

6.3.1 Inactivation of enteric bacteria and system performance 

 

It is known that FW and PM are reservoirs of enteric bacteria, including harmless gut 

flora and pathogenic bacteria. All bacteria are classified as gram-positive or gram-

negative according to their cell walls. Among them, E. Coli (gram-negative) and 

enterococci (gram-positive) are bacteria frequently used to assess the inactivation of 

enteric pathogens. Because many enteric bacteria are reported as the hosts of ARGs and 

are widely distributed, inactivating enteric bacteria is beneficial for obstructing the 

spreading of AMR. 
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In this study, the numbers of E. Coli and enterococci were monitored. The concentrations 

of E. Coli in the initial samples of different conditions were 3.99-4.87 log10 CFU/g wet 

matter, while the concentrations of enterococci were around 5.38-5.73 log10 CFU/g wet 

matter. These bacteria were eliminated within two days of thermophilic AD; particularly, 

E. Coli disappeared within one day. It was observed that the inactivation rate of enteric 

bacteria was slightly higher in the digesters with higher TS contents. The effective 

inactivation of E. Coli and enterococci during AcoD of food waste and pig manure were 

also reported in previous studies. Jiang et al. (2018c) investigated the inactivation of 

enteric bacteria during mesophilic dry anaerobic co-digestion with different FW/PM 

ratios, and their results suggested that it took four and 22 days for E. coli and enterococci 

to decline below the limit of detection (LOD), respectively. Dennehy et al. (2018) 

investigated the influence of HRT and feedstock composition on the reduction of enteric 

bacteria in mesophilic semi-continuous AcoD. They found that the feedstock composition 

and HRT had no apparent effects on the variation of enteric bacteria, but the enteric 

bacteria concentration did not decrease to below the LOD. Since the operating 

temperature was the main difference between this study and theirs, the thermophilic 

temperature was the primary factor causing the rapid inactivation of enteric bacteria. 

Most enteric bacteria prefer mesophilic conditions and are usually sensitive to 

temperature. The effective elimination of enteric bacteria during thermophilic AD was 

also reported in previous studies. For instance, Anjum et al. (2017) investigated the AD of 

poultry manure, and found that the reduction of pathogenic germs was enhanced under 

thermophilic temperature. Pandey and Soupir (2011) found that E. coli was reduced by 

about 6 logs within 41 days during mesophilic AD of dairy manure, while it required less 

than 3.5 days at 52.5 . 

 

The process-related chemical conditions were also affected by the temperature. Compared 

to previous study by Wang et al. (2020), even with the same TS content, the 

concentrations of ammonia nitrogen and volatile fatty acid in the digesters of 

thermophilic AD were much higher than in mesophilic AD (Figure 6-2). It was probably 

because the degree of hydrolysis and acidification of the substrates were improved under 

high temperatures. The increase of temperature significantly increased the concentration 

of free ammonia nitrogen, which could further contribute to the inactivation of pathogens. 

Therefore, not only temperature but also temperature-dependent chemical and microbial 
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factors influenced the system performance. 

 

6.3.2 Changes of ARGs abundances during thermophilic AD 

 

As shown in Figure 6-3a, a total of 20 ARG types were detected in all samples. In the 

initial sample, the total abundance of ARGs was 0.31 copy of ARG/copy of 16S rRNA 

gene (called óratioô thereafter). The total abundances of ARGs in digesters of TS content 

of 5%, 10%, 15% and 20% were about 0.16-0.22, 0.23-0.28, 0.22-0.30 and 0.21-0.29 

ratios, respectively. In addition, the removal efficiency of ARGs varied with the initial TS 

content. For instance, the abundance of ARGs in the digesters of TS content of 5% 

decreased to 0.16 ratios after 64 days, whereas the final abundances of ARGs of other 

conditions were over 0.21 ratios even after 93 days. The result was inconsistent with 

previous results reported in Chapter 5. In the previous study, a higher reduction efficiency 

was found in the digesters with higher TS contents. One of the reasons which caused the 

difference might be the different operation conditions. Apart from the difference in 

substrate properties, the operation temperature in the previous study was 37±1 , while it 

was 55±1  in the present study. Another important reason might be the different 

detection methods and units of results used in the studies. In the previous study, the 

absolute abundance of targeted ARGs was quantified using high-throughput qPCR, and 

the results were presented as ñcopy of ARGs/g wet sampleò. The shotgun sequencing and 

bioinformatic analysis used in the present study can only provide relative abundances of 

ARGs in ñcopy of ARG/copy of 16S rRNA geneò. Nonetheless, the decline of ARGs 

abundances in all TS conditions indicates that thermophilic AD can reduce ARGs. 
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Figure 6-2. Total volatile fatty acids and total ammonia nitrogen concentrations in mesophilic and thermophilic anaerobic digesters ( ðƴð

Mesophilic AcoD, ðƶð Thermophilic AcoD). 
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Figure 6-3. Relative abundances of different ARGs types in the samples presented in (a) 

copy of ARG/copy of 16S rRNA gene and (b) percentages. 

 

The composition of ARG types in each sample is shown in Figure 6-3b. It was evident 

that the multidrug, tetracycline, and MLS resistance genes were the dominant types of 

ARGs in the initial sample, up to 61.1% of all ARGs. It also contained high proportions 

of bacitracin and aminoglycoside resistance genes. As for the sulfonamide and beta-

lactam resistance genes, which are widely detected in the environment, their proportions 

were only 4.2% and 3.4%, respectively. The composition of ARGs in the initial samples 

depended on the substrates and inoculum used in this study. For instance, PM was the 

primary source of tetracycline, MLS, and aminoglycoside resistance genes, while high 

proportions of multidrug, MLS, and bacitracin resistance genes were found in FW and 

sewage sludge (Figure 3-1).  
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As shown in Figure 6-3b, the proportion changes mainly happened to tetracycline, 

multidrug, MLS, bacitracin, and aminoglycoside types of ARGs. It was found that the 

proportions of ARGs conferring resistance to tetracycline and bacitracin were 

significantly increased after thermophilic AD, and their abundances in the final samples 

were around 20.6-35.6% and 11.3-14.9%. However, the abundance of multidrug 

resistance genes declined considerably, and the percentages in all final samples were 

lower than 17.5%. The abundances of MLS resistance genes under all TS conditions also 

decreased after thermophilic AD. The results suggested that the changes of different types 

of ARGs varied, consistent with previous studies about the reduction of ARGs during 

AD. For example, Zhang et al. (2015b) found that the relative abundances of MLS and 

sulfonamide ARGs were reduced during thermophilic AD, while chloramphenicol ARGs 

were enriched. Since most ARGs were hosted in microorganisms, their fates were highly 

related to the succession of microbial communities and the frequency of horizontal gene 

transfer. 

 

The influence of initial TS contents on ARG fates was also observed in this study, 

especially in the early stage of thermophilic AD. For instance, after operation for 10 days, 

the proportions of tetracycline resistance genes in digesters of TS=5%, 10%, 15% and 

20% increased to 17.4%, 31.8%, 33.3% and 19.4%, respectively, whereas the proportion 

of multidrug resistance genes decreased from 29 .0% to 12.3-14.9%. The proportions of 

MLS and aminoglycoside types of ARGs slightly decreased in digesters of TS 5-15%, 

while they significantly increased in the digesters of TS content of 20%. Significant 

increases in bacitracin and vancomycin abundances were observed in digesters of TS=5% 

during this period, but they were only slight changes under other TS conditions. The 

enrichment of ARGs in the early period of AD was also observed in previous studies 

(Zou et al., 2020b). 

 

It is known that the composition of ARGs is highly related to drug usage in the associated 

environment. According to the official reports published by HPRA (2019), the total 

amount of veterinary antibiotics sold in Ireland from 2013 to 2019 ranged from 88.8 to 

103.4 tonnes. Tetracyclines, penicillins, sulphonamides & trimethoprim were the most 

used drugs, counting for over 80% of the total consumption. In addition, 6.1-7.5% and 
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5.4-7.1% of annual sales of veterinary antibiotics during this period in Ireland were 

macrolides & lincosamides, and aminoglycosides. Penicillin, macrolides, and 

tetracyclines were the three dominant classes of antibiotics consumed by outpatient in 

Ireland in 2018, counting for 87% of total outpatient antimicrobial consumption (HSE 

Health Protection Surveillance Centre, 2019).  

 

6.3.3 Changes in ARGs diversity 

 

In this study, a total of 386 ARG subtypes were identified among all samples, and the 

number of ARG subtypes detected in each sample is shown in Figure 6-5. Eighty major 

(over 1×10-3 ratios in at least one sample) ARG subtypes were identified (Figure 6-4). As 

shown in Figure 6-5a, multidrug had the highest number of subtypes, followed by beta-

lactam, tetracycline, MLS, and aminoglycoside. In the initial sample, the number of ARG 

subtypes was 219, including 59 subtypes of multidrug resistance genes. Then, the total 

number of ARG subtypes changed to 192-237 during thermophilic AD. In the present 

study, it was observed that the number of ARG subtypes conferring resistance to 

multidrug, MLS, tetracycline and aminoglycoside types changed little. Whereas, variation 

trends of beta-lactam resistance genes varied under different TS conditions. The number 

of subtypes of beta-lactam resistance genes slightly declined in the digesters of TS 

content of 5% and 10%, but its numbers in the digesters of TS content of 15% and 20% 

increased after thermophilic AD. Except for the condition of TS=5%, the total number of 

ARG subtypes slightly increased after thermophilic AD. Although it is hard to identify 

whether it could be attributed to the measurement bias, the overall results indicated that 

thermophilic AD with high TS content did not efficiently reduce the number of ARG 

subtypes. 
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Figure 6-4. 80 major ARGs subtypes in the samples (above 1×10-3 copy of ARG/copy of 

16S rRNA gene in at least one sample). 
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The number of unique and shared ARG subtypes among the initial and final samples is 

shown in Figure 6-5b. 144 ARG subtypes were shared by all the samples, indicating that 

these ARG subtypes remained under all conditions after AD. In addition, most of the 

shared ARG subtypes were related to multidrug (46 subtypes), tetracycline (21 subtypes), 

and MLS (18 subtypes). The persistence of multidrug, tetracycline and MLS resistance 

genes was also reported in Chapter 5 and in a previous study (Zhang et al., 2015b). On the 

other hand, there were 19 ARG subtypes eliminated by thermophilic AD, while 6 to 19 

unique ARG subtypes were enriched to above the detection limit after AD. In addition, 35 

out of 64 unique ARG subtypes conferring resistance to beta-lactam. Moreover, all of 

these beta-lactam resistance genes belong to the antibiotic inactivation mechanism. In that 

case, it was suspected that initial TS content affected the diversity of ARGs. And its 

influence on the fate of ARGs of different resistance mechanisms will be discussed in the 

next section. 

 

 

Figure 6-5. (a) Number of ARGs subtypes detected in the samples; (b) Number of unique 

and shared ARGs subtypes among the samples. 

 

6.3.4 Shift of antibiotic resistance mechanisms 

 

In order to investigate the fate of ARGs with different resistance mechanisms during 

thermophilic AD, all detected ARGs were classified into six resistance mechanisms 

categories (based on the abundance) according to the CARD database, such as antibiotic 

efflux, antibiotic inactivation, antibiotic target alternation, antibiotic target protection, 

antibiotic target replacement, and ñother/unknownò. As shown in  
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Figure 6-6, antibiotic efflux was the primary resistance mechanism in the initial sample, 

counting for 54.2% of all resistance mechanisms. There were 14.6% of ARGs belonging 

to the antibiotic inactivation category. Antibiotic target alteration, target protection and 

target replacement mechanisms, which were usually grouped as cellular protection 

category in some studies, were up to a total of 30.9% of the mechanisms in the initial 

sample.  

 

Figure 6-6. Composition of antibiotic resistance mechanisms in each sample. 

 

In the present study, antibiotic efflux decreased to 39.2-47.2% during thermophilic AD, 

while a slight increase was found in the antibiotic target alteration category. In addition, it 

seems that the initial TS content had little effect on their proportions as there was no 

noticeable difference found among different TS conditions. However, the initial TS 

content affected the proportions of antibiotic inactivation, antibiotic target protection, and 

antibiotic target replacement categories. For instance, the percentages of antibiotic 

inactivation and antibiotic target replacement categories in the digesters of TS contents of 

5% and 10% slightly decreased after thermophilic AD, while they were increased in the 

digesters of TS contents of 15% and 20%. As for the antibiotic target protection category, 
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it was increased in the digesters with TS content of 5-15% but decreased in the digesters 

of 20%.  

 

 

In general, the proportions of antibiotic efflux category in all digesters decreased after 

thermophilic AD. In comparison, the proportion of cellular protection mechanism 

(including antibiotic target alternation, antibiotic target protection, antibiotic target 

replacement) increased after thermophilic AD. The result was consistent with the 

previous study reported in Chapter 5, that antibiotic efflux ARGs are easier to be removed 

than other categories, especially in severe environments.  

 

6.3.5 Diversity and abundance of MGEs 

 

It is known that gut microbiota play essential roles in human and animal health and 

disease (Duranti et al., 2017). Since the gut microbiota are usually exposed to antibiotics, 

they have been reported as a rich pool of antimicrobial resistomes, including some mobile 

antibiotic resistance genes. Resistance genes may transfer among bacteria via horizontal 

genes transfer, promoting the commensal opportunistic pathogens to obtain antibiotic 

resistance. However, the mobility of ARGs is usually closely related to the abundance of 

MGEs, such as integron, plasmid, and transposons. Jiang et al. (2019a) reported that 

horizontal transfer of ARGs mainly happens within the same phyla, which means gut 

microbiota is more likely to obtain or transfer antibiotic resistance genes. Since many 

ARGs are located within MGEs, reducing the abundance of MGEs of gut microbiota 

could mitigate the spreading of antimicrobial resistance.  

 

In this study, a total of 950 identified MGEs were classified into seven types according to 

their transfer and transposition mechanisms. The abundance of MGEs was expressed in 

parts per million (ppm, one read in one million reads), and the results are shown in Table 

6-2. According to the results, the total abundance of MGEs in the initial sample was 133.5 

ppm, and it changed to 92.3-192.7 ppm during the study. Among all classes of MGEs, 

IMEs and ICEs were dominant in the samples, counting for more than 63% of the total 

abundance. The abundance of prophages in the samples ranged 12.0% - 22.2%. IMEs and 

ICEs are genomic islands that can help ARGs to transfer among microbes via conjugation, 
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while prophages are mainly involved in the spreading of ARGs via transduction. The high 

abundance of ICEs/IMEs in this study suggests that ARGs are more likely to spread via 

conjugation. 

 

Table 6-2 Variation of mobile genetic elements in gut microbiome during thermophilic 

AD (Results are shown in ppm, parts per million, one read in one million reads). 

 

 

As shown in Table 6-2, the abundance of MGEs changed during thermophilic AD, and 

the changes varied under different conditions. For example, the abundance of MGEs in 

the digester of TS content of 5% was increased to 154.1 ppm after 32 days, and it then 

decreased to 120.8 ppm after 64 days. However, an obvious enrichment of MGEs was 

found in the digesters with a TS content of 10%. As for the MGEs in the digesters of TS 

content of 15% and 20%, its abundance was increased in the first 10 days and gradually 

decreased over time. In particular, the final abundance of MGEs in the digesters of TS 

content of 20% was only 92.3 ppm, reduced by 41.2 ppm. The MGEs identified in this 

study were limited to chromosomal MGEs that are mostly contained in the dominant gut 

bacterial phyla, such as Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria 

(Jiang et al., 2019a). Generally, gut bacteria prefer to survive at a proper temperature 

(around 37 ), and it could be effectively inactivated under thermophilic or higher 

temperatures (above 55 ). The enhanced reduction of conjugative genetic elements and 

extracellular DNA were also found in thermophilic AD (Anjum et al., 2017; Zou et al., 

2020a). On the other hand, it was observed that the concentrations of ammonia nitrogen 

and volatile fatty acids in the digesters increased with the increase of TS. Since these 

chemicals are toxic to bacteria, the high concentration of ammonia nitrogen and volatile 

fatty acids may also contribute to the inactivation of gut bacteria (Beneragama et al., 

Samples ICEs IMEs Islets Prophages Transposons Genomic_islands Group_II_introns Total

Initial 36.5 53.1 1.0 18.8 7.4 16.1 0.5 133.5

TS5-10 23.2 67.5 0.3 19.9 4.3 13.5 2.6 131.3

TS5-32 21.2 90.9 0.3 23.6 3.5 12.0 2.6 154.1

TS5-64 16.1 65.7 0.3 23.4 3.3 10.3 1.7 120.8

TS10-10 25.5 101.3 0.4 22.9 4.4 13.7 0.9 169.0

TS10-32 27.2 91.9 0.4 24.8 3.8 15.2 0.8 164.1

TS10-64 21.3 117.3 0.3 21.2 4.0 12.5 0.7 177.2

TS15-10 31.7 109.7 0.4 26.2 5.8 18.2 0.6 192.7

TS15-20 22.6 93.9 0.2 23.8 4.5 16.4 0.4 161.7

TS15-32 20.3 89.4 0.2 24.6 4.1 14.8 0.4 153.8

TS15-64 19.0 73.2 0.0 24.0 3.9 12.6 0.5 133.2

TS15-93 16.0 71.9 0.0 19.0 3.6 11.6 0.3 122.3

TS20-10 35.0 61.8 0.3 29.8 4.8 16.1 0.6 148.4

TS20-20 27.7 60.0 0.2 30.9 4.6 15.4 0.5 139.2

TS20-32 21.4 59.8 0.2 18.9 5.5 13.3 0.3 119.3

TS20-64 21.9 51.2 0.2 22.5 5.6 11.4 0.4 113.2

TS20-93 16.4 43.2 0.2 15.9 4.2 12.2 0.2 92.3
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2013a). Thus, the free genetic elements released from the cells could be degraded, 

resulting in the decrease of MGEs abundance. 

 

6.3.6 Microbial composition and its linkage to ARGs and MGEs 

 

Figure 6-7. Relative abundances of the major microbial phyla in each sample (relative 

abundance of the phylum was over 1% in at least one sample). 

 

In this study, there were 7 major phyla (relative abundance > 1% in at least one sample) 

revealed by metagenomic sequencing (Figure 6-7). More detailed diversity and relative 

abundance of bacteria and archaea in the samples are shown in Figure 6-8. Proteobacteria, 

Euryarchaeota, Firmicutes and Actinobacteria were the dominant phyla in the initial 

samples, accounting for more than 99% of all taxa. The composition of microbial 

structure quickly changed during the thermophilic AD. In particular, the abundance of 

Firmicutes in the digesters of TS content of 5% increased to 90.8% after thermophilic AD, 

while the proportions of all other phyla were less than 5%. However, Wang et al. (2020) 

reported that Firmicutes abundance decreased in the mesophilic wet AD (TS=5%). A 

similar phenomenon was also found in the study reported by Xu et al. (2020), indicating 

that temperature has a significant impact on the succession of microbial communities. 

The initial TS content also impacted the composition of microbial communities. Different 

from that in the digesters of TS=5%, the composition of microbial phyla in the digesters 
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of TS content of 10% rapidly changed in the first ten days, and then changed little there 

after. In comparison, the microbial communities' structure in the digesters of TS=15% 

and TS=20% changed over time. The variation tendency of the microbial structure was 

similar with the variations of the ARGs and MGEs, suggesting that the abundance of 

ARGs and MGEs were highly related to the succession of microbial communities. 

 

Figure 6-8. Diversity and relative abundance of microorgaisms (in genus level). 

 

As shown in Figure 6-9, network analysis revealed the correlations among the genes and 

the dominant phyla. For example, it was found that IMEs were significantly and 

positively connected to various of tetracycline resistance genes (tetL, tetO, tet32, tetW), 

while ICEs were highly related to MLS resistance genes (such as ermF, ermTR, ermC). 

The high abundances of these MGEs contributed to the persistence of tetracycline and 

MLS resistance genes in the system. Proteobacteria, Actinobacteria and Synergistetes 
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were potential hosts of ARGs as they were significantly and positively related to many 

ARGs. The relationships between these phyla and ARGs were also reported in previous 

studies (Sun et al., 2016; Yang et al., 2020a). It is worth mentioning that Firmicutes, 

which were usually reported as the hosts of many ARGs, had no positive correlation to 

the ARGs in this study. Sun et al. (2016) investigated the influence of temperature on the 

fate of ARGs during anaerobic digestion of dairy manure, and they also found that there 

were no significant correlations between ARG and Firmicutes. Instead, significant 

positive correlations between the class Bacilli (belonging to Firmicutes) and sul2, intI1 

and intI2 were found in that study.  

 

 

Figure 6-9. Network analysis revealed the co-occurrence of the dominant ARGs, MGEs 

and phyla. The size of the nodes depends on the edge numbers it connected with. The red 

edges indicated there was a significant positive correlation between the nodes, while the 

green edges suggested there was a significant negative correlation between the nodes. 
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6.4 Summary 

 

This study demonstrated that thermophilic AD could efficiently eliminate enteric bacteria 

and reduce the abundance of some ARGs and MGEs. The relative abundance of total 

ARGs decreased from 0.31 copy of ARG/copy of 16S rRNA to 0.16-0.22 copy of ARG/ 

copy of 16S rRNA in the digesters at TS content of 5%, and it decreased to 0.21-0.30 

copy of ARG/ copy of 16S rRNA in the digesters with higher TS contents (TS 10-20%). 

Compared to the TAD with a TS content of 5%, thermophilic AD with higher TS contents 

deteriorated the reduction of ARGs, whereas it promoted the reduction of MGEs. 

However, thermophilic AD with different TS contents did not show significant 

differences in reducing the diversity of ARGs as the number of ARGs subtypes changed 

little in all digesters. This study suggests that Proteobacteria, Actinobacteria and 

Synergistetes were potential hosts of ARGs, and the abundances of ARGs and MGEs 

were highly related to the succession of microbial communities. According to the results, 

a low TS content is recommended for thermophilic AD when the system stability and 

methane yield are considered. 
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Chapter 7 

Conclusions and Recommendations 
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7.1 Summary of main results 

 

Antibiotic resistance has been a worldwide health concern. In this Ph.D research, the 

profiles of ARGs and MGEs in four typical biowastes were investigated. In addition, the 

inactivation of ARB and the reduction of ARGs in anaerobic co-digestion of FW and PM 

were investigated under different conditions. According to the results of this study, there 

are some conclusions: 

1. By employing both HT-qPCR and metagenomic analysis, about 167-213 ARGs 

subtypes were detected in FW, PM, ANS and AS, indicating they are important 

reservoirs of ARGs.  

2. This study revealed that FW and sewage sludge in Ireland are hotspots of 

carbapenems encoding genes, and these biowastes need to be effectively treated to 

prevent the diffusion of CPE. 

3. Mesophilic AcoD with high TS content is recommended for reducing ARB and 

ARGs from FW and PM, while thermophilic AcoD with low TS content would be 

more efficient in reducing ARGs. 

4. All AD processes can not eliminate ARGs, but an appropriate treatment process 

could mitigate the spreading of AMR in the environment.  

 

7.2 Recommendations for future research 

 

Based on the research results obtained in this study, there are several recommendations 

for future research directions, and they are as follows. 

 

(1) Larger scale semi-continuous anaerobic co-digestion of FW and PM.  

Future studies should be conducted on a pilot-scale or full-scale digester to 

investigate the efficiency of AcoD in the removal of ARB and ARGs. Additionally, 

the operating parameters should be optimized to balance the removal efficiency of 

antibiotic resistome and the system stability. 

 

(2) Post-treatment of final digestate. 

Although this study approved that AcoD can reduce ARB and ARGs, a high 

abundance of ARGs and MGEs remained in the final digestate. Hence, post-
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treatment should be considered to eliminate ARGs and MGEs completely or at least 

further reduce their abundances. 

 

(3) Pay more attention to the removal of ARB and ARGs with high clinical importance. 

Studies suggest it is impossible to eliminate all ARGs through biological treatment 

processes, and some ARGs can even be enriched after the treatments. Hence, future 

studies should be focused on removing ARB and ARGs that poses high risks to 

human health. 
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Table A.1 The information of antibiotic resistance genes 

ARG Name Classification Resistance Mechanism 

16S rRNA Unclassified other/unknown 

aac(2')-I Aminoglycoside antibiotic inactivation 

aac(2')-Ic Aminoglycoside antibiotic inactivation 

aac(3)-I Aminoglycoside antibiotic inactivation 

aac(3)-Ia Aminoglycoside antibiotic inactivation 

aac(3)-Ib/aac(6')-Ib Aminoglycoside antibiotic inactivation 

aac(3)-II  Aminoglycoside antibiotic inactivation 

aac(3)-IIa Aminoglycoside antibiotic inactivation 

aac(3)-IIIa Aminoglycoside antibiotic inactivation 

aac(3)-IV Aminoglycoside antibiotic inactivation 

aac(3)-IX Aminoglycoside antibiotic inactivation 

aac(3)-VI  Aminoglycoside antibiotic inactivation 

aac(3)-VII  Aminoglycoside antibiotic inactivation 

aac(3)-VIII  Aminoglycoside antibiotic inactivation 

aac(3)-X Aminoglycoside antibiotic inactivation 

aac(6')-30/aac(6')-Ib Aminoglycoside antibiotic inactivation 

AAC(6')-31 Aminoglycoside antibiotic inactivation 

aac(6'')-aph(2'')N Aminoglycoside antibiotic inactivation 

aac(6')-I Aminoglycoside antibiotic inactivation 

aac(6')-Ia Aminoglycoside antibiotic inactivation 

aac(6')-Ib Aminoglycoside antibiotic inactivation 

aac(6'')-Ie-aph(2'')-Ia Aminoglycoside antibiotic inactivation 

aac(6')-Ii  Aminoglycoside antibiotic inactivation 

aac(6')-Iy Aminoglycoside antibiotic inactivation 

aad(6) Aminoglycoside antibiotic inactivation 

aad(9) Aminoglycoside antibiotic inactivation 

aadA Aminoglycoside antibiotic inactivation 

aadA5 Aminoglycoside antibiotic inactivation 

aadB Aminoglycoside antibiotic inactivation 

aadD Aminoglycoside antibiotic inactivation 

aadE Aminoglycoside antibiotic inactivation 

aadK Aminoglycoside antibiotic inactivation 

AbaQ Quinolone antibiotic efflux 

abeS Multidrug antibiotic efflux 

acc Beta-lactams antibiotic inactivation 

acrA Multidrug antibiotic efflux 

acrB Multidrug antibiotic efflux 

acrF Multidrug antibiotic efflux 

acrR Multidrug antibiotic efflux 

ACT-1 Beta-lactams antibiotic inactivation 

ACT-13 Beta-lactams antibiotic inactivation 

ACT-14 Beta-lactams antibiotic inactivation 

ACT-16 Beta-lactams antibiotic inactivation 

ACT-19 Beta-lactams antibiotic inactivation 

ACT-2 Beta-lactams antibiotic inactivation 
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ARG Name Classification Resistance Mechanism 

ACT-20 Beta-lactams antibiotic inactivation 

ACT-21 Beta-lactams antibiotic inactivation 

ACT-23 Beta-lactams antibiotic inactivation 

ACT-5 Beta-lactams antibiotic inactivation 

adeA Multidrug antibiotic efflux 

adeB Multidrug antibiotic efflux 

adeC Multidrug antibiotic efflux 

adeJ Multidrug antibiotic efflux 

adeK Multidrug antibiotic efflux 

AER-1 Beta-lactams antibiotic inactivation 

AmpC Beta-lactams antibiotic inactivation 

AmpC/dha Beta-lactams antibiotic inactivation 

amrB Multidrug antibiotic efflux 

ant(2'')-Ia Aminoglycoside antibiotic inactivation 

ant(3'')-Ia Aminoglycoside antibiotic inactivation 

ant(3'')-Ih-aac(6')-Iid Aminoglycoside antibiotic inactivation 

ANT(4')-Ia Aminoglycoside antibiotic inactivation 

ANT(4')-IIa Aminoglycoside antibiotic inactivation 

ant(6)-Ia Aminoglycoside antibiotic inactivation 

ant(9)-I Aminoglycoside antibiotic inactivation 

ARRAMa Unclassified other/unknown 

APH(2'') Aminoglycoside antibiotic inactivation 

APH(2'')-Ie Aminoglycoside antibiotic inactivation 

aph(2'')-II  Aminoglycoside antibiotic inactivation 

aph(2'')-III  Aminoglycoside antibiotic inactivation 

aph(2'')-IV Aminoglycoside antibiotic inactivation 

aph(3')-I Aminoglycoside antibiotic inactivation 

aph(3'')-I Aminoglycoside antibiotic inactivation 

aph(3')-Ia Aminoglycoside antibiotic inactivation 

aph(3'')-Ib Aminoglycoside antibiotic inactivation 

aph(3')-IIb Aminoglycoside antibiotic inactivation 

aph(3''')-III  Aminoglycoside antibiotic inactivation 

aph(3')-IIIa Aminoglycoside antibiotic inactivation 

aph(3'')-IV Aminoglycoside antibiotic inactivation 

aph(3')-V Aminoglycoside antibiotic inactivation 

aph(3')-VII  Aminoglycoside antibiotic inactivation 

aph(4)-I Aminoglycoside antibiotic inactivation 

aph(6)-I Aminoglycoside antibiotic inactivation 

aph(6)-Ia Aminoglycoside antibiotic inactivation 

aph(6)-Ic Aminoglycoside antibiotic inactivation 

aph(6)-Id Aminoglycoside antibiotic inactivation 

arlR Multidrug antibiotic efflux 

arnA Polymyxin antibiotic target alteration 

arr Rifamycin antibiotic inactivation 

bacA Bacitracin antibiotic target alteration 

LUXRb Unclassified other/unknown 

Bcr/CflA Multidrug antibiotic efflux 
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ARG Name Classification Resistance Mechanism 

bcrA Bacitracin antibiotic efflux 

bcrC Bacitracin antibiotic target alteration 

BEL-2 Beta-lactams antibiotic inactivation 

BEL-3 Beta-lactams antibiotic inactivation 

BlaB Beta-lactams antibiotic inactivation 

blaI Beta-lactams antibiotic inactivation 

blaR1 Beta-lactams antibiotic inactivation 

blaSFO Beta-lactams antibiotic inactivation 

BLAZ Beta-lactams antibiotic inactivation 

BLEO Bleomycin antibiotic inactivation 

BRPc Bleomycin antibiotic inactivation 

bpeE Multidrug antibiotic efflux 

bpeF Multidrug antibiotic efflux 

CAMPd Unclassified other/unknown 

carA Carbomycin antibiotic target protection 

carB Beta-lactams antibiotic inactivation 

CARB-12 Beta-lactams antibiotic inactivation 

CARB-3 Beta-lactams antibiotic inactivation 

CARB-5 Beta-lactams antibiotic inactivation 

CARB-6 Beta-lactams antibiotic inactivation 

CARB-7 Beta-lactams antibiotic inactivation 

CARB-8 Beta-lactams antibiotic inactivation 

CARB-9 Beta-lactams antibiotic inactivation 

cat Chloramphenicol antibiotic inactivation 

catA Chloramphenicol antibiotic inactivation 

catB Chloramphenicol antibiotic inactivation 

catB3 Chloramphenicol antibiotic inactivation 

catB8 Chloramphenicol antibiotic inactivation 

catD Chloramphenicol antibiotic inactivation 

catP Chloramphenicol antibiotic inactivation 

catQ Chloramphenicol antibiotic inactivation 

catS Chloramphenicol antibiotic inactivation 

CAZ-2 Beta-lactams antibiotic inactivation 

CAZ-6 Beta-lactams antibiotic inactivation 

CAZ-7 Beta-lactams antibiotic inactivation 

CcrA Beta-lactams antibiotic inactivation 

ceoA Multidrug antibiotic efflux 

ceoB Multidrug antibiotic efflux 

cepA Beta-lactams antibiotic inactivation 

CFE-1 Beta-lactams antibiotic inactivation 

CfrA Chloramphenicol antibiotic target alteration 

CfxA Beta-lactams antibiotic inactivation 

CfxA2 Beta-lactams antibiotic inactivation 

CfxA3 Beta-lactams antibiotic inactivation 

CGB-1 Beta-lactams antibiotic inactivation 

CLASS A BETA-LACTAMASE Beta-lactams antibiotic inactivation 

CLASS B BETA-LACTAMASE Beta-lactams antibiotic inactivation 
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ARG Name Classification Resistance Mechanism 

CLASS C BETA-LACTAMASE Beta-lactams antibiotic inactivation 

CLASS D BETA-LACTAMASE Beta-lactams antibiotic inactivation 

cmeA Multidrug antibiotic efflux 

cmeB Multidrug antibiotic efflux 

cmlA Chloramphenicol antibiotic efflux 

cmr Multidrug antibiotic efflux 

cmrA Chloramphenicol antibiotic efflux 

cmxA Chloramphenicol antibiotic efflux 

CMY-1 Beta-lactams antibiotic inactivation 

CMY-10 Beta-lactams antibiotic inactivation 

CMY-100 Beta-lactams antibiotic inactivation 

CMY-102 Beta-lactams antibiotic inactivation 

CMY-103 Beta-lactams antibiotic inactivation 

CMY-11 Beta-lactams antibiotic inactivation 

CMY-111 Beta-lactams antibiotic inactivation 

CMY-13 Beta-lactams antibiotic inactivation 

CMY-16 Beta-lactams antibiotic inactivation 

CMY-18 Beta-lactams antibiotic inactivation 

CMY-19 Beta-lactams antibiotic inactivation 

CMY-2 Beta-lactams antibiotic inactivation 

CMY-21 Beta-lactams antibiotic inactivation 

CMY-22 Beta-lactams antibiotic inactivation 

CMY-23 Beta-lactams antibiotic inactivation 

CMY-25 Beta-lactams antibiotic inactivation 

CMY-26 Beta-lactams antibiotic inactivation 

CMY-29 Beta-lactams antibiotic inactivation 

CMY-30 Beta-lactams antibiotic inactivation 

CMY-31 Beta-lactams antibiotic inactivation 

CMY-32 Beta-lactams antibiotic inactivation 

CMY-33 Beta-lactams antibiotic inactivation 

CMY-37 Beta-lactams antibiotic inactivation 

CMY-39 Beta-lactams antibiotic inactivation 

CMY-4 Beta-lactams antibiotic inactivation 

CMY-40 Beta-lactams antibiotic inactivation 

CMY-41 Beta-lactams antibiotic inactivation 

CMY-43 Beta-lactams antibiotic inactivation 

CMY-44 Beta-lactams antibiotic inactivation 

CMY-51 Beta-lactams antibiotic inactivation 

CMY-54 Beta-lactams antibiotic inactivation 

CMY-55 Beta-lactams antibiotic inactivation 

CMY-56 Beta-lactams antibiotic inactivation 

CMY-6 Beta-lactams antibiotic inactivation 

CMY-60 Beta-lactams antibiotic inactivation 

CMY-61 Beta-lactams antibiotic inactivation 

CMY-62 Beta-lactams antibiotic inactivation 

CMY-64 Beta-lactams antibiotic inactivation 

CMY-65 Beta-lactams antibiotic inactivation 
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ARG Name Classification Resistance Mechanism 

CMY-69 Beta-lactams antibiotic inactivation 

CMY-73 Beta-lactams antibiotic inactivation 

CMY-74 Beta-lactams antibiotic inactivation 

CMY-78 Beta-lactams antibiotic inactivation 

CMY-79 Beta-lactams antibiotic inactivation 

CMY-80 Beta-lactams antibiotic inactivation 

CMY-87 Beta-lactams antibiotic inactivation 

CMY-9 Beta-lactams antibiotic inactivation 

CMY-98 Beta-lactams antibiotic inactivation 

CMY-99 Beta-lactams antibiotic inactivation 

CMY-MOX Beta-lactams antibiotic inactivation 

COB(I)e Unclassified other/unknown 

CphA Beta-lactams antibiotic inactivation 

CpxR Multidrug antibiotic efflux 

CTX-M Beta-lactams antibiotic inactivation 

CTX-M-1 Beta-lactams antibiotic inactivation 

CTX-M-10 Beta-lactams antibiotic inactivation 

CTX-M-101 Beta-lactams antibiotic inactivation 

CTX-M-102 Beta-lactams antibiotic inactivation 

CTX-M-103 Beta-lactams antibiotic inactivation 

CTX-M-105 Beta-lactams antibiotic inactivation 

CTX-M-106 Beta-lactams antibiotic inactivation 

CTX-M-110 Beta-lactams antibiotic inactivation 

CTX-M-111 Beta-lactams antibiotic inactivation 

CTX-M-112 Beta-lactams antibiotic inactivation 

CTX-M-113 Beta-lactams antibiotic inactivation 

CTX-M-114 Beta-lactams antibiotic inactivation 

CTX-M-12 Beta-lactams antibiotic inactivation 

CTX-M-121 Beta-lactams antibiotic inactivation 

CTX-M-122 Beta-lactams antibiotic inactivation 

CTX-M-125 Beta-lactams antibiotic inactivation 

CTX-M-126 Beta-lactams antibiotic inactivation 

CTX-M-129 Beta-lactams antibiotic inactivation 

CTX-M-130 Beta-lactams antibiotic inactivation 

CTX-M-131 Beta-lactams antibiotic inactivation 

CTX-M-132 Beta-lactams antibiotic inactivation 

CTX-M-134 Beta-lactams antibiotic inactivation 

CTX-M-137 Beta-lactams antibiotic inactivation 

CTX-M-14 Beta-lactams antibiotic inactivation 

CTX-M-141 Beta-lactams antibiotic inactivation 

CTX-M-142 Beta-lactams antibiotic inactivation 

CTX-M-147 Beta-lactams antibiotic inactivation 

CTX-M-15 Beta-lactams antibiotic inactivation 

CTX-M-152 Beta-lactams antibiotic inactivation 

CTX-M-16 Beta-lactams antibiotic inactivation 

CTX-M-17 Beta-lactams antibiotic inactivation 

CTX-M-19 Beta-lactams antibiotic inactivation 
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ARG Name Classification Resistance Mechanism 

CTX-M-2 Beta-lactams antibiotic inactivation 

CTX-M-20 Beta-lactams antibiotic inactivation 

CTX-M-22 Beta-lactams antibiotic inactivation 

CTX-M-24 Beta-lactams antibiotic inactivation 

CTX-M-25 Beta-lactams antibiotic inactivation 

CTX-M-26 Beta-lactams antibiotic inactivation 

CTX-M-28 Beta-lactams antibiotic inactivation 

CTX-M-29 Beta-lactams antibiotic inactivation 

CTX-M-31 Beta-lactams antibiotic inactivation 

CTX-M-32 Beta-lactams antibiotic inactivation 

CTX-M-34 Beta-lactams antibiotic inactivation 

CTX-M-35 Beta-lactams antibiotic inactivation 

CTX-M-36 Beta-lactams antibiotic inactivation 

CTX-M-37 Beta-lactams antibiotic inactivation 

CTX-M-38 Beta-lactams antibiotic inactivation 

CTX-M-4 Beta-lactams antibiotic inactivation 

CTX-M-40 Beta-lactams antibiotic inactivation 

CTX-M-41 Beta-lactams antibiotic inactivation 

CTX-M-42 Beta-lactams antibiotic inactivation 

CTX-M-43 Beta-lactams antibiotic inactivation 

CTX-M-5 Beta-lactams antibiotic inactivation 

CTX-M-51 Beta-lactams antibiotic inactivation 

CTX-M-52 Beta-lactams antibiotic inactivation 

CTX-M-53 Beta-lactams antibiotic inactivation 

CTX-M-54 Beta-lactams antibiotic inactivation 

CTX-M-55 Beta-lactams antibiotic inactivation 

CTX-M-56 Beta-lactams antibiotic inactivation 

CTX-M-58 Beta-lactams antibiotic inactivation 

CTX-M-59 Beta-lactams antibiotic inactivation 

CTX-M-60 Beta-lactams antibiotic inactivation 

CTX-M-61 Beta-lactams antibiotic inactivation 

CTX-M-62 Beta-lactams antibiotic inactivation 

CTX-M-63 Beta-lactams antibiotic inactivation 

CTX-M-65 Beta-lactams antibiotic inactivation 

CTX-M-68 Beta-lactams antibiotic inactivation 

CTX-M-69 Beta-lactams antibiotic inactivation 

CTX-M-7 Beta-lactams antibiotic inactivation 

CTX-M-74 Beta-lactams antibiotic inactivation 

CTX-M-75 Beta-lactams antibiotic inactivation 

CTX-M-78 Beta-lactams antibiotic inactivation 

CTX-M-79 Beta-lactams antibiotic inactivation 

CTX-M-82 Beta-lactams antibiotic inactivation 

CTX-M-83 Beta-lactams antibiotic inactivation 

CTX-M-84 Beta-lactams antibiotic inactivation 

CTX-M-85 Beta-lactams antibiotic inactivation 

CTX-M-86 Beta-lactams antibiotic inactivation 

CTX-M-89 Beta-lactams antibiotic inactivation 
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CTX-M-90 Beta-lactams antibiotic inactivation 

CTX-M-91 Beta-lactams antibiotic inactivation 

CTX-M-92 Beta-lactams antibiotic inactivation 

CTX-M-94 Beta-lactams antibiotic inactivation 

CTX-M-99 Beta-lactams antibiotic inactivation 

dfrA1 Trimethoprim antibiotic target replacement 

dfrA10 Trimethoprim antibiotic target replacement 

dfrA12 Trimethoprim antibiotic target replacement 

dfrA13 Trimethoprim antibiotic target replacement 

dfrA14 Trimethoprim antibiotic target replacement 

dfrA15 Trimethoprim antibiotic target replacement 

dfrA16 Trimethoprim antibiotic target replacement 

dfrA17 Trimethoprim antibiotic target replacement 

dfrA19 Trimethoprim antibiotic target replacement 

dfrA20 Trimethoprim antibiotic target replacement 

dfrA21 Trimethoprim antibiotic target replacement 

dfrA22 Trimethoprim antibiotic target replacement 

dfrA23 Trimethoprim antibiotic target replacement 

dfrA24 Trimethoprim antibiotic target replacement 

dfrA25 Trimethoprim antibiotic target replacement 

dfrA5 Trimethoprim antibiotic target replacement 

dfrA7 Trimethoprim antibiotic target replacement 

dfrB1 Trimethoprim antibiotic target replacement 

dfrB2 Trimethoprim antibiotic target replacement 

dfrB3 Trimethoprim antibiotic target replacement 

dfrB6 Trimethoprim antibiotic target replacement 

DHA-12 Beta-lactams antibiotic inactivation 

DHA-2 Beta-lactams antibiotic inactivation 

DHA-5 Beta-lactams antibiotic inactivation 

DHA-6 Beta-lactams antibiotic inactivation 

DHA-7 Beta-lactams antibiotic inactivation 

emrA Multidrug antibiotic efflux 

emrB Multidrug antibiotic efflux 

EmrB/QacA Multidrug antibiotic efflux 

emrD Multidrug antibiotic efflux 

emrE Multidrug antibiotic efflux 

emrK Multidrug antibiotic efflux 

eptA Polymyxin antibiotic target alteration 

EreA MLSf antibiotic inactivation 

EreB MLS antibiotic inactivation 

Erm(31) MLS antibiotic target alteration 

Erm(33) MLS antibiotic target alteration 

Erm(34) MLS antibiotic target alteration 

Erm(35) MLS antibiotic target alteration 

Erm(36) MLS antibiotic target alteration 

Erm(38) MLS antibiotic target alteration 

Erm(39) MLS antibiotic target alteration 
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Erm(41) MLS antibiotic target alteration 

ErmA MLS antibiotic target alteration 

ErmB MLS antibiotic target alteration 

ErmC MLS antibiotic target alteration 

ErmD MLS antibiotic target alteration 

ErmE MLS antibiotic target alteration 

ErmF MLS antibiotic target alteration 

ErmG MLS antibiotic target alteration 

ErmH MLS antibiotic target alteration 

ErmK MLS antibiotic target alteration 

ErmN MLS antibiotic target alteration 

ermO MLS antibiotic target alteration 

ErmS MLS antibiotic target alteration 

ErmT MLS antibiotic target alteration 

ermTR MLS antibiotic target alteration 

ErmX MLS antibiotic target alteration 

ErmY MLS antibiotic target alteration 

evgA Multidrug antibiotic efflux 

fabK Other antibiotic inactivation 

fexA Chloramphenicol antibiotic inactivation 

fexB Chloramphenicol antibiotic inactivation 

FEZ-1 Beta-lactams antibiotic inactivation 

floR Chloramphenicol antibiotic efflux 

fmtC Beta-lactams antibiotic inactivation 

FolA Sulfonamides antibiotic inactivation 

FONA-6 Beta-lactams antibiotic inactivation 

fosA Fosfomycin antibiotic inactivation 

FosB Fosfomycin antibiotic inactivation 

FosC Fosfomycin antibiotic inactivation 

FosX Fosfomycin antibiotic inactivation 

FOX-1 Beta-lactams antibiotic inactivation 

FOX-2 Beta-lactams antibiotic inactivation 

FOX-3 Beta-lactams antibiotic inactivation 

FOX-4 Beta-lactams antibiotic inactivation 

FOX-5 Beta-lactams antibiotic inactivation 

FOX-7 Beta-lactams antibiotic inactivation 

FOX-8 Beta-lactams antibiotic inactivation 

FOX-9 Beta-lactams antibiotic inactivation 

fusB Fusaric-acid antibiotic target protection 

fusH Fusidic-acid antibiotic inactivation 

gadX Unclassified antibiotic efflux 

GES-1 Beta-lactams antibiotic inactivation 

GES-10 Beta-lactams antibiotic inactivation 

GES-11 Beta-lactams antibiotic inactivation 

GES-12 Beta-lactams antibiotic inactivation 

GES-13 Beta-lactams antibiotic inactivation 

GES-14 Beta-lactams antibiotic inactivation 
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GES-15 Beta-lactams antibiotic inactivation 

GES-17 Beta-lactams antibiotic inactivation 

GES-18 Beta-lactams antibiotic inactivation 

GES-19 Beta-lactams antibiotic inactivation 

GES-20 Beta-lactams antibiotic inactivation 

GES-21 Beta-lactams antibiotic inactivation 

GES-23 Beta-lactams antibiotic inactivation 

GES-3 Beta-lactams antibiotic inactivation 

GES-4 Beta-lactams antibiotic inactivation 

GES-5 Beta-lactams antibiotic inactivation 

GES-9 Beta-lactams antibiotic inactivation 

GIM-1 Beta-lactams antibiotic inactivation 

GOB-1 Beta-lactams antibiotic inactivation 

hns Unclassified antibiotic efflux 

IBC-2 Beta-lactams antibiotic inactivation 

ICR-Mc Polymyxin antibiotic target alteration 

ICR-Mo Polymyxin antibiotic target alteration 

IMI -1 Beta-lactams antibiotic inactivation 

IMI -2 Beta-lactams antibiotic inactivation 

IMI -3 Beta-lactams antibiotic inactivation 

IMI -4 Beta-lactams antibiotic inactivation 

imiR Other other/unknown 

IMP Beta-lactams antibiotic inactivation 

IMP-1 Beta-lactams antibiotic inactivation 

IMP-10 Beta-lactams antibiotic inactivation 

IMP-11 Beta-lactams antibiotic inactivation 

IMP-12 Beta-lactams antibiotic inactivation 

IMP-13 Beta-lactams antibiotic inactivation 

IMP-14 Beta-lactams antibiotic inactivation 

IMP-15 Beta-lactams antibiotic inactivation 

IMP-16 Beta-lactams antibiotic inactivation 

IMP-18 Beta-lactams antibiotic inactivation 

IMP-19 Beta-lactams antibiotic inactivation 

IMP-2 Beta-lactams antibiotic inactivation 

IMP-20 Beta-lactams antibiotic inactivation 

IMP-21 Beta-lactams antibiotic inactivation 

IMP-22 Beta-lactams antibiotic inactivation 

IMP-24 Beta-lactams antibiotic inactivation 

IMP-25 Beta-lactams antibiotic inactivation 

IMP-27 Beta-lactams antibiotic inactivation 

IMP-28 Beta-lactams antibiotic inactivation 

IMP-29 Beta-lactams antibiotic inactivation 

IMP-31 Beta-lactams antibiotic inactivation 

IMP-32 Beta-lactams antibiotic inactivation 

IMP-33 Beta-lactams antibiotic inactivation 

IMP-35 Beta-lactams antibiotic inactivation 

IMP-37 Beta-lactams antibiotic inactivation 
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IMP-38 Beta-lactams antibiotic inactivation 

IMP-4 Beta-lactams antibiotic inactivation 

IMP-40 Beta-lactams antibiotic inactivation 

IMP-41 Beta-lactams antibiotic inactivation 

IMP-42 Beta-lactams antibiotic inactivation 

IMP-43 Beta-lactams antibiotic inactivation 

IMP-44 Beta-lactams antibiotic inactivation 

IMP-5 Beta-lactams antibiotic inactivation 

IMP-6 Beta-lactams antibiotic inactivation 

IMP-7 Beta-lactams antibiotic inactivation 

IMP-8 Beta-lactams antibiotic inactivation 

IMP-9 Beta-lactams antibiotic inactivation 

IND-1 Beta-lactams antibiotic inactivation 

IND-10 Beta-lactams antibiotic inactivation 

IND-11 Beta-lactams antibiotic inactivation 

IND-12 Beta-lactams antibiotic inactivation 

IND-14 Beta-lactams antibiotic inactivation 

IND-15 Beta-lactams antibiotic inactivation 

IND-3 Beta-lactams antibiotic inactivation 

IND-4 Beta-lactams antibiotic inactivation 

IND-5 Beta-lactams antibiotic inactivation 

IND-6 Beta-lactams antibiotic inactivation 

IND-7 Beta-lactams antibiotic inactivation 

IND-8 Beta-lactams antibiotic inactivation 

IND-9 Beta-lactams antibiotic inactivation 

JOHN-1 Beta-lactams antibiotic inactivation 

KHM-1 Beta-lactams antibiotic inactivation 

KLUG-1 Beta-lactams antibiotic inactivation 

KLUY -2 Beta-lactams antibiotic inactivation 

KLUY -3 Beta-lactams antibiotic inactivation 

KLUY -4 Beta-lactams antibiotic inactivation 

KPC-1 Beta-lactams antibiotic inactivation 

KPC-1 Beta-lactams antibiotic inactivation 

KPC-10 Beta-lactams antibiotic inactivation 

KPC-11 Beta-lactams antibiotic inactivation 

KPC-12 Beta-lactams antibiotic inactivation 

KPC-13 Beta-lactams antibiotic inactivation 

KPC-15 Beta-lactams antibiotic inactivation 

KPC-16 Beta-lactams antibiotic inactivation 

KPC-17 Beta-lactams antibiotic inactivation 

KPC-3 Beta-lactams antibiotic inactivation 

KPC-4 Beta-lactams antibiotic inactivation 

KPC-5 Beta-lactams antibiotic inactivation 

KPC-6 Beta-lactams antibiotic inactivation 

KPC-7 Beta-lactams antibiotic inactivation 

KPC-8 Beta-lactams antibiotic inactivation 

ksgA Kasugamycin antibiotic inactivation 
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L1 Beta-lactams antibiotic inactivation 

LCR-1 Beta-lactams antibiotic inactivation 

LEN-1 Beta-lactams antibiotic inactivation 

LEN-15 Beta-lactams antibiotic inactivation 

LEN-16 Beta-lactams antibiotic inactivation 

LEN-17 Beta-lactams antibiotic inactivation 

LEN-18 Beta-lactams antibiotic inactivation 

LEN-19 Beta-lactams antibiotic inactivation 

LEN-2 Beta-lactams antibiotic inactivation 

LEN-20 Beta-lactams antibiotic inactivation 

LEN-21 Beta-lactams antibiotic inactivation 

LEN-23 Beta-lactams antibiotic inactivation 

LEN-24 Beta-lactams antibiotic inactivation 

LEN-5 Beta-lactams antibiotic inactivation 

lmrA MLS antibiotic efflux 

lmrB MLS antibiotic efflux 

lmrP MLS antibiotic efflux 

lnuA MLS antibiotic inactivation 

lnuB MLS antibiotic inactivation 

lnuC MLS antibiotic inactivation 

LRA-1 Beta-lactams antibiotic inactivation 

LRA-12 Beta-lactams antibiotic inactivation 

LRA-13 Beta-lactams antibiotic inactivation 

LRA-17 Beta-lactams antibiotic inactivation 

LRA-19 Beta-lactams antibiotic inactivation 

LRA-2 Beta-lactams antibiotic inactivation 

LRA-3 Beta-lactams antibiotic inactivation 

LRA-5 Beta-lactams antibiotic inactivation 

LRA-8 Beta-lactams antibiotic inactivation 

LRA-9 Beta-lactams antibiotic inactivation 

LSA MLS antibiotic target protection 

macA MLS antibiotic efflux 

macB MLS antibiotic efflux 

marR Multidrug antibiotic efflux 

MCR-1 Polymyxin antibiotic target alteration 

MCR-1.2 Polymyxin antibiotic target alteration 

MCR-1.3 Polymyxin antibiotic target alteration 

MCR-1.4 Polymyxin antibiotic target alteration 

MCR-1.5 Polymyxin antibiotic target alteration 

MCR-1.6 Polymyxin antibiotic target alteration 

MCR-1.7 Polymyxin antibiotic target alteration 

MCR-1.8 Polymyxin antibiotic target alteration 

MCR-1.9 Polymyxin antibiotic target alteration 

MCR-2 Polymyxin antibiotic target alteration 

MCR-2.2 Polymyxin antibiotic target alteration 

MCR-3 Polymyxin antibiotic target alteration 

MCR-4 Polymyxin antibiotic target alteration 
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MCR-5 Polymyxin antibiotic target alteration 

mdfA Multidrug antibiotic efflux 

mdtA Multidrug antibiotic efflux 

mdtB Multidrug antibiotic efflux 

mdtC Multidrug antibiotic efflux 

mdtD Multidrug antibiotic efflux 

mdtE Multidrug antibiotic efflux 

mdtF Multidrug antibiotic efflux 

mdtG Multidrug antibiotic efflux 

mdtH Multidrug antibiotic efflux 

mdtK Multidrug antibiotic efflux 

mdtL Multidrug antibiotic efflux 

mdtM Multidrug antibiotic efflux 

mdtN Multidrug antibiotic efflux 

mdtO Multidrug antibiotic efflux 

mdtP Multidrug antibiotic efflux 

mecA Beta-lactams antibiotic target replacement 

mecC Beta-lactams antibiotic target replacement 

mecI Beta-lactams antibiotic target replacement 

mecR1 Beta-lactams antibiotic target replacement 

mefa MLS antibiotic efflux 

mel MLS antibiotic efflux 

mepA Multidrug antibiotic efflux 

Metallo-beta-lactamase Beta-lactams antibiotic inactivation 

MexA Multidrug antibiotic efflux 

MexB Multidrug antibiotic efflux 

MexC Multidrug antibiotic efflux 

MexD Multidrug antibiotic efflux 

MexE Multidrug antibiotic efflux 

MexF Multidrug antibiotic efflux 

mexG Multidrug antibiotic efflux 

mexH Multidrug antibiotic efflux 

mexI Multidrug antibiotic efflux 

MexT Multidrug antibiotic efflux 

mexW Multidrug antibiotic efflux 

mexY Multidrug antibiotic efflux 

mfpA Quinolone antibiotic target protection 

mfs Multidrug antibiotic efflux 

mgtA MLS antibiotic inactivation 

MIR-1 Beta-lactams antibiotic inactivation 

MIR-2 Beta-lactams antibiotic inactivation 

MIR-3 Beta-lactams antibiotic inactivation 

MIR-6 Beta-lactams antibiotic inactivation 

miR-8 Beta-lactams antibiotic inactivation 

MOX-1 Beta-lactams antibiotic inactivation 

MOX-2 Beta-lactams antibiotic inactivation 

MOX-3 Beta-lactams antibiotic inactivation 
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MOX-4 Beta-lactams antibiotic inactivation 

MOX-5 Beta-lactams antibiotic inactivation 

MOX-6 Beta-lactams antibiotic inactivation 

MOX-7 Beta-lactams antibiotic inactivation 

mphA MLS antibiotic inactivation 

mphB MLS antibiotic inactivation 

mphC MLS antibiotic inactivation 

msrA MLS antibiotic target protection 

msrC MLS antibiotic target protection 

mtrC Multidrug antibiotic efflux 

mtrD Multidrug antibiotic efflux 

mtrE Multidrug antibiotic efflux 

MAT g Multidrug antibiotic efflux 

MTh Multidrug antibiotic efflux 

MUS-1 Beta-lactams antibiotic inactivation 

myrB Unclassified antibiotic target alteration 

NDM-1 Beta-lactams antibiotic inactivation 

NDM-10 Beta-lactams antibiotic inactivation 

NDM-11 Beta-lactams antibiotic inactivation 

NDM-12 Beta-lactams antibiotic inactivation 

NDM-13 Beta-lactams antibiotic inactivation 

NDM-14 Beta-lactams antibiotic inactivation 

NDM-15 Beta-lactams antibiotic inactivation 

NDM-16 Beta-lactams antibiotic inactivation 

NDM-17 Beta-lactams antibiotic inactivation 

NDM-18 Beta-lactams antibiotic inactivation 

NDM-19 Beta-lactams antibiotic inactivation 

NDM-2 Beta-lactams antibiotic inactivation 

NDM-20 Beta-lactams antibiotic inactivation 

NDM-3 Beta-lactams antibiotic inactivation 

NDM-4 Beta-lactams antibiotic inactivation 

NDM-5 Beta-lactams antibiotic inactivation 

NDM-6 Beta-lactams antibiotic inactivation 

NDM-7 Beta-lactams antibiotic inactivation 

NDM-8 Beta-lactams antibiotic inactivation 

NDM-9 Beta-lactams antibiotic inactivation 

nimE Other other/unknown 

nisB Other other/unknown 

nmc-A Beta-lactams antibiotic inactivation 

norA Multidrug antibiotic efflux 

norB Quinolone antibiotic efflux 

NPS-1 Beta-lactams antibiotic inactivation 

OCH Beta-lactams antibiotic inactivation 

OCH-2 Beta-lactams antibiotic inactivation 

OCH-4 Beta-lactams antibiotic inactivation 

OCH-5 Beta-lactams antibiotic inactivation 

OCH-8 Beta-lactams antibiotic inactivation 
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OKP Beta-lactams antibiotic inactivation 

OKP-A Beta-lactams antibiotic inactivation 

OKP-B Beta-lactams antibiotic inactivation 

oleB MLS antibiotic target protection 

oleC MLS antibiotic efflux 

oleD MLS antibiotic inactivation 

opcM Multidrug antibiotic efflux 

opmD Multidrug antibiotic efflux 

oprA Multidrug antibiotic efflux 

OprC Multidrug antibiotic efflux 

OprD Multidrug antibiotic efflux 

OprJ Multidrug antibiotic efflux 

OprM Multidrug antibiotic efflux 

OprN Multidrug antibiotic efflux 

otrA Tetracyclines antibiotic target protection 

OXA-1 Beta-lactams antibiotic inactivation 

OXA-10 Beta-lactams antibiotic inactivation 

OXA-101 Beta-lactams antibiotic inactivation 

OXA-104 Beta-lactams antibiotic inactivation 

OXA-106 Beta-lactams antibiotic inactivation 

OXA-107 Beta-lactams antibiotic inactivation 

OXA-108 Beta-lactams antibiotic inactivation 

OXA-109 Beta-lactams antibiotic inactivation 

OXA-11 Beta-lactams antibiotic inactivation 

OXA-110 Beta-lactams antibiotic inactivation 

OXA-111 Beta-lactams antibiotic inactivation 

OXA-112 Beta-lactams antibiotic inactivation 

OXA-113 Beta-lactams antibiotic inactivation 

OXA-114 Beta-lactams antibiotic inactivation 

OXA-115 Beta-lactams antibiotic inactivation 

OXA-116 Beta-lactams antibiotic inactivation 

OXA-117 Beta-lactams antibiotic inactivation 

OXA-118 Beta-lactams antibiotic inactivation 

OXA-119 Beta-lactams antibiotic inactivation 

OXA-12 Beta-lactams antibiotic inactivation 

OXA-120 Beta-lactams antibiotic inactivation 

OXA-121 Beta-lactams antibiotic inactivation 

OXA-128 Beta-lactams antibiotic inactivation 

OXA-129 Beta-lactams antibiotic inactivation 

OXA-13 Beta-lactams antibiotic inactivation 

OXA-130 Beta-lactams antibiotic inactivation 

OXA-131 Beta-lactams antibiotic inactivation 

OXA-132 Beta-lactams antibiotic inactivation 

OXA-134 Beta-lactams antibiotic inactivation 

OXA-136 Beta-lactams antibiotic inactivation 

OXA-137 Beta-lactams antibiotic inactivation 

OXA-139 Beta-lactams antibiotic inactivation 
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OXA-141 Beta-lactams antibiotic inactivation 

OXA-142 Beta-lactams antibiotic inactivation 

OXA-144 Beta-lactams antibiotic inactivation 

OXA-145 Beta-lactams antibiotic inactivation 

OXA-146 Beta-lactams antibiotic inactivation 

OXA-147 Beta-lactams antibiotic inactivation 

OXA-148 Beta-lactams antibiotic inactivation 

OXA-149 Beta-lactams antibiotic inactivation 

OXA-15 Beta-lactams antibiotic inactivation 

OXA-150 Beta-lactams antibiotic inactivation 

OXA-161 Beta-lactams antibiotic inactivation 

OXA-162 Beta-lactams antibiotic inactivation 

OXA-163 Beta-lactams antibiotic inactivation 

OXA-164 Beta-lactams antibiotic inactivation 

OXA-165 Beta-lactams antibiotic inactivation 

OXA-166 Beta-lactams antibiotic inactivation 

OXA-167 Beta-lactams antibiotic inactivation 

OXA-168 Beta-lactams antibiotic inactivation 

OXA-169 Beta-lactams antibiotic inactivation 

OXA-17 Beta-lactams antibiotic inactivation 

OXA-170 Beta-lactams antibiotic inactivation 

OXA-171 Beta-lactams antibiotic inactivation 

OXA-172 Beta-lactams antibiotic inactivation 

OXA-173 Beta-lactams antibiotic inactivation 

OXA-174 Beta-lactams antibiotic inactivation 

OXA-175 Beta-lactams antibiotic inactivation 

OXA-176 Beta-lactams antibiotic inactivation 

OXA-177 Beta-lactams antibiotic inactivation 

OXA-178 Beta-lactams antibiotic inactivation 

OXA-179 Beta-lactams antibiotic inactivation 

OXA-18 Beta-lactams antibiotic inactivation 

OXA-180 Beta-lactams antibiotic inactivation 

OXA-181 Beta-lactams antibiotic inactivation 

OXA-183 Beta-lactams antibiotic inactivation 

OXA-184 Beta-lactams antibiotic inactivation 

OXA-19 Beta-lactams antibiotic inactivation 

OXA-192 Beta-lactams antibiotic inactivation 

OXA-194 Beta-lactams antibiotic inactivation 

OXA-195 Beta-lactams antibiotic inactivation 

OXA-196 Beta-lactams antibiotic inactivation 

OXA-197 Beta-lactams antibiotic inactivation 

OXA-2 Beta-lactams antibiotic inactivation 

OXA-20 Beta-lactams antibiotic inactivation 

OXA-200 Beta-lactams antibiotic inactivation 

OXA-201 Beta-lactams antibiotic inactivation 

OXA-202 Beta-lactams antibiotic inactivation 

OXA-203 Beta-lactams antibiotic inactivation 
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OXA-205 Beta-lactams antibiotic inactivation 

OXA-206 Beta-lactams antibiotic inactivation 

OXA-207 Beta-lactams antibiotic inactivation 

OXA-208 Beta-lactams antibiotic inactivation 

OXA-209 Beta-lactams antibiotic inactivation 

OXA-21 Beta-lactams antibiotic inactivation 

OXA-210 Beta-lactams antibiotic inactivation 

OXA-211 Beta-lactams antibiotic inactivation 

OXA-212 Beta-lactams antibiotic inactivation 

OXA-213 Beta-lactams antibiotic inactivation 

OXA-214 Beta-lactams antibiotic inactivation 

OXA-215 Beta-lactams antibiotic inactivation 

OXA-216 Beta-lactams antibiotic inactivation 

OXA-217 Beta-lactams antibiotic inactivation 

OXA-219 Beta-lactams antibiotic inactivation 

OXA-22 Beta-lactams antibiotic inactivation 

OXA-223 Beta-lactams antibiotic inactivation 

OXA-225 Beta-lactams antibiotic inactivation 

OXA-226 Beta-lactams antibiotic inactivation 

OXA-228 Beta-lactams antibiotic inactivation 

OXA-229 Beta-lactams antibiotic inactivation 

OXA-23 Beta-lactams antibiotic inactivation 

OXA-230 Beta-lactams antibiotic inactivation 

OXA-232 Beta-lactams antibiotic inactivation 

OXA-236 Beta-lactams antibiotic inactivation 

OXA-237 Beta-lactams antibiotic inactivation 

OXA-239 Beta-lactams antibiotic inactivation 

OXA-24 Beta-lactams antibiotic inactivation 

OXA-240 Beta-lactams antibiotic inactivation 

OXA-241 Beta-lactams antibiotic inactivation 

OXA-242 Beta-lactams antibiotic inactivation 

OXA-243 Beta-lactams antibiotic inactivation 

OXA-244 Beta-lactams antibiotic inactivation 

OXA-247 Beta-lactams antibiotic inactivation 

OXA-248 Beta-lactams antibiotic inactivation 

OXA-25 Beta-lactams antibiotic inactivation 

OXA-250 Beta-lactams antibiotic inactivation 

OXA-251 Beta-lactams antibiotic inactivation 

OXA-254 Beta-lactams antibiotic inactivation 

OXA-257 Beta-lactams antibiotic inactivation 

OXA-258 Beta-lactams antibiotic inactivation 

OXA-26 Beta-lactams antibiotic inactivation 

OXA-27 Beta-lactams antibiotic inactivation 

OXA-278 Beta-lactams antibiotic inactivation 

OXA-28 Beta-lactams antibiotic inactivation 

OXA-29 Beta-lactams antibiotic inactivation 

OXA-3 Beta-lactams antibiotic inactivation 
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OXA-309 Beta-lactams antibiotic inactivation 

OXA-312 Beta-lactams antibiotic inactivation 

OXA-313 Beta-lactams antibiotic inactivation 

OXA-314 Beta-lactams antibiotic inactivation 

OXA-315 Beta-lactams antibiotic inactivation 

OXA-316 Beta-lactams antibiotic inactivation 

OXA-317 Beta-lactams antibiotic inactivation 

OXA-32 Beta-lactams antibiotic inactivation 

OXA-322 Beta-lactams antibiotic inactivation 

OXA-323 Beta-lactams antibiotic inactivation 

OXA-324 Beta-lactams antibiotic inactivation 

OXA-325 Beta-lactams antibiotic inactivation 

OXA-326 Beta-lactams antibiotic inactivation 

OXA-327 Beta-lactams antibiotic inactivation 

OXA-328 Beta-lactams antibiotic inactivation 

OXA-329 Beta-lactams antibiotic inactivation 

OXA-330 Beta-lactams antibiotic inactivation 

OXA-331 Beta-lactams antibiotic inactivation 

OXA-332 Beta-lactams antibiotic inactivation 

OXA-333 Beta-lactams antibiotic inactivation 

OXA-334 Beta-lactams antibiotic inactivation 

OXA-335 Beta-lactams antibiotic inactivation 

OXA-34 Beta-lactams antibiotic inactivation 

OXA-348 Beta-lactams antibiotic inactivation 

OXA-349 Beta-lactams antibiotic inactivation 

OXA-35 Beta-lactams antibiotic inactivation 

OXA-350 Beta-lactams antibiotic inactivation 

OXA-351 Beta-lactams antibiotic inactivation 

OXA-352 Beta-lactams antibiotic inactivation 

OXA-353 Beta-lactams antibiotic inactivation 

OXA-354 Beta-lactams antibiotic inactivation 

OXA-355 Beta-lactams antibiotic inactivation 

OXA-356 Beta-lactams antibiotic inactivation 

OXA-357 Beta-lactams antibiotic inactivation 

OXA-358 Beta-lactams antibiotic inactivation 

OXA-359 Beta-lactams antibiotic inactivation 

OXA-36 Beta-lactams antibiotic inactivation 

OXA-360 Beta-lactams antibiotic inactivation 

OXA-361 Beta-lactams antibiotic inactivation 

OXA-365 Beta-lactams antibiotic inactivation 

OXA-37 Beta-lactams antibiotic inactivation 

OXA-370 Beta-lactams antibiotic inactivation 

OXA-374 Beta-lactams antibiotic inactivation 

OXA-375 Beta-lactams antibiotic inactivation 

OXA-376 Beta-lactams antibiotic inactivation 

OXA-377 Beta-lactams antibiotic inactivation 

OXA-378 Beta-lactams antibiotic inactivation 
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OXA-379 Beta-lactams antibiotic inactivation 

OXA-380 Beta-lactams antibiotic inactivation 

OXA-381 Beta-lactams antibiotic inactivation 

OXA-382 Beta-lactams antibiotic inactivation 

OXA-383 Beta-lactams antibiotic inactivation 

OXA-384 Beta-lactams antibiotic inactivation 

OXA-385 Beta-lactams antibiotic inactivation 

OXA-386 Beta-lactams antibiotic inactivation 

OXA-387 Beta-lactams antibiotic inactivation 

OXA-388 Beta-lactams antibiotic inactivation 

OXA-390 Beta-lactams antibiotic inactivation 

OXA-391 Beta-lactams antibiotic inactivation 

OXA-4 Beta-lactams antibiotic inactivation 

OXA-42 Beta-lactams antibiotic inactivation 

OXA-43 Beta-lactams antibiotic inactivation 

OXA-46 Beta-lactams antibiotic inactivation 

OXA-47 Beta-lactams antibiotic inactivation 

OXA-48 Beta-lactams antibiotic inactivation 

OXA-49 Beta-lactams antibiotic inactivation 

OXA-5 Beta-lactams antibiotic inactivation 

OXA-50 Beta-lactams antibiotic inactivation 

OXA-51 Beta-lactams antibiotic inactivation 

OXA-53 Beta-lactams antibiotic inactivation 

OXA-54 Beta-lactams antibiotic inactivation 

OXA-55 Beta-lactams antibiotic inactivation 

OXA-56 Beta-lactams antibiotic inactivation 

OXA-57 Beta-lactams antibiotic inactivation 

OXA-58 Beta-lactams antibiotic inactivation 

OXA-59 Beta-lactams antibiotic inactivation 

OXA-60 Beta-lactams antibiotic inactivation 

OXA-61 Beta-lactams antibiotic inactivation 

OXA-62 Beta-lactams antibiotic inactivation 

OXA-63 Beta-lactams antibiotic inactivation 

OXA-64 Beta-lactams antibiotic inactivation 

OXA-65 Beta-lactams antibiotic inactivation 

OXA-66 Beta-lactams antibiotic inactivation 

OXA-67 Beta-lactams antibiotic inactivation 

OXA-68 Beta-lactams antibiotic inactivation 

OXA-69 Beta-lactams antibiotic inactivation 

OXA-7 Beta-lactams antibiotic inactivation 

OXA-70 Beta-lactams antibiotic inactivation 

OXA-71 Beta-lactams antibiotic inactivation 

OXA-72 Beta-lactams antibiotic inactivation 

OXA-73 Beta-lactams antibiotic inactivation 

OXA-74 Beta-lactams antibiotic inactivation 

OXA-75 Beta-lactams antibiotic inactivation 

OXA-76 Beta-lactams antibiotic inactivation 
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OXA-77 Beta-lactams antibiotic inactivation 

OXA-78 Beta-lactams antibiotic inactivation 

OXA-79 Beta-lactams antibiotic inactivation 

OXA-80 Beta-lactams antibiotic inactivation 

OXA-82 Beta-lactams antibiotic inactivation 

OXA-83 Beta-lactams antibiotic inactivation 

OXA-84 Beta-lactams antibiotic inactivation 

OXA-85 Beta-lactams antibiotic inactivation 

OXA-86 Beta-lactams antibiotic inactivation 

OXA-87 Beta-lactams antibiotic inactivation 

OXA-88 Beta-lactams antibiotic inactivation 

OXA-89 Beta-lactams antibiotic inactivation 

OXA-9 Beta-lactams antibiotic inactivation 

OXA-90 Beta-lactams antibiotic inactivation 

OXA-91 Beta-lactams antibiotic inactivation 

OXA-92 Beta-lactams antibiotic inactivation 

OXA-93 Beta-lactams antibiotic inactivation 

OXA-94 Beta-lactams antibiotic inactivation 

OXA-95 Beta-lactams antibiotic inactivation 

OXA-96 Beta-lactams antibiotic inactivation 

OXA-97 Beta-lactams antibiotic inactivation 

OXA-98 Beta-lactams antibiotic inactivation 

OXA-99 Beta-lactams antibiotic inactivation 

OXY-1 Beta-lactams antibiotic inactivation 

OXY-2 Beta-lactams antibiotic inactivation 

OXY-3 Beta-lactams antibiotic inactivation 

OXY-4 Beta-lactams antibiotic inactivation 

OXY-5 Beta-lactams antibiotic inactivation 

patB Unclassified antibiotic efflux 

PBP Beta-lactams antibiotic target protection 

PBP-1A Beta-lactams antibiotic target protection 

PBP-1B Beta-lactams antibiotic target protection 

PBP-2B Beta-lactams antibiotic target replacement 

PBP-2X Beta-lactams antibiotic target alteration 

PBP5 Beta-lactams antibiotic target alteration 

PDC-1 Beta-lactams antibiotic inactivation 

PDC-10 Beta-lactams antibiotic inactivation 

PDC-2 Beta-lactams antibiotic inactivation 

PDC-3 Beta-lactams antibiotic inactivation 

PDC-4 Beta-lactams antibiotic inactivation 

PDC-5 Beta-lactams antibiotic inactivation 

PDC-6 Beta-lactams antibiotic inactivation 

PDC-7 Beta-lactams antibiotic inactivation 

PDC-8 Beta-lactams antibiotic inactivation 

PDC-9 Beta-lactams antibiotic inactivation 

penA Beta-lactams antibiotic inactivation 

PER-1 Beta-lactams antibiotic inactivation 
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PER-2 Beta-lactams antibiotic inactivation 

PER-3 Beta-lactams antibiotic inactivation 

PER-4 Beta-lactams antibiotic inactivation 

PER-5 Beta-lactams antibiotic inactivation 

PER-6 Beta-lactams antibiotic inactivation 

PER-7 Beta-lactams antibiotic inactivation 

PIKR1 MLS antibiotic target alteration 

PIKR2 MLS antibiotic target alteration 

pmrA Multidrug antibiotic efflux 

pncA Other antibiotic target alteration 

PSE-1 Beta-lactams antibiotic inactivation 

PSE-4 Beta-lactams antibiotic inactivation 

pur8 Puromycin antibiotic efflux 

qac Multidrug antibiotic efflux 

qacA Multidrug antibiotic efflux 

qacB Multidrug antibiotic efflux 

qacEdelta1 Multidrug antibiotic efflux 

qacG Multidrug antibiotic efflux 

qacH Multidrug antibiotic efflux 

QepA Quinolone antibiotic efflux 

qnra Quinolone antibiotic target protection 

QnrB Quinolone antibiotic target protection 

QnrS Quinolone antibiotic target protection 

ramA Multidrug antibiotic efflux 

rarD Multidrug antibiotic efflux 

RIFMO Rifamycin antibiotic inactivation 

rmtA Aminoglycoside antibiotic target alteration 

rmtB Aminoglycoside antibiotic target alteration 

rmtC Aminoglycoside antibiotic target alteration 

rmtD Aminoglycoside antibiotic target alteration 

rmtF Aminoglycoside antibiotic target alteration 

rmtG Aminoglycoside antibiotic target alteration 

ROB-1 Beta-lactams antibiotic inactivation 

rosA Fosmidomycin antibiotic efflux 

rosB Fosmidomycin antibiotic efflux 

rpoB Rifamycin antibiotic target alteration 

RTG-4 Beta-lactams antibiotic inactivation 

RTG-5 Beta-lactams antibiotic inactivation 

sat Aminoglycoside antibiotic inactivation 

sdeB Multidrug antibiotic efflux 

sdeY Multidrug antibiotic efflux 

sdiA Unclassified antibiotic efflux 

SHV Beta-lactams antibiotic inactivation 

SHV-1 Beta-lactams antibiotic inactivation 

SHV-100 Beta-lactams antibiotic inactivation 

SHV-101 Beta-lactams antibiotic inactivation 

SHV-102 Beta-lactams antibiotic inactivation 
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SHV-105 Beta-lactams antibiotic inactivation 

SHV-109 Beta-lactams antibiotic inactivation 

SHV-112 Beta-lactams antibiotic inactivation 

SHV-12 Beta-lactams antibiotic inactivation 

SHV-120 Beta-lactams antibiotic inactivation 

SHV-121 Beta-lactams antibiotic inactivation 

SHV-128 Beta-lactams antibiotic inactivation 

SHV-13 Beta-lactams antibiotic inactivation 

SHV-133 Beta-lactams antibiotic inactivation 

SHV-134 Beta-lactams antibiotic inactivation 

SHV-135 Beta-lactams antibiotic inactivation 

SHV-137 Beta-lactams antibiotic inactivation 

SHV-14 Beta-lactams antibiotic inactivation 

SHV-140 Beta-lactams antibiotic inactivation 

SHV-141 Beta-lactams antibiotic inactivation 

SHV-142 Beta-lactams antibiotic inactivation 

SHV-143 Beta-lactams antibiotic inactivation 

SHV-145 Beta-lactams antibiotic inactivation 

SHV-147 Beta-lactams antibiotic inactivation 

SHV-148 Beta-lactams antibiotic inactivation 

SHV-149 Beta-lactams antibiotic inactivation 

SHV-150 Beta-lactams antibiotic inactivation 

SHV-151 Beta-lactams antibiotic inactivation 

SHV-152 Beta-lactams antibiotic inactivation 

SHV-153 Beta-lactams antibiotic inactivation 

SHV-154 Beta-lactams antibiotic inactivation 

SHV-155 Beta-lactams antibiotic inactivation 

SHV-157 Beta-lactams antibiotic inactivation 

SHV-158 Beta-lactams antibiotic inactivation 

SHV-159 Beta-lactams antibiotic inactivation 

SHV-160 Beta-lactams antibiotic inactivation 

SHV-161 Beta-lactams antibiotic inactivation 

SHV-162 Beta-lactams antibiotic inactivation 

SHV-164 Beta-lactams antibiotic inactivation 

SHV-165 Beta-lactams antibiotic inactivation 

SHV-167 Beta-lactams antibiotic inactivation 

SHV-168 Beta-lactams antibiotic inactivation 

SHV-172 Beta-lactams antibiotic inactivation 

SHV-173 Beta-lactams antibiotic inactivation 

SHV-178 Beta-lactams antibiotic inactivation 

SHV-179 Beta-lactams antibiotic inactivation 

SHV-2 Beta-lactams antibiotic inactivation 

SHV-24 Beta-lactams antibiotic inactivation 

SHV-27 Beta-lactams antibiotic inactivation 

SHV-28 Beta-lactams antibiotic inactivation 

SHV-29 Beta-lactams antibiotic inactivation 

SHV-3 Beta-lactams antibiotic inactivation 
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SHV-34 Beta-lactams antibiotic inactivation 

SHV-35 Beta-lactams antibiotic inactivation 

SHV-36 Beta-lactams antibiotic inactivation 

SHV-37 Beta-lactams antibiotic inactivation 

SHV-38 Beta-lactams antibiotic inactivation 

SHV-39 Beta-lactams antibiotic inactivation 

SHV-4 Beta-lactams antibiotic inactivation 

SHV-40 Beta-lactams antibiotic inactivation 

SHV-41 Beta-lactams antibiotic inactivation 

SHV-42 Beta-lactams antibiotic inactivation 

SHV-44 Beta-lactams antibiotic inactivation 

SHV-46 Beta-lactams antibiotic inactivation 

SHV-48 Beta-lactams antibiotic inactivation 

SHV-5 Beta-lactams antibiotic inactivation 

SHV-50 Beta-lactams antibiotic inactivation 

SHV-51 Beta-lactams antibiotic inactivation 

SHV-52 Beta-lactams antibiotic inactivation 

SHV-53 Beta-lactams antibiotic inactivation 

SHV-55 Beta-lactams antibiotic inactivation 

SHV-56 Beta-lactams antibiotic inactivation 

SHV-59 Beta-lactams antibiotic inactivation 

SHV-6 Beta-lactams antibiotic inactivation 

SHV-60 Beta-lactams antibiotic inactivation 

SHV-61 Beta-lactams antibiotic inactivation 

SHV-62 Beta-lactams antibiotic inactivation 

SHV-63 Beta-lactams antibiotic inactivation 

SHV-64 Beta-lactams antibiotic inactivation 

SHV-65 Beta-lactams antibiotic inactivation 

SHV-66 Beta-lactams antibiotic inactivation 

SHV-67 Beta-lactams antibiotic inactivation 

SHV-69 Beta-lactams antibiotic inactivation 

SHV-70 Beta-lactams antibiotic inactivation 

SHV-71 Beta-lactams antibiotic inactivation 

SHV-77 Beta-lactams antibiotic inactivation 

SHV-8 Beta-lactams antibiotic inactivation 

SHV-85 Beta-lactams antibiotic inactivation 

SHV-86 Beta-lactams antibiotic inactivation 

SHV-93 Beta-lactams antibiotic inactivation 

SHV-94 Beta-lactams antibiotic inactivation 

SHV-95 Beta-lactams antibiotic inactivation 

SHV-96 Beta-lactams antibiotic inactivation 

SHV-97 Beta-lactams antibiotic inactivation 

SIM-1 Beta-lactams antibiotic inactivation 

SMB-1 Beta-lactams antibiotic inactivation 

SME-1 Beta-lactams antibiotic inactivation 

SME-2 Beta-lactams antibiotic inactivation 

SME-3 Beta-lactams antibiotic inactivation 
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SME-4 Beta-lactams antibiotic inactivation 

SME-5 Beta-lactams antibiotic inactivation 

smeB Multidrug antibiotic efflux 

smeC Multidrug antibiotic efflux 

smeD Multidrug antibiotic efflux 

smeE Multidrug antibiotic efflux 

smeF Multidrug antibiotic efflux 

spcN Spectinomycin antibiotic inactivation 

speA Other other/unknown 

spec-aph Aminoglycoside antibiotic inactivation 

srmB MLS antibiotic target protection 

SRT-1 Beta-lactams antibiotic inactivation 

SRT-2 Beta-lactams antibiotic inactivation 

str Aminoglycoside antibiotic inactivation 

sul1 Sulfonamides antibiotic target replacement 

sul2 Sulfonamides antibiotic target replacement 

sul3 Sulfonamides antibiotic target replacement 

sul4 Sulfonamides antibiotic target replacement 

sulA/folP Sulfonamides antibiotic target protection 

tcr3 Tetracyclines antibiotic efflux 

TEM-1 Beta-lactams antibiotic inactivation 

TEM-10 Beta-lactams antibiotic inactivation 

TEM-101 Beta-lactams antibiotic inactivation 

TEM-102 Beta-lactams antibiotic inactivation 

TEM-104 Beta-lactams antibiotic inactivation 

TEM-105 Beta-lactams antibiotic inactivation 

TEM-106 Beta-lactams antibiotic inactivation 

TEM-107 Beta-lactams antibiotic inactivation 

TEM-108 Beta-lactams antibiotic inactivation 

TEM-109 Beta-lactams antibiotic inactivation 

TEM-11 Beta-lactams antibiotic inactivation 

TEM-110 Beta-lactams antibiotic inactivation 

TEM-111 Beta-lactams antibiotic inactivation 

TEM-112 Beta-lactams antibiotic inactivation 

TEM-113 Beta-lactams antibiotic inactivation 

TEM-114 Beta-lactams antibiotic inactivation 

TEM-115 Beta-lactams antibiotic inactivation 

TEM-117 Beta-lactams antibiotic inactivation 

TEM-118 Beta-lactams antibiotic inactivation 

TEM-120 Beta-lactams antibiotic inactivation 

TEM-121 Beta-lactams antibiotic inactivation 

TEM-123 Beta-lactams antibiotic inactivation 

TEM-124 Beta-lactams antibiotic inactivation 

TEM-125 Beta-lactams antibiotic inactivation 

TEM-126 Beta-lactams antibiotic inactivation 

TEM-127 Beta-lactams antibiotic inactivation 

TEM-128 Beta-lactams antibiotic inactivation 
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TEM-129 Beta-lactams antibiotic inactivation 

TEM-130 Beta-lactams antibiotic inactivation 

TEM-131 Beta-lactams antibiotic inactivation 

TEM-132 Beta-lactams antibiotic inactivation 

TEM-133 Beta-lactams antibiotic inactivation 

TEM-134 Beta-lactams antibiotic inactivation 

TEM-135 Beta-lactams antibiotic inactivation 

TEM-136 Beta-lactams antibiotic inactivation 

TEM-137 Beta-lactams antibiotic inactivation 

TEM-138 Beta-lactams antibiotic inactivation 

TEM-139 Beta-lactams antibiotic inactivation 

TEM-141 Beta-lactams antibiotic inactivation 

TEM-142 Beta-lactams antibiotic inactivation 

TEM-143 Beta-lactams antibiotic inactivation 

TEM-144 Beta-lactams antibiotic inactivation 

TEM-145 Beta-lactams antibiotic inactivation 

TEM-146 Beta-lactams antibiotic inactivation 

TEM-147 Beta-lactams antibiotic inactivation 

TEM-148 Beta-lactams antibiotic inactivation 

TEM-149 Beta-lactams antibiotic inactivation 

TEM-15 Beta-lactams antibiotic inactivation 

TEM-151 Beta-lactams antibiotic inactivation 

TEM-152 Beta-lactams antibiotic inactivation 

TEM-153 Beta-lactams antibiotic inactivation 

TEM-154 Beta-lactams antibiotic inactivation 

TEM-155 Beta-lactams antibiotic inactivation 

TEM-156 Beta-lactams antibiotic inactivation 

TEM-157 Beta-lactams antibiotic inactivation 

TEM-158 Beta-lactams antibiotic inactivation 

TEM-159 Beta-lactams antibiotic inactivation 

TEM-160 Beta-lactams antibiotic inactivation 

TEM-162 Beta-lactams antibiotic inactivation 

TEM-163 Beta-lactams antibiotic inactivation 

TEM-166 Beta-lactams antibiotic inactivation 

TEM-167 Beta-lactams antibiotic inactivation 

TEM-168 Beta-lactams antibiotic inactivation 

TEM-169 Beta-lactams antibiotic inactivation 

TEM-17 Beta-lactams antibiotic inactivation 

TEM-171 Beta-lactams antibiotic inactivation 

TEM-176 Beta-lactams antibiotic inactivation 

TEM-177 Beta-lactams antibiotic inactivation 

TEM-178 Beta-lactams antibiotic inactivation 

TEM-182 Beta-lactams antibiotic inactivation 

TEM-183 Beta-lactams antibiotic inactivation 

TEM-184 Beta-lactams antibiotic inactivation 

TEM-185 Beta-lactams antibiotic inactivation 

TEM-186 Beta-lactams antibiotic inactivation 
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TEM-187 Beta-lactams antibiotic inactivation 

TEM-188 Beta-lactams antibiotic inactivation 

TEM-189 Beta-lactams antibiotic inactivation 

TEM-19 Beta-lactams antibiotic inactivation 

TEM-190 Beta-lactams antibiotic inactivation 

TEM-193 Beta-lactams antibiotic inactivation 

TEM-194 Beta-lactams antibiotic inactivation 

TEM-195 Beta-lactams antibiotic inactivation 

TEM-197 Beta-lactams antibiotic inactivation 

TEM-198 Beta-lactams antibiotic inactivation 

TEM-2 Beta-lactams antibiotic inactivation 

TEM-20 Beta-lactams antibiotic inactivation 

TEM-201 Beta-lactams antibiotic inactivation 

TEM-205 Beta-lactams antibiotic inactivation 

TEM-208 Beta-lactams antibiotic inactivation 

TEM-209 Beta-lactams antibiotic inactivation 

TEM-21 Beta-lactams antibiotic inactivation 

TEM-211 Beta-lactams antibiotic inactivation 

TEM-213 Beta-lactams antibiotic inactivation 

TEM-216 Beta-lactams antibiotic inactivation 

TEM-22 Beta-lactams antibiotic inactivation 

TEM-28 Beta-lactams antibiotic inactivation 

TEM-29 Beta-lactams antibiotic inactivation 

TEM-3 Beta-lactams antibiotic inactivation 

TEM-30 Beta-lactams antibiotic inactivation 

TEM-33 Beta-lactams antibiotic inactivation 

TEM-34 Beta-lactams antibiotic inactivation 

TEM-40 Beta-lactams antibiotic inactivation 

TEM-43 Beta-lactams antibiotic inactivation 

TEM-45 Beta-lactams antibiotic inactivation 

TEM-47 Beta-lactams antibiotic inactivation 

TEM-48 Beta-lactams antibiotic inactivation 

TEM-49 Beta-lactams antibiotic inactivation 

TEM-52 Beta-lactams antibiotic inactivation 

TEM-53 Beta-lactams antibiotic inactivation 

TEM-54 Beta-lactams antibiotic inactivation 

TEM-55 Beta-lactams antibiotic inactivation 

TEM-57 Beta-lactams antibiotic inactivation 

TEM-6 Beta-lactams antibiotic inactivation 

TEM-60 Beta-lactams antibiotic inactivation 

TEM-63 Beta-lactams antibiotic inactivation 

TEM-67 Beta-lactams antibiotic inactivation 

TEM-68 Beta-lactams antibiotic inactivation 

TEM-70 Beta-lactams antibiotic inactivation 

TEM-72 Beta-lactams antibiotic inactivation 

TEM-75 Beta-lactams antibiotic inactivation 

TEM-76 Beta-lactams antibiotic inactivation 
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TEM-77 Beta-lactams antibiotic inactivation 

TEM-78 Beta-lactams antibiotic inactivation 

TEM-79 Beta-lactams antibiotic inactivation 

TEM-80 Beta-lactams antibiotic inactivation 

TEM-81 Beta-lactams antibiotic inactivation 

TEM-82 Beta-lactams antibiotic inactivation 

TEM-83 Beta-lactams antibiotic inactivation 

TEM-84 Beta-lactams antibiotic inactivation 

TEM-85 Beta-lactams antibiotic inactivation 

TEM-86 Beta-lactams antibiotic inactivation 

TEM-87 Beta-lactams antibiotic inactivation 

TEM-88 Beta-lactams antibiotic inactivation 

TEM-89 Beta-lactams antibiotic inactivation 

TEM-90 Beta-lactams antibiotic inactivation 

TEM-91 Beta-lactams antibiotic inactivation 

TEM-92 Beta-lactams antibiotic inactivation 

TEM-93 Beta-lactams antibiotic inactivation 

TEM-94 Beta-lactams antibiotic inactivation 

TEM-95 Beta-lactams antibiotic inactivation 

TEM-96 Beta-lactams antibiotic inactivation 

tet31 Tetracyclines antibiotic efflux 

tet32 Tetracyclines antibiotic target protection 

tet34 Tetracyclines antibiotic inactivation 

tet35 Tetracyclines other/unknown 

tet36 Tetracyclines antibiotic target protection 

tet37 Tetracyclines antibiotic inactivation 

tet39 Tetracyclines antibiotic efflux 

tet40 Tetracyclines antibiotic efflux 

tet41 Tetracyclines antibiotic efflux 

tet43 Tetracyclines antibiotic efflux 

tet44 Tetracyclines antibiotic efflux 

teta Tetracyclines antibiotic efflux 

tetA Tetracyclines antibiotic efflux 

tetA(P) Tetracyclines antibiotic efflux 

tetb Tetracyclines antibiotic efflux 

tetB(P) Tetracyclines antibiotic target protection 

tetC Tetracyclines antibiotic efflux 

tetD Tetracyclines antibiotic efflux 

tetE Tetracyclines antibiotic efflux 

tetG Tetracyclines antibiotic efflux 

tetH Tetracyclines antibiotic efflux 

tetJ Tetracyclines antibiotic efflux 

tetK Tetracyclines antibiotic efflux 

tetL Tetracyclines antibiotic efflux 

tetM Tetracyclines antibiotic target protection 

tetO Tetracyclines antibiotic target protection 

tetP Tetracyclines antibiotic efflux 
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tetQ Tetracyclines antibiotic target protection 

tetR Tetracyclines antibiotic efflux 

tetS Tetracyclines antibiotic target protection 

tetT Tetracyclines antibiotic target protection 

tetU Tetracyclines antibiotic efflux 

tetV Tetracyclines antibiotic efflux 

tetW Tetracyclines antibiotic target protection 

tetX Tetracyclines antibiotic inactivation 

tetX1 Tetracyclines antibiotic inactivation 

tetX2 Tetracyclines antibiotic inactivation 

tetX3 Tetracyclines antibiotic inactivation 

tetX4 Tetracyclines antibiotic inactivation 

tetX5 Tetracyclines antibiotic inactivation 

tetX6 Tetracyclines antibiotic inactivation 

tetY Tetracyclines antibiotic efflux 

tetZ Tetracyclines antibiotic efflux 

THIN-B Beta-lactams antibiotic inactivation 

TLA Beta-lactams antibiotic inactivation 

tlcC MLS antibiotic efflux 

tmrB Aminoglycoside antibiotic inactivation 

tmrB Unclassified antibiotic efflux 

Toho-1 Beta-lactams antibiotic inactivation 

tolC Multidrug antibiotic efflux 

tsnR Peptide antibiotic antibiotic target alteration 

ttgA Multidrug antibiotic efflux 

ttgB Multidrug antibiotic efflux 

TUS-1 Beta-lactams antibiotic inactivation 

vanA Vancomycin antibiotic target alteration 

vanB Vancomycin antibiotic target alteration 

vanC Vancomycin antibiotic target alteration 

vanC1 Vancomycin antibiotic target alteration 

vanC2/3 Vancomycin antibiotic target alteration 

vanD Vancomycin antibiotic target alteration 

vanE Vancomycin antibiotic target alteration 

vanG Vancomycin antibiotic target alteration 

vanH Vancomycin antibiotic target alteration 

vanHB Vancomycin antibiotic target alteration 

vanHD Vancomycin antibiotic target alteration 

vanM Vancomycin antibiotic target alteration 

vanN Vancomycin antibiotic target alteration 

vanR Vancomycin antibiotic target alteration 

vanRA Vancomycin antibiotic target alteration 

vanRB Vancomycin antibiotic target alteration 

vanRC Vancomycin antibiotic target alteration 

vanRC4 Vancomycin antibiotic target alteration 

vanRD Vancomycin antibiotic target alteration 

vanS Vancomycin antibiotic target alteration 
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vanSA Vancomycin antibiotic target alteration 

vanSB Vancomycin antibiotic target alteration 

vanSC Vancomycin antibiotic target alteration 

vanSE Vancomycin antibiotic target alteration 

vanT Vancomycin antibiotic target alteration 

vanTC Vancomycin antibiotic target alteration 

vanTE Vancomycin antibiotic target alteration 

vanTG Vancomycin antibiotic target alteration 

vanU Vancomycin antibiotic target alteration 

vanW Vancomycin antibiotic target alteration 

vanWB Vancomycin antibiotic target alteration 

vanWG Vancomycin antibiotic target alteration 

vanX Vancomycin antibiotic target alteration 

vanXA Vancomycin antibiotic target alteration 

vanXB Vancomycin antibiotic target alteration 

vanXD Vancomycin antibiotic target alteration 

vanY Vancomycin antibiotic target alteration 

vanYB Vancomycin antibiotic target alteration 

vanYD Vancomycin antibiotic target alteration 

vanZ Vancomycin antibiotic target alteration 

vatA MLS antibiotic inactivation 

vatB MLS antibiotic inactivation 

vatC MLS antibiotic inactivation 

vatD MLS antibiotic inactivation 

vatE MLS antibiotic inactivation 

vatG MLS antibiotic inactivation 

VEB-1 Beta-lactams antibiotic inactivation 

VEB-2 Beta-lactams antibiotic inactivation 

VEB-3 Beta-lactams antibiotic inactivation 

VEB-4 Beta-lactams antibiotic inactivation 

VEB-5 Beta-lactams antibiotic inactivation 

VEB-6 Beta-lactams antibiotic inactivation 

VEB-7 Beta-lactams antibiotic inactivation 

VEB-8 Beta-lactams antibiotic inactivation 

vgaA MLS antibiotic target protection 

vgaB MLS antibiotic target protection 

vgaD MLS antibiotic target protection 

vgaE MLS antibiotic target protection 

vgb MLS antibiotic inactivation 

VgbA MLS antibiotic inactivation 

VgbB MLS antibiotic inactivation 

VIM  Beta-lactams antibiotic inactivation 

VIM -1 Beta-lactams antibiotic inactivation 

VIM -10 Beta-lactams antibiotic inactivation 

VIM -12 Beta-lactams antibiotic inactivation 

VIM -13 Beta-lactams antibiotic inactivation 

VIM -14 Beta-lactams antibiotic inactivation 






