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ABSTRACT: Sludge from wastewater treatment plants (WWTPs) is considered to be 24 

reservoirs of antibiotic resistance genes (ARGs), which can be efficiently removed by 25 

sludge treatment processes, e.g., aerobic sludge digestion. However, recent studies report 26 

microplastics, which also accumulate in sludge, may serve as carriers for ARGs. In the 27 

presence of microplastics, whether ARGs can still be efficiently destroyed by aerobic 28 

sludge digestion remains to be urgently investigated. In this study, the fate of ARGs during 29 

aerobic digestion was investigated with and without the addition of three prevalent 30 

categories of (i.e., polyvinyl chloride (PVC), polyethylene (PE), and polyethylene 31 

terephthalate (PET)). Nine ARGs and class 1 integron-integrase gene (intI1) that represents 32 

the horizontal transfer potential of ARGs were tested in this study. Compared with the 33 

control, the ARGs removal efficiency decreased by 129.6%, 137.0%, and 227.6% with the 34 

presence of PVC, PE, and PET, respectively, although a negligible difference was observed 35 

with their solids reduction efficiencies. The abundance of potential bacterial hosts of ARGs 36 

and intI1 increased in the reactors with the addition of microplastics, suggesting that 37 

microplastics potentially selectively enriched bacterial hosts and promoted the horizontal 38 

transfer of ARGs during aerobic sludge digestion. These may have contributed to the 39 

deteriorated ARGs removal efficiency. This study demonstrated that microplastics in 40 

sludge would decrease the ARGs removal efficiency in aerobic digestion process, 41 

potentially leading to more ARGs entering the local environment during sludge disposal or 42 

utilization. 43 

 44 

Keywords: Antibiotic resistance genes; Microplastics; Aerobic digestion; Wastewater 45 

treatment plants46 
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1. Introduction 47 

In the last few decades, the diffusion of antibiotic resistance has become one of the 48 

greatest concerns to public health globally (Laxminarayan et al., 2013). The massive use 49 

of antibiotics in the household has resulted in the widespread presence of antibiotic 50 

resistance genes (ARGs) in wastewater treatment plants (WWTPs) (Karkman et al., 2018). 51 

ARGs can be broadly transmitted among the microbial community structure in WWTPs 52 

through cell reproduction of antibiotic resistance bacteria, and/or horizontal transfer 53 

mediated by mobile genetic elements (MGEs) (Karkman et al., 2018; Li et al., 2019). In 54 

particular, only a small proportion of ARGs in WWTPs is discharged into the environment 55 

with the effluent, and most (>99%) ARGs will be ultimately stored up by sludge (Yang et 56 

al. 2014).  57 

As an essential part of WWTPs, sludge digestion is commonly applied to stabilize 58 

biological sludge (Wang et al., 2017). Aerobic digestion is a widely used sludge treatment 59 

technology, especially in small-scale WWTPs. Aerobically digested sludge is often used to 60 

improve soil condition and water retention due to its nutrient value (Navas et al., 1998). 61 

For example, in the United States, 51% of the sludge is utilized for land application (U. S. 62 

Environmental Protection Agency, 2019). However, ARGs in digested sludge may 63 

eventually enter the local environment (Bondarczuk et al., 2016; Chen et al., 2016). 64 

As such, considerable researches have been conducted to investigate the fate of ARGs 65 

during the aerobic sludge process (Jang et al. 2019). A recent study revealed that superior 66 

ARGs removal performance was achieved with aerobic digestion due to the rapid volatile 67 

solids (VS) removal as well as narrow ranges of potential ARGs hosts (Jang et al. 2015).  68 

Despite the high ARG removal efficiency as demonstrated in previous studies, the 69 



3 
 

presence of microplastics adds uncertainty to the aerobic sludge digestion process. 70 

Increasing evidence reveals that microplastics would enter WWTPs due to human activities, 71 

and eventually accumulate in sludge (Carr et al., 2016; Liu et al., 2021). So far, up to 170 72 

particles/g-TS (TS: total solids) of microplastics have been observed in sewage sludge 73 

(Lares et al., 2018; Talvitie et al., 2015; Sun et al., 2019; Liu et al., 2021). To date, the 74 

impact of microplastics on the fate of ARGs during aerobic digestion remains unclear. A 75 

recent study showed that exposure to environmentally relevant concentrations of 76 

microplastics could increase oxidative stress and altered the microbial community structure 77 

during aerobic sludge digestion (Wu et al., 2019a; Seeley et al., 2020). The increased 78 

oxidative stress could potentially accelerate the generation of reactive oxygen species 79 

(ROS), which accelerates horizontal gene transfer (HGT) and leads to the proliferation of 80 

ARGs (Dwyer et al., 2009; Chen et al., 2019). Besides, changes in the microbial 81 

community structure could also affect the abundance of ARGs (Zarei-Baygi et al., 2020). 82 

Therefore, we raise the hypothesis that the presence of microplastics in the sludge may 83 

alter the fate of ARGs during aerobic digestion and thereby the level of ARGs in digested 84 

sludge.  85 

The aim of this study is to evaluate the impacts of microplastics on the fate of ARGs 86 

during aerobic sludge digestion. The secondary sludge was harvested from a municipal 87 

WWTP and subjected to aerobic digestion tests without and with the addition of three 88 

prevalent categories of microplastics (i.e., polyvinyl chloride (PVC), polyethylene (PE), 89 

polyethylene terephthalate (PET)). Nine ARGs and class 1 integron-integrase gene (intI1) 90 

in the sludge were quantified before and after aerobic digestion to evaluate the ARGs 91 

removal efficiency in aerobic digestion. Through microbial community structure analysis 92 
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and the correlations between ARGs and intI1/microbial community structure, the variation 93 

of the potential microbial hosts of ARGs were revealed, and the underlying mechanisms of 94 

how microplastics affect the fate of ARGs during aerobic sludge digestion were further 95 

understood. To the best of our knowledge, this is the first study to investigate the impacts 96 

of microplastics on the fate of ARGs in aerobic sludge digestion. The results further 97 

improved the understanding of the roles of microplastics on sludge treatment in WWTPs 98 

in regards to ARGs. 99 

 100 

2. Materials and methods 101 

2.1 Sources of secondary sludge and microplastics 102 

The secondary sludge was harvested from a secondary sedimentation tank of a municipal 103 

WWTP in Australia (sludge retention time (SRT) = 12-16 days). The main properties of 104 

the sludge were as follow: TS 7.6 ± 0.2 g/L, VS 5.4 ± 0.2 g/L, pH 7.3 ± 0.1, total chemical 105 

oxygen demand (TCOD) 8.7 ± 0.2 g/L and soluble chemical oxygen demand (SCOD) 0.2 106 

± 0.1 g/L.  107 

In this study, aerobic digestion tests were applied to assess the impacts of three categories 108 

of microplastics (i.e., PVC, PE, and PET) on the fate of ARGs in aerobic sludge digestion. 109 

The PVC, PE and PET are three types of prevalent microplastics in the sludge. (Liu et al., 110 

2019, 2021; Sun et al., 2019). The spherical PVC, PE, and PET microplastics were 111 

purchased at Zhongcheng Plastic Products Co. Ltd. Located in Guangzhou, China, with an 112 

average diameter of 600 μm. The morphologies and size of microplastics were observed 113 

and confirmed using scanning electron microscopy (Zeiss Supra 55VP, German) with a 114 

lithography system (Raith Elphy Plus E-beam, German). In addition, the background 115 
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concentration and characteristics of microplastics in the secondary sludge were determined 116 

as described in supporting information (SI, Text S1). The background concentration of 117 

microplastics in the secondary sludge were enumerated at around 15 ± 3 particles/g-TS 118 

with an average size of 600 ± 50 μm.  119 

 120 

2.2 Aerobic digestion experiments design 121 

Four aerobic sludge digesters (R1 - R4) were set up with four 2.5 L Erlenmeyer flasks, 122 

as shown in Fig. 1. A total of 6000 mL of secondary sludge was poured into R1 to R4 123 

equally. Afterwards, PVC, PE and PET microplastics were added into R2, R3 and R4, 124 

respectively, reaching 170 particles/g-TS of microplastics. To our best knowledge, 170 125 

particles/ g-TS is the highest concentration of microplastics observed in sludge (Sun et al., 126 

2019; Liu et al., 2021). R1 was carried out as a control group without exogenous 127 

microplastics (Figure 1). During this experiment, dissolved oxygen (DO) was maintained 128 

at about 5.0 mg/L, four pH automatic controllers were applied to control the pH in the 129 

reactor at 7.3 ± 0.1 by adding 0.1 M NaOH solution. The aerobic digestion tests lasted for 130 

25 days, aligning with the SRT of the full-scale aerobic digestion in Australia. It is worth 131 

noting that all the equipment was plastic-free to avoid the introduction of additional 132 

microplastics. 133 

Herein, the effects of PVC, PE and PET microplastics at 170 particles/g-TS on the 134 

degradability of aerobic sludge digestion were appraised by measuring VS degradation of 135 

sludge and inorganic nitrogen production. Sludge was sampled every 2-3 days from each 136 

digester for analyzing TS, VS, and inorganic nitrogen (i.e., NH4
+−N, NO2

−−N and NO3
−−N) 137 

during the experiment. Triplicate tests were conducted to ensure accuracy. The VS 138 
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degradation of sludge in the i day (dayi) was calculated by (VSday0- VSdayi)/VSday0×100%.  139 

The sludge of each digester before and after aerobic digestion was also sampled into 140 

sterile glass bottles for the quantification of target genes and microbial community structure 141 

analysis. The variations in the abundance of ARGs in different digesters were compared to 142 

determine the effects of microplastics on the removal efficiency of ARGs in aerobic sludge 143 

digestion. The change of MGEs abundance and microbial community structure was also 144 

measured before and after aerobic digestion in each reactor to uncover the underlying 145 

mechanisms. 146 

 147 

(Position for Fig.1) 148 

 149 

2.3 Analytical methods, DNA preparation and gene quantification 150 

The inorganic nitrogen concentrations of the samples were determined using an 151 

NH4
+ photometric test kit (Merck Millipore, USA), NO3

− and NO2
− vial test kit (Hack, 152 

Australia), respectively. The concentrations of TS and VS were analyzed based on the 153 

standard methods (WE Federation and APH Association, 2005).  154 

DNA extraction was performed for each sludge sample using the FastDNA Spin Kit for 155 

Soil (MP Biomedicals, USA) following the instructions. The integrity, purity and 156 

concentration of the extracted DNA were detected by electrophoresis on a 1% agarose gel 157 

and Nanodrop ND-1000 (Nanodrop, USA), respectively. The extracted DNA was firstly 158 

stored at -20 ℃ and then transport to Sangon Biotech Co. Ltd. (Shanghai, China) for 159 

analysis on dry ice within 48 hours.  160 

In this study, real-time quantitative PCR (RT-qPCR) was applied to quantify the target 161 

https://au.hach.com/nitrate-tntplus-vial-test-hr-5-35-mg-l-no-n-25-tests/search-product?id=14533665285
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genes. Nine common ARGs types were selected as representatives of the various classes of 162 

ARGs. One aminoglycoside and fluoroquinolone resistance gene (aac(6')-Ib-cr), one 163 

trimethoprim resistance gene (drfA1), three macrolide resistance genes (ermB, ermF and 164 

mefA), two sulfonamide resistance genes (sul1 and sul2), and two tetracycline resistance 165 

genes (tetA and tetX) were chosen in this study. The gene of intI1 was quantified to 166 

represent the frequency of HGT which involves the dissemination of ARGs (Stokes and 167 

Gillings, 2011). The 16S rRNA gene in samples was quantified as the total bacterial 168 

biomass in the sludge (Low et al., 2000). Triplicate amplification of each gene was 169 

performed to ensure accuracy. Details about the target gene such as annealing temperature 170 

and primer are listed in SI, Table1 S1. For better quantification and comparison, both 171 

absolute abundances (i.e., gene copies/g-TS) and relative abundances (i.e., gene copies/16S 172 

rRNA) of target genes were calculated in this study. The relative abundances are the 173 

reflection of the percentage of microbes carrying ARGs and intI1 (Ma et al., 2011). 174 

 175 

2.4 Microbial community structure analysis  176 

The high-throughput sequencing of 16S rRNA gene was performed by Illumina HiSeq 177 

2500 platform (Illumina, USA). The V3–V4 regions of 16S rRNA genes were amplified 178 

with PCR primers as showed in supporting information (SI, Table S1). The raw data of 179 

each sample was analyzed following Cutadapt (v1.9.1) quality-controlled process and was 180 

compared with Silva (v138.1) database using USEARCH (v11) algorithm to obtain the 181 

clean reads. The rest of the bioinformatics analysis was conducted as described in our 182 

previous study (Zhang et al., 2021). A heatmap that uncovered the changes of microbial 183 

community structure was prepared by HemI (http://hemi.biocuckoo.org/). 184 

http://hemi.biocuckoo.org/
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 185 

2.5 Network analysis   186 

The spearman’s rank correlation coefficient (R) was employed to identify the 187 

relationship between ARGs and intI1/microbial community structure using SPSS software 188 

(Version 25.0, IBM, USA) in this study. The value of R could provide a cogent tool for the 189 

statistical identification of potential microbial hosts of ARGs in complex environments 190 

(Chen et al., 2016). Statistically, a potential microbial host for the tested ARGs refers to a 191 

microbial genus with a correlation of R > 0.8 and p < 0.05 with an ARG (Chen et al., 2016). 192 

The correlation between ARGs and intI1/microbial community structure was visualized by 193 

MATLAB R2020b (MathWorks, USA). 194 

 195 

3. Results  196 

3.1 Effects of microplastics on aerobic sludge digestion 197 

Fig. 2(A) shows the VS degradation of secondary sludge with and without microplastics 198 

during aerobic digestion. In the 25 day period, the secondary sludge without microplastics 199 

was degraded by 46.4% ± 3.9% in aerobic digestion. During the same period, the secondary 200 

sludge with PVC, PE and PET was degraded by 43.8% ± 4.2%, 43.6% ± 3.3% and 44.3% 201 

± 4.1% in aerobic digestion, respectively, representing no significant (p > 0.05) difference 202 

in comparison to the control reactor. In addition, aerobic sludge digestion would result in 203 

the release of inorganic nitrogen (Metcalf and Eddy, 1991). The production of inorganic 204 

nitrogen production in aerobic sludge digestion during the 25 days was shown in Fig 2(B). 205 

The total inorganic nitrogen production of aerobically digested sludge with PVC, PE and 206 

PET in the same period was 26.9 ± 2.2, 25.0 ± 2.9 and 26.0 ± 3.2 mg-N/g-VS, respectively, 207 
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approximating to that of the control reactor (i.e. 26.1 ± 3.1 mg-N/g-VS). Aligning with the 208 

data of the degradability and inorganic nitrogen production, PVC, PE and PET 209 

microplastics at 170 particles/g-TS showed no significant effect on the aerobic digestion 210 

of secondary sludge. 211 

 212 

(Position for Fig. 2(A) & 2(B)) 213 

 214 

3.2 Effect of microplastics on the fate of ARGs and intI1 in the aerobic sludge digestion 215 

The absolute abundance of tested ARGs and intI1 in sludge before and after aerobic 216 

digestion were compared to evaluate the effect of microplastics on the fate of ARGs and 217 

intI1 in aerobic sludge digestion. The absolute abundances of aac(6')-Ib-cr, ermB, ermF, 218 

dfrA1, sul1, sul2, tetA, tetX and mefA were ranged from 1.7×109 to 6.4×1012 gene copies/g-219 

TS in secondary sludge before aerobic digestion (Fig. 3). Aerobic digestion reduced 220 

absolute abundances of various tested ARGs by 59.6 - 96.7% to 9.4×107 - 4.9×1011 gene 221 

copies/g-TS in the aerobically digested sludge from control reactor (Figs. 3 and 4). This is 222 

equivalent to a total ARGs removal efficiency of 85.3% (from 1.0×1013 to 1.5×1012 gene 223 

copies/g-TS) in aerobic digestion. For intI1, aerobic digestion decreased the absolute 224 

abundance of intI1 by 86.1% (Fig. 4), from 6.4×1011 in secondary sludge to 8.9×1010 gene 225 

copies/g-TS in aerobically digested sludge (Fig. 3).  226 

 227 

(Position for Fig. 3) 228 

(Position for Fig. 4) 229 

 230 
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In comparison to the control reactor, it is manifested that PVC, PE, PET microplastics 231 

deteriorate the removal efficiencies of ARGs and intI1 during aerobic digestion, resulting 232 

in higher levels of ARGs in the digested sludge from the reactors with microplastics. The 233 

absolute abundance of tested ARGs was ranged from 1.5×108 to 2.0×1012 gene copies/g-234 

TS in aerobically digested sludge with PVC microplastics (Fig. 3), equivalent to an ARGs 235 

removal efficiency of 32.1 - 91.3% in aerobic digestion (Fig. 4). Compared with that of the 236 

control reactor, PVC microplastics decreased the removal efficiencies of absolute 237 

abundance of aac(6')-Ib-cr, ermB, ermF, dfrA1, sul1, tetA, tetX and mefA by 57.0% to 905.3% 238 

in the digested sludge (Fig. 5). The sul2 was the only exception that remained at almost the 239 

same level as that of the control reactor. Overall, the exposure of PVC microplastics in 240 

aerobic digestion deteriorated the removal efficiency of the total absolute abundance of 241 

tested ARGs by 129.6% compared with the control reactor (Fig. 5). In addition, PVC 242 

microplastics also increased the abundance of intI1 to 2.0×1011 gene copies/g-TS in the 243 

aerobically digested sludge with PVC microplastics (Fig. 3). This revealed that PVC 244 

microplastics in aerobic digestion also deteriorated the removal efficiency of intI1 by 120.5% 245 

compared with the control reactor (Fig. 5).  246 

 247 

(Position for Fig. 5) 248 

 249 

Similar to PVC microplastics, PE microplastics also deteriorated the removal efficiency 250 

of ARGs and intI1 during aerobic digestion (Figs. 3 and 5). The absolute abundance of 251 

tested ARGs ranged from 1.1×108 to 1.9×1012 gene copies/g-TS in the aerobically digested 252 

sludge with PE microplastics (Fig. 3), with the removal efficiencies of aac(6')-Ib-cr, ermB, 253 
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ermF, dfrA1, sul1, sul2, tetA and tetX ranged from 28.7% to 93.8% (Fig. 4). The mefA was 254 

the only exception, which was increased by 193.8% (Fig. 4). Compared with aerobically 255 

digested sludge from the control reactor, PE microplastics decreased the removal efficiency 256 

of absolute abundance of various tested ARGs by 11.5% to 997.8%, and reduced the 257 

removal efficiency of the total absolute abundance of tested ARGs by 137.0% (Fig. 5). The 258 

exposure of PE microplastics also increased the abundance of intI1 by 85.0% compared 259 

with aerobically digested sludge from control reactor (Fig. 5), from 8.9×1010 in the 260 

aerobically digested sludge to 1.7×1011 gene copies/g-TS in the aerobically digested sludge 261 

with PE microplastics (Fig. 3).  262 

The deterioration of ARGs removal efficiency in aerobic digestion also occurred with 263 

PET microplastics exposure. In the aerobically digested sludge with PET microplastics, the 264 

absolute abundance of tested ARGs ranged from 1.3×108 to 2.4×1012 gene copies/g-TS (Fig. 265 

3), with the removal efficiencies of aac(6')-Ib-cr, ermB, ermF, dfrA1, sul1, tetA and tetX 266 

ranged from 46.0% to 92.5% (Fig. 4). On the contrary, the absolute abundance of mefA 267 

increased by 59.3% and the absolute abundance of sul2 remained at almost the same level 268 

as that of the secondary sludge (Fig. 4). Compared with aerobically digested sludge from 269 

control reactor, PET microplastics reduced the removal efficiency of various tested ARGs 270 

by 33.7% to 984.1% (Fig. 5), resulting in a decreased removal efficiency of the total 271 

absolute abundance of the tested ARGs by 227.6%, from 1.5×1012 gene copies/g-TS in the 272 

aerobically digested sludge from control reactor to 4.8×1012 gene copies/g-TS in the 273 

aerobically digested sludge with PET microplastics. Likewise, the exposure of PET 274 

microplastics also decreased the removal efficiency of intI1 by 107.4% compared with 275 

aerobically digested sludge from control reactor (Fig. 5), from 8.9×1010 in the aerobically 276 
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digested sludge from control reactor to 1.9×1011 gene copies/g-TS in the aerobically 277 

digested sludge with PET microplastics (Fig. 3).  278 

When it comes to the relative abundance of ARGs, it is clear that these three categories 279 

of microplastics (i.e., PVC, PE and PET) exert similar impacts on the fate of ARGs in 280 

aerobic digestion. In comparison to aerobically digested sludge from control reactor, PVC, 281 

PE and PET microplastics increased the total relative abundance of ARGs by 23.5%, 43.5% 282 

and 48.1%, respectively (Fig. 6). This suggests that the percentage of microbial carrying 283 

ARGs and intI1 was increased due to the presence of microplastics, which could be caused 284 

by 1) changes in microbial community structure; 2) elevated HGT.  285 

 286 

(Position for Fig. 6) 287 

 288 

3.3 Correlation between ARGs and intI1/microbial community structure 289 

To fully understand the contributions of the microbial community structure changes and 290 

HGT to the fate of ARGs, the correlation between the tested ARGs and microbial 291 

community structure/intI1 was explored in this study. Twenty-one bacteria genera (among 292 

the top 30 dominant bacterial genera) showed a significant positive correlation (i.e., R>0.8, 293 

p<0.05) with tested nine ARGs (Fig. 7), indicating that they could be the potential hosts of 294 

the nine ARGs. The gene of mefA had the largest number (eight) of potential microbial 295 

hosts among the tested ARGs, including unclassified_Planctomycetaceae, 296 

unclassified_Anaerolineaceae, Plasticicumulans, unclassified_Betaproteobacteria, 297 

Piscinibacter, Armatimonadetes_gp5, Thauera and unclassified_Verrucomicrobia. The 298 

genes of ermB, ermF, sul2 and tetX each had only two potential microbial hosts, which 299 
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were the least among the detected ARGs. The genes of ermB, ermF and tetX shared one 300 

potential microbial host, i.e., unclassified_polyangiaceae. Their other microbial hosts are 301 

Cetobacterium, Azospira and unclassified_Rhodocyclaceae, respectively. The potential 302 

microbial hosts of sul2 were unclassified_Anaerolineaceae and Plasticicumulans. In 303 

addition, intI1 was found to be significantly correlated (p < 0.05) with five ARGs (i.e., 304 

aac(6')-Ib-cr, ermB, ermF, dfrA1 and tetX) in this study (Fig. 7). This suggested that these 305 

five ARGs may mainly be harbored in intI1 and increased with HGT within bacteria. 306 

Therefore, intI1 likely contributed to the fate of tested ARGs. 307 

 308 

(Position for Fig. 7) 309 

 310 

3.4 Effect of microplastics on microbial community structure in aerobic sludge digestion 311 

Fig. 8 exhibited the abundance of bacteria genera in the aerobically digested sludges 312 

with and without microplastics. Obviously, the exposure of different microplastics altered 313 

the microbial community structure in the aerobically digested sludge, in particular the 314 

abundance of potential microbial hosts of ARGs. Compared with the aerobically digested 315 

sludge from control reactor, PVC, PE and PET microplastics increased the abundance of 316 

potential microbial hosts in the aerobically digested sludge. Take Plasticicumulans, the 317 

potential microbial hosts of mefA and sul2 (Fig. 8), as an example. The abundance of 318 

Plasticicumulans increased from 2.8×1011 gene copies/g-TS in the aerobically digested 319 

sludge from control reactor to 3.2×1011, 4.0×1011 and 3.1×1011 gene copies/g-TS due to 320 

PVC, PE and PET microplastics, respectively. Overall, PVC, PE and PET microplastics 321 

increased the total absolute abundances of the twenty-one bacteria genera that were 322 
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associated with the tested ARGs from 2.4×1012 in the aerobically digested sludge from the 323 

control reactor to 3.5×1012, 3.4×1012 and 3.2×1012 gene copies/g-TS in the aerobically 324 

digested sludge with PVC, PE and PET microplastics, respectively. This might be one of 325 

the reasons for the higher abundance of ARGs in the aerobically digested sludge of 326 

microplastics. 327 

 328 

(Position for Fig. 8) 329 

 330 

4. Discussion 331 

Herein, our study uncovered that microplastics could decrease ARGs removal efficiency 332 

in aerobic sludge digestion. This was verified by four aerobic sludge digestion tests with 333 

or without three prevalent categories of microplastics (i.e., PVC, PE and PET). Overall, 334 

the total absolute abundance of all nine tested ARGs reduced by approximately 85.3% in 335 

aerobic digestion without exogenous microplastics. However, with the presence of PVC, 336 

PE and PET microplastics, the removal efficiencies of ARGs during aerobic digestion were 337 

seriously hindered. Compared with aerobically digested sludge from control reactor, PVC, 338 

PE and PET microplastics rose the total absolute abundance of ARGs by 129.6%, 137.0% 339 

and 227.6%, respectively. Our study revealed that microplastics altered the microbial 340 

community structure in digested sludge, and increased the abundance of potential microbial 341 

hosts of tested ARGs. This is likely the major reason for the increased ARGs abundance in 342 

the aerobically digested sludge with microplastics. Besides, microplastics also increased 343 

the abundance of intI1 in sludge after aerobic digestion, suggesting a potential 344 

enhancement of horizontal transfer of ARGs among bacteria due to microplastics. 345 
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 346 

4.1 Potential mechanisms of deteriorated ARGs removal during aerobic digestion in the 347 

presence of microplastics on the removal efficiency  348 

Conventionally aerobic digestion is regarded as an efficient technique for ARGs 349 

reduction, as it provides rapid VS removal as well as narrow ranges of potential ARGs’ 350 

hosts (Jang et al. 2015), which is consistent with the decreased abundance of potential 351 

microbial hosts of ARGs owing to aerobic digestion in the control reactor. Although in this 352 

study, the VS removal was not significantly impacted by microplastics, the abundance of 353 

potential microbial hosts of ARGs was increased due to the presence of microplastics in 354 

digested sludge in comparison to that of the control reactor. Take ermF for instance, the 355 

microbial hosts of ermF (i.e., Azospira and unclassified_Polyangiaceae, Fig. 6) rose from 356 

1.0×1010 gene copies/g-TS in aerobically digested sludge of control to 1.5×1010, 1.2×1010, 357 

2.0×1010 gene copies/g-TS in aerobically digested sludge with PVC, PE and PET 358 

microplastics, respectively. This is likely the major reason for the deteriorated ARGs 359 

removal efficiency in reactors with exogenous microplastics during aerobic digestions. The 360 

change of microbial community structure during aerobic sludge digestion due to 361 

microplastics is likely caused by two reasons: 1) toxicity of microplastics; 2) biofilm 362 

formation on the surface of microplastics. 363 

The toxicity of microplastics was observed in previous studies (Jeong and Choi, 2019). 364 

For instance, PVC microplastics inactivated algae in freshwater by inducing ROS (Wu et 365 

al., 2019a); PE microplastics inhibited the reproduction of springtail, Folsomia candida in 366 

soil by changing the gut microbial community structure (Ju et al., 2019). Thus, PVC, PE 367 

and PET microplastics exposure may produce different selective pressure to the control 368 
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reactor (aerobic digestion without microplastics) on bacteria in the sludge and thus altered 369 

the microbial community structure. Moreover, microplastics have relatively high surface 370 

areas, which allows the development of biofilms (Rummel et al., 2017; Ogonowski et al., 371 

2018; Wu et al., 2019b). Recent studies found that the bacteria attached to microplastics 372 

were largely different from the aqueous environment as well as the biofilms on leaf and 373 

stone surfaces under the same condition (Wu et al., 2019b). Further, Pham et al. (2021) 374 

indicated that the biofilms on microplastic surfaces in sludge were significantly different 375 

from those attached to sand in sludge. Therefore, it is likely that biofilms formed on the 376 

surface of microplastics in the sludge altered the variation of microbial communities during 377 

aerobic sludge digestion. The microplastic in sludge potentially provided selection pressure 378 

on the bacteria where the preferable bacteria of the microplastics particles may multiply 379 

more, leading to the alteration of the microbial community structure during aerobic sludge 380 

digestion. 381 

Additionally, in the control reactor, aerobic digestion decreased the abundance of intI1 382 

in aerobically digested sludge (Fig. 3 & 5), suggesting that aerobic digestion likely 383 

provided an environment that could reduce the chance or frequency of bacteria interaction 384 

and thus reduce the frequency of HGT. On the contrary, compared with that of the control 385 

reactor, the abundance of intI1 in the digested sludge was elevated by the exposure of 386 

microplastics. This could be another nonnegligible mechanism for the increased abundance 387 

of ARGs observed in digested sludge in comparison to the control group. The results of 388 

correlations between ARGs and intI1 in this study showed that aac(6')-Ib-cr, ermB, ermF, 389 

dfrA1 and tetX were correlated (R>0.8, p<0.05) with intI1. This indicates that a large 390 

number of the above five ARGs may be harboured in intI1 and horizontally diffused among 391 
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bacteria along with intI1 (De la Cruz and Davies., 2000). This allows more non-antibiotic 392 

resistance bacteria to acquire the ability to resist antibiotics. The increased abundance of 393 

intI1 is likely caused by biofilm formed on the surface of microplastics (Arias-Andres et 394 

al., 2018; Wang et al., 2020; Zhang et al., 2020). The biofilm developed on the surface of 395 

the microplastics normally has a higher density of bacteria than the inherent aqueous 396 

environment, leading to an increased gene exchange frequency among bacteria 397 

(Huddleston, 2014). Moreover, biofilms can promote the stability of the plasmid (one of 398 

the MGEs) and expand the host range of HGT (Madsen et al., 2012). Thus, the 399 

microplastics in the sludge likely increased the frequency and probability of horizontal 400 

ARGs transfer during aerobic digestion in this study. Meanwhile, there is growing evidence 401 

that microplastics are positively correlated with ROS production in bacteria (Lenz et al., 402 

2016). ROS could activate intI1 expression in cells and increase the HGT frequency 403 

(Dwyer et al., 2009; Han et al., 2019). Hence, microplastic-induced ROS production in 404 

cells may also be one of the reasons for the decreased ARGs removal efficiency in aerobic 405 

sludge digestion due to microplastics.  406 

 407 

4.2 Potential adverse environmental effects caused by the presence of microplastics in 408 

aerobic sludge digestion 409 

Our study proved that microplastics could deteriorate the ARGs removal efficiency in 410 

aerobic sludge digestion. Sludge is considered to be a considerable resource for land 411 

application especially in agriculture, which can be used either for land improvement or 412 

compost (Fytili and Zabaniotou, 2008; Smith, 2009). The nutritional value of sludge creates 413 

a powerful incentive for the reuse of sludge in agriculture. However, this study implies that 414 
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due to the presence of microplastics in the sludge, the insufficient removal of ARGs during 415 

aerobic digestion may lead to more diffusion and transfer of ARGs from the sludge into the 416 

local environment during the sludge utilization. In addition, it has been observed that 417 

microplastics can become the vectors of the ARGs to enter different new environments 418 

(Caruso, 2019; Dong et al., 2020; Su et al., 2021). Thus, the ARGs accumulated in reused 419 

sludges may transfer to other environments under the influence of external factors such as 420 

wind and earthworm movement, posing a greater great threat to the environment 421 

(Evangeliou et al., 2020; Rillig et al., 2017). Nevertheless, it might become a Pyrrhic 422 

victory if the risk to public health caused by the diffusion of ARGs and microplastics 423 

outweighs the sake of fertilization via sludge utilization. 424 

Furthermore, this study applied newly manufactured microplastics of the same size. In 425 

real-world scenarios, most of the microplastics present in the sludge are so-called 'aged' 426 

microplastics, which may have a larger surface area and tend to form more biofilms, due 427 

to historical physical damage, chemical oxidation or biodegradation (Bandow et al., 2017; 428 

Hüffer et al., 2018; Su et al., 2021). Thus, a greater deterioration in the removal of ARGs 429 

during aerobic digestion is expected due to the presence of aged microplastics. In addition 430 

to the aging factor, the surface of microplastics can adsorb different chemical substances 431 

(e.g. antibiotics and bactericides) (Li et al., 2018; Ma et al., 2019) and heavy metals (e.g. 432 

copper and silver) that present in wastewater or sludge (Brennecke et al., 2016). A large 433 

number of those substances have been proved to be associated with the proliferation of 434 

ARGs (Alonso et al., 2001). Accordingly, in aerobic sludge digestion, a higher 435 

accumulation of ARGs in aerobic sludge digestion due to microplastics may occur under 436 

real conditions than in the present experiment. 437 
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It is worth emphasized that this is a prototype experiment demonstrating that the 438 

exposure of microplastics could decrease the removal efficiency of ARGs in aerobic sludge 439 

digestion. Only three different categories (PVC, PE and PET, 600 μm) of microplastics in 440 

the same concentration (170 particles/g-TS) were conducted in this study. Despite 441 

informative results in our studies, more comprehensive trials (e.g., the size and 442 

concentration of microplastics) are recommended for further investigations. Besides, only 443 

a few known ARGs were selected as representatives to be investigated using RT-qPCR in 444 

our study. In future research, metagenomic sequencing and high-throughput qPCR could 445 

be the feasible methods to uncover the fate of more ARGs.  446 

 447 

5. Conclusions  448 

Our study investigated the impact of PVC, PE and PET microplastics on the fate of 449 

ARGs in aerobic sludge digestion. The main conclusions are:  450 

 451 

• PVC, PE and PET microplastics at 170 particles/g-TS showed no significant effect on 452 

the sludge degradation during aerobic digestion; 453 

 454 

• PVC, PE and PET microplastics at 170 particles/g-TS decreased the removal efficiency 455 

of the total abundance of tested ARGs by 129.6%, 137.0%, and 227.6% in aerobically 456 

digested sludge, respectively. This suggests that microplastics could accelerate the 457 

transfer of ARGs from the sludge to the local environment during sludge disposal or 458 

utilization;  459 

 460 



20 
 

• PVC, PE and PET microplastics increased the abundance of potential microbial hosts of 461 

ARGs, and also the abundance of intI1 during aerobic sludge digestion. These could be 462 

the major reasons for the increased ARGs abundance in aerobically digested sludge. 463 

 464 

CRediT authorship contribution statement  465 

Zehao Zhang: Conceptualisation, Investigation, Methodology, Data curation, Formal 466 

analysis, Writing - original draft. Huan Liu: Methodology, Establishing experiment, 467 

Sampling, Visualization, Writing - review & editing. Haiting Wen: Visualization, Writing 468 

- review & editing. Li Gao: Sampling, Writing - review & editing. Yanyan Gong: Writing 469 

- review & editing. Wenshan Guo: Writing - review & editing. Zhiyao Wang: Writing - 470 

review & editing. Xuan Li: Writing - review & editing. Qilin Wang: Supervision, 471 

Conceptualisation, Project administration, Funding acquisition, Writing - review & editing.  472 

 473 

Acknowledgments  474 

Qilin Wang acknowledges the Australian Research Council (ARC) Future Fellowship 475 

(FT200100264). 476 



21 
 

References 477 

Alonso, A., Sanchez, P., Martínez, J.L., 2001. Environmental selection of antibiotic 478 

resistance genes: Minireview. Environ. Microbiol. 3(1), 1-9. 479 

Arias-Andres, M., Klumper, U., Rojas-Jimenez, K., Grossart, H.P., 2018. Microplastic 480 

pollution increases gene exchange in aquatic ecosystems. Environ. Pollut. 237, 253-261. 481 

Bandow, N., Will, V., Wachtendorf, V., Simon, F.-G., 2017. Contaminant release from aged 482 

microplastic. Environ. Chem. 14(6). 483 

Bondarczuk, K., Markowicz, A., Piotrowska-Seget, Z. 2016. The urgent need for risk 484 

assessment on the antibiotic resistance spread via sewage sludge land 485 

application. Environ. Int. 87, 49-55. 486 

Brennecke, D., Duarte, B., Paiva, F., Caçador, I., Canning-Clode, J., 2016. Microplastics 487 

as vector for heavy metal contamination from the marine environment. 488 

Estuar. Coast. Shelf Sci. 178, 189-195. 489 

Carr, S.A., Liu, J., Tesoro, A.G., 2016. Transport and fate of microplastic particles in 490 

wastewater treatment plants. Water Res. 91, 174-182. 491 

Caruso, G., 2019. Microplastics as vectors of contaminants. Mar. Pollut. Bull. 146, 921-492 

924. 493 

Chen, Q., An, X., Li, H., Su, J., Ma, Y., Zhu, Y.-G., 2016. Long-term field application of 494 

sewage sludge increases the abundance of antibiotic resistance genes in soil. Environ. 495 

Int. 92, 1-10. 496 

Chen, X., Yin, H., Li, G., Wang, W., Wong, P.K., Zhao, H., An, T., 2019. Antibiotic-497 



22 
 

resistance gene transfer in antibiotic-resistance bacteria under different light irradiation: 498 

Implications from oxidative stress and gene expression. Water res. 149, 282-291. 499 

De la Cruz, F., Davies, J., 2000. Horizontal gene transfer and the origin of species: lessons 500 

from bacteria. Trends Microbiol. 8(3), 128-133. 501 

Dong, H., Chen, Y., Wang, J., Zhang, Y., Zhang, P., Li, X., Zou, J., Zhou, A., 2021. 502 

Interactions of microplastics and antibiotic resistance genes and their effects on the 503 

aquaculture environments. J. Hazard. Mater. 403, 123961. 504 

Dwyer, D.J., Kohanski, M.A., Collins, J.J., 2009. Role of reactive oxygen species in 505 

antibiotic action and resistance. Curr. Opin. Microbiol. 12(5), 482-489. 506 

Evangeliou, N., Grythe, H., Klimont, Z., Heyes, C., Eckhardt, S., Lopez-Aparicio, S., Stohl, 507 

A., 2020. Atmospheric transport is a major pathway of microplastics to remote regions. 508 

Nat. Commun. 11(1), 3381. 509 

Fytili, D., Zabaniotou, A.,  2008.  Utilization of sewage sludge in EU application of old 510 

and new methods—A review. Renew. Sustain. Energy Rev. 12(1), 116-140. 511 

Han, Y., Zhou, Z.C., Zhu, L., Wei, Y.Y., Feng, W.Q., Xu, L., Liu, Y., Lin, Z.J., Shuai, X.Y., 512 

Zhang, Z.J., Chen, H., 2019. The impact and mechanism of quaternary ammonium 513 

compounds on the transmission of antibiotic resistance genes. Environ. Sci. Pollut. Res. 514 

Int. 26(27), 28352-28360. 515 

Huddleston, J.R., 2014. Horizontal gene transfer in the human gastrointestinal tract: 516 

potential spread of antibiotic resistance genes. Infect. Drug Resist. 7, 167-176. 517 

Hüffer, T., Weniger, A.K., Hofmann, T., 2018. Sorption of organic compounds by aged 518 



23 
 

polystyrene microplastic particles. Environ Pollut, 236, 218-225. 519 

Jang, H.M., Choi, S., Shin, J., Kan, E., Kim, Y.M., 2019. Additional reduction of antibiotic 520 

resistance genes and human bacterial pathogens via thermophilic aerobic digestion of 521 

anaerobically digested sludge. Bioresour. Technol. 273, 259-268. 522 

Jang, H.M., Ha, J.H., Park, J.M., Kim, M.-S., Sommer, S.G., 2015. Comprehensive 523 

microbial analysis of combined mesophilic anaerobic–thermophilic aerobic process 524 

treating high-strength food wastewater. Water Res. 73, 291-303. 525 

Jeong, J., Choi, J., 2019. Adverse outcome pathways potentially related to hazard 526 

identification of microplastics based on toxicity mechanisms. Chemosphere, 231, 249-527 

255. 528 

Ju, H., Zhu, D., Qiao, M., 2019. Effects of polyethylene microplastics on the gut microbial 529 

community, reproduction and avoidance behaviors of the soil springtail, Folsomia 530 

candida. Environ. Pollut. 247, 890-897. 531 

Karkman, A., Do, T.T., Walsh, F., Virta, M.P., 2018. Antibiotic-resistance genes in waste 532 

water. Trends Microbiol. 26(3), 220-228. 533 

Lares, M., Ncibi, M.C., Sillanpaa, M., Sillanpaa, M., 2018. Occurrence, identification and 534 

removal of microplastic particles and fibers in conventional activated sludge process and 535 

advanced MBR technology. Water Res. 133, 236-246. 536 

Laxminarayan, R., Duse, A., Wattal, C., Zaidi, A.K., Wertheim, H.F., Sumpradit, N.,  537 

Vlieghe, E., Hara, G.L., Gould, I.M., Goossens, H., Greko, C., 2013. Antibiotic 538 

resistance—the need for global solutions. Lancet. Infect. Dis., 13(12), 1057-1098 539 



24 
 

Lenz, R., Enders, K. and Nielsen, T.G., 2016. Microplastic exposure studies should be 540 

environmentally realistic. Proc Natl Acad Sci USA, 113(29), E4121-4122. 541 

Li, B., Qiu, Y., Song, Y., Lin, H., Yin, H., 2019. Dissecting horizontal and vertical gene 542 

transfer of antibiotic resistance plasmid in bacterial community using microfluidics. 543 

Environ. Int. 131, 105007. 544 

Li, J., Zhang, K., Zhang, H., 2018. Adsorption of antibiotics on microplastics. Environ. 545 

Pollut. 237, 460-467. 546 

Liu, H., Wang, Z., Nghiem, L.D., Gao, L., Zamyadi, A., Zhang, Z., Sun, J., Wang, Q., 2021. 547 

Solid-Embedded Microplastics from Sewage Sludge to Agricultural Soils: Detection, 548 

Occurrence, and Impacts. ACS ES&T Water. 1, 1322-1333. 549 

Liu, H., Zhou, X., Ding, W., Zhang, Z., Nghiem, L.D., Sun, J., Wang, Q., 2019. Do 550 

Microplastics Affect Biological Wastewater Treatment Performance? Implications from 551 

Bacterial Activity Experiments. ACS Sustain. Chem. Eng. 7, 20097-20101. 552 

Low, E.W., Chase, H.A., Milner, M.G., Curtis, T.P., 2000. Uncoupling of metabolism to 553 

reduce biomass production in the activated sludge process. Water Res. 34(12), 3204-554 

3212. 555 

Ma, J., Zhao, J., Zhu, Z., Li, L., Yu, F., 2019. Effect of microplastic size on the adsorption 556 

behavior and mechanism of triclosan on polyvinyl chloride. Environ. Pollut. 254(Pt B), 557 

113104. 558 

Ma, Y., Wilson, C.A., Novak, J.T., Riffat, R., Aynur, S., Murthy, S., Pruden, A., 2011. Effect 559 

of various sludge digestion conditions on sulfonamide, macrolide, and tetracycline 560 



25 
 

resistance genes and class I integrons. Environ. Sci. Technol. 45(18), 7855-7861. 561 

Madsen, J. S., Burmølle, M., Hansen, L. H., Sørensen, S. J. 2012. The interconnection 562 

between biofilm formation and horizontal gene transfer. FEMS Immunol. Med. 563 

Microbiol., 65(2), 183-195. 564 

Metcalf, L., Eddy, H. P., Tchobanoglous, G., 1991. Wastewater engineering: treatment, 565 

disposal, and reuse. Vol. 4. New York: McGraw-Hill. 566 

Navas, A., Bermúdez, F., Machın, J., 1998. Influence of sewage sludge application on 567 

physical and chemical properties of Gypsisols. Geoderma 87(1-2), 123-135. 568 

Ogonowski, M., Motiei, A., Ininbergs, K., Hell, E., Gerdes, Z., Udekwu, K.I., Bacsik, Z., 569 

Gorokhova, E., 2018. Evidence for selective bacterial community structuring on 570 

microplastics. Environ. Microbiol. 20(8), 2796-2808. 571 

Pham, D. N., Clark, L., Li, M., 2021. Microplastics as hubs enriching antibiotic-resistant 572 

bacteria and pathogens in municipal activated sludge. J. Hazard. Mater. Lett., 2, 100014. 573 

Rillig, M.C., Ziersch, L., Hempel, S., 2017. Microplastic transport in soil by earthworms. 574 

Sci. Rep. 7(1), 1362. 575 

Rummel, C.D., Jahnke, A., Gorokhova, E., Kühnel, D., Schmitt-Jansen, M., 2017.  576 

Impacts of Biofilm Formation on the Fate and Potential Effects of Microplastic in the 577 

Aquatic Environment. Environ. Sci. Technol. Lett. 4(7), 258-267. 578 

Seeley, M., Song, B., Passie, R., Hale, R., 2020. Microplastics affect sedimentary microbial 579 

communities and nitrogen cycling. Nat. Commun.. 11, 2372. 580 

Smith, S.R., 2009. A critical review of the bioavailability and impacts of heavy metals in 581 



26 
 

municipal solid waste composts compared to sewage sludge. Environ. Int. 35(1), 142-582 

156. 583 

Stokes, H.W., Gillings, M.R., 2011. Gene flow, mobile genetic elements and the 584 

recruitment of antibiotic resistance genes into Gram-negative pathogens. FEMS 585 

Microbiol. Rev. 35(5), 790-819. 586 

Su, Y., Zhang, Z., Zhu, J., Shi, J., Wei, H., Xie, B., Shi, H., 2021. Microplastics act as 587 

vectors for antibiotic resistance genes in landfill leachate: The enhanced roles of the 588 

long-term aging process. Environ. Pollut. 270, 116278. 589 

Sun, J., Dai, X., Wang, Q., van Loosdrecht, M.C.M., Ni, B, 2019. Microplastics in 590 

wastewater treatment plants: Detection, occurrence and removal. Water Res. 152, 21-37. 591 

Talvitie, J., Heinonen, M., Paakkonen, J.P., Vahtera, E., Mikola, A., Setala, O., Vahala, R., 592 

2015. Do wastewater treatment plants act as a potential point source of microplastics? 593 

Preliminary study in the coastal Gulf of Finland, Baltic Sea. Water Sci. Technol. 72(9), 594 

1495-1504. 595 

U. S. Environmental Protection Agency, 2019. Basic information about biosolids. 596 

https://www.epa.gov/biosolids/basic-information-about-biosolids#basics. 597 

Wang, Q., Wei, W., Gong, Y., Yu, Q., Li, Q., Sun, J., Yuan, Z., 2017. Technologies for   598 

  reducing sludge production in wastewater treatment plants: state of the art. Sci. Total  599 

  Environ. 587, 510-521. 600 

Wang, J., Qin, X., Guo, J., Jia, W., Wang, Q., Zhang, M., Huang, Y., 2020. Evidence of 601 

selective enrichment of bacterial assemblages and antibiotic resistant genes by 602 

https://www.epa.gov/biosolids/basic-information-about-


27 
 

microplastics in urban rivers. Water Res. 183, 116113. 603 

WE Federation, APH association,2005. Standard Methods for the Examination of Water 604 

and Wastewater, American Public Health Association. Washington, DC, USA. 605 

Wu, Y., Guo, P., Zhang, X., Zhang, Y., Xie, S., Deng, J., 2019a. Effect of microplastics 606 

exposure on the photosynthesis system of freshwater algae. J. Hazard. Mater. 374:219-607 

227. 608 

Wu, X., Pan, J., Li, M., Li, Y., Bartlam, M., Wang, Y., 2019b. Selective enrichment of 609 

bacterial pathogens by microplastic biofilm. Water Res. 165, 114979. 610 

Yang, Y., Li, B., Zou, S., Fang, H.H., Zhang, T., 2014. Fate of antibiotic resistance genes 611 

in sewage treatment plant revealed by metagenomic approach. Water Res. 62, 97-106. 612 

Zarei-Baygi, A., Harb, M., Wang, P., Stadler, L., Smith, A., 2020. Microbial community 613 

and antibiotic resistance profiles of biomass and effluent are distinctly affected by 614 

antibiotic addition to an anaerobic membrane bioreactor. Environ. Sci. Water Res. 615 

Technol. 6, 724-736. 616 

Zhang, Y., Lu, J., Wu, J., Wang, J., Luo, Y., 2020. Potential risks of microplastics combined 617 

with superbugs: Enrichment of antibiotic resistant bacteria on the surface of 618 

microplastics in mariculture system. Ecotoxicol. Environ. Saf. 187, 109852. 619 

Zhang, Z., Li, X., Liu, H., Gao, L., Wang, Q., 2021, Free ammonia pretreatment enhances 620 

the removal of antibiotic resistance genes in anaerobic sludge digestion. Chemosphere, 621 

279, 130910. 622 

 623 



28 
 

 624 

 625 

Figure 1. Aerobic sludge digestion experiments setup. 626 
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 633 

Figure 2. A) VS degradation (%) of secondary sludge with and without microplastics 634 

during aerobic digestion; B) Inorganic nitrogen production from secondary sludge with and 635 

without microplastics during aerobic sludge digestion. Error bars represent standard 636 

deviations of triplicate tests. 637 
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 642 

Figure 3. Absolute abundances of targeted ARGs and intI1 in different sludges. Error bars 643 

represent standard deviations of triplicate tests. 644 
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 649 

Figure 4. Removal efficiencies of targeted ARGs and intI1 (%) due to aerobic sludge 650 

digestion in the four reactors. Removal efficiencies (%) = (Nsecondary - 651 

Ndigested)/Nsecondary×100% . Nsecondary: ARGs or intI1 in secondary sludge; Ndigested: ARGs 652 

or intI1 in aerobically digested sludge from four reactors. Error bars represent standard 653 

deviations. 654 
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 658 

Figure 5. Decreased removal efficiencies of targeted ARGs and intI1 (%) in aerobically 659 

digested sludges with PVC, PE and PET microplastics compared to aerobically digested 660 

sludges. Decreased removal efficiencies (%) = (Nmicroplastics - Ncontrol)/Ncontrol ×100% . 661 

Nmicroplastics : ARGs or intI1 in aerobically digested sludge with microplastics; Ncontrol: ARGs 662 

or intI1 in aerobically digested sludge from control reactor. Error bars represent standard 663 

deviations. 664 
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 668 

Figure 6. Relative abundances of ARGs and intI1 in different sludges. Error bars represent 669 

standard deviations of triplicate tests. 670 
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 673 

Figure 7. Correlation between ARGs and intI1/microbial community structure at the genus 674 

level. An asterisk (*) indicates a significant positive correlation (R>0.8, p<0.05). The scale 675 

bar showed the R value between ARGs and intI1/microbial community structure. 676 



35 
 

 677 

Figure 8. Heatmap of the top 30 most abundant bacterial genera in the aerobically digested 678 

sludges with and without PVC, PE and PET microplastics. 679 
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