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Highlights 23 

⚫ Cabbage associated with resistome was measured in amended soils. 24 

⚫ ARG profiles in amended soil and phyllosphere of cabbage were closely clustered. 25 

⚫ The amendment of compost might improve the accessibility of resistome in the soil especially 26 

for the Chinese cabbage system. 27 

 28 

ABSTRACT 29 

Antibiotic resistance is a global threat posing risks to public health. China, as the largest consumer 30 

and producer of antibiotics, is generating a large amount of pharmaceutical waste sludge from the 31 

antibiotic manufacturing industry, which has the potential to be released into the environments by 32 

anthropogenic activities. Land application of pharmaceutical waste sludge compost (PWSC) is a 33 

popular way of PWSC disposal, with large amount of antibiotics might hence be introduced into the 34 

soil environments and result in the development of antibiotic resistance genes (ARGs). ARGs in 35 

PWSC amended soil-plant systems, their transmission routes and potential ecological risks are still 36 

unknown. A high-throughput qPCR chip was used to profile ARGs in Chinese cabbage 37 

(Shanghaiqing, Brassica chinensis L.) and soils (including phyllosphere, root endosphere, 38 

rhizosphere soil, and bulk soil) with PWSC amendment, aiming to study the effect of PWSC 39 

application on ARGs soil-plant systems. A total of 249 ARGs and 12 mobile genetic elements 40 

(MGEs) were detected in all collected samples. The highest number of detected ARGs was in the 41 

soil samples (up to 181) compared to the above and below-ground components of Chinese cabbage. 42 

Our results demonstrated the PWSC amendment increased the diversity and normalized abundance 43 

of ARGs in the amended soil-Chinese cabbage system. Mantel test and Procrustes analysis revealed 44 



 

the connection between ARG profiles and microbial communities (fungal and bacterial 45 

communities). Shared ARGs were identified among the Chinese cabbage phyllosphere, Chinese 46 

cabbage root, and rhizosphere soils, demonstrating a potential link between antibiotic resistome in 47 

Chinese cabbage and soils, with the amended soil as a key source of ARGs in the phyllosphere of 48 

Chinese cabbage. In summary, our findings provided novel evidence for a transmission route shared 49 

Zero-radius operational taxonomic units (ZOTUs) and ARGs were passed between the soil-Chinese 50 

cabbage system elements (i.e., amended soil, root, and phyllosphere) of ARGs from the PWSC 51 

amended soils to common green vegetables, highlighting a potential safety hazard of antibiotic 52 

resistome transfer from soils to the human food chain.  53 

 54 

Keywords: Chinese cabbage; antibiotic resistome; pharmaceutical sludge; compost-amended soil; 55 

composting. 56 

 57 

1. INTRODUCTION 58 

Antibiotic resistance has become notorious in human pathogens (Allen et al., 2010). The spread 59 

of antibiotic-resistant bacteria (ARB) in the environment is contributing to the global crisis of 60 

clinically relevant antimicrobial resistance (AMR). Environmental pollution of ARB and antibiotic 61 

resistance genes (ARGs) can be attributed to commonly use of antibiotics in the animal industry 62 

(farm and agricultural industries), which are linked to anthropogenic activities such as intensive use 63 

of bio-organic fertilizers (e.g. animal manures and sewage sludge) in the agriculture (Chen et al., 64 

2016; Chen et al., 2017; Cheng et al., 2013; Liu et al., 2019).  65 

Appropriate usage of organic fertilizers on farmland can increase soil organic matter content, 66 



 

but offering a pathway to recycle nutrients in the soil (Martínez Salgado et al., 2019). Studies have 67 

proved that the unregulated use of untreated organic fertilizers can increase levels of antibiotic 68 

resistome in farm settings (Chen et al., 2017; Su et al., 2015; Xie et al., 2016a). These antibiotics 69 

and enriched ARGs in farm settings could further transfer from untreated organic wastes to soils 70 

and gradually accumulate in vegetation (by absorption from the soil). For instance, supererogatory 71 

ARGs were detected in tomato and Chinese cabbage after the use of swine excrement and struvite 72 

as a soil amendment (An et al., 2018; Romain et al., 2013). Consumption of green products, 73 

particularly raw greens, represents a typical pathway of direct human exposure to the soil 74 

microbiome (Chen et al., 2019). ARGs can enter the human food chain or human pathogens via the 75 

contaminated plants (e.g. fruits and vegetables) or via horizontal gene transfer (HGT), posing a risk 76 

to human health (Amy et al., 2006; Gillings, 2017). China is one of the world's largest producers 77 

and consumers of antibiotics (Qiao et al., 2018; Zhang et al., 2015; Zhu et al., 2013). Vast quantities 78 

of pharmaceutical waste sludge (PWS) are produced from antibiotic manufacturing and wastewater 79 

treatment processes. PWS harbors large amounts of mobile genetic elements (MGEs) and ARGs 80 

(Tao et al., 2016), with a number of studies suggesting that PWS harbors more MGEs and ARGs 81 

compared with the municipal waste sludge (Liu et al., 2014; Liu et al., 2012; Tong et al., 2017).  82 

Waste sludge is often pre-treated before the land application (e.g. via aerobic composting, 83 

anaerobic digestion, or sludge carbonization), with aerobic composting widely regarded as an 84 

efficient way to minimize chemical and biological hazards from organic wastes (Bernal et al., 2009; 85 

Liu et al., 2019; Su et al., 2015).  86 

Previous studies have demonstrated that aerobic composting was promoted as an effective 87 

means to reduce the concentration of antibiotics and ARGs in waste sludge (Selvam and Wong, 88 



 

2017; Xie et al., 2016b; Zhang et al., 2019). Antibiotic resistome is a resistance reservoir of all the 89 

ARGs and precursor genes in the pathogen and nonpathogen. It includes resistance elements carried 90 

by both antibiotic-producing bacteria and pathogenic bacteria, and cryptic resistance genes (Wright, 91 

2007). Whilst, ARGs can be effectively reduced through composting, the antibiotic resistome will 92 

not be eliminated. Using Pharmaceutical Waste Sludge Compost (PWSC) as an organic fertilizer, 93 

therefore, represents an underlying origin of human exposure to antibiotic resistome during 94 

subsequent consumption of vegetables grown in compost-amended soils.  95 

Our understanding of the fate of antibiotic resistome by following the application of composted 96 

waste, has seldom been evaluated. In particular, the effect on indigenous soil, root, and phyllosphere 97 

antibiotic resistome is a key knowledge gap. It is therefore imperative to elucidate the factors 98 

influencing the fate of antibiotic resistome, which follows PWSC application to agricultural land in 99 

order to develop effective tactics and technologies to alleviate the rapid spread of antibiotic 100 

resistome. 101 

High-throughput quantitative PCR (HT-qPCR) with 296 recognized primer sets covering 102 

common 12 MGEs and 283 ARGs marker genes in the existing research (Zhu et al., 2013), was 103 

employed together with Illumina sequencing of fungi ITS genes and bacterial 16S rRNA genes. 104 

Analysis was targeted to: (1) assess the fate of four types of waste compost on the molecular 105 

structure of ARGs, bacterial and fungal communities in the soil-Chinese cabbage system; (2) 106 

explore the potential migration route of ARGs from the amended soil to Chinese cabbage, and (3) 107 

identify the shared MGEs and ARGs between the Chinese cabbage and amended soil by bipartite 108 

network analysis. The pot experiment aimed to assess the potential ecological risk of the use of 109 

pharmaceutical waste sludge compost. We explored the impacting factors of ARGs in the crops and 110 



 

proposed suggestions for agricultural utilization of pharmaceutical waste sludge compost. 111 

 112 

2. MATERIALS AND METHODS 113 

2.1 Properties and Materials 114 

Four types of compost (refer to T1-T3 and S) with a range of characteristics by following 115 

production under different composting treatments were used in this pot experiment. Three types of 116 

PWSCs (coded T1-T3) were derived from carbon-rich amendments of pharmaceutical sludge 117 

compost. Sewage sludge compost (S) was obtained from an online sales platform (Ningbo, China) 118 

(Table 1). The PWSCs were air-dried, prior to being used in the experiments. Soils were collected 119 

from a vegetable plot (Ningbo, China), which had not received sewage sludge or been amended 120 

with other organic manure in the past five years. Prior to use, soils were sieved (mesh size: 2mm) 121 

and air-dried. Chemical and physical properties are described in Table 1, including the contents of 122 

heavy metals, antibiotics, total carbon, and total nitrogen in the initial samples. Total nitrogen and 123 

total carbon were evaluated via dry combustion in a CNS element analyzer (Vario MAX, Elementar) 124 

(Chen et al., 2017). Concentrations of antibiotics were analyzed by liquid chromatography-mass 125 

spectrometry (LC-MS/MS. XevoG2-SQTOF, Waters) (details are provided in Supplementary file). 126 

The content of heavy metals was determined with inductively coupled plasma- mass spectrometer 127 

(ICP-MS, iCAP Qnova, Thermo Scientific) after oxidative digestion of samples in sealed microwave 128 

digestion tubes (Zhu et al., 2013). The sample pH was determined by preparing a 1:5 solid 129 

sample/water (w/v) suspension (Basic pH Meter, PB-10, Sartorius). Determination of nitrate and 130 

ammonium in the soil was performed using an AA3 Continuous Flow Analytical System (AA3, 131 

SEAL Analytical GmbH) (Wang et al., 2019). 132 



 

2.2 Experiment Design 133 

Figure S1A shows a schematic of the experimental design. Each pot consisted of 1kg of soil 134 

amended with or without 5% PWSC (w/w, dry weight) (Luo et al., 2016). Five treatments were 135 

arranged: untreated soil without fertilizer application (hereinafter called CK), PWSC-T1 amended-136 

soil (hereinafter called T1), PWSC-T2 amended-soil (hereinafter called T2), PWSC-T3 amended-137 

soil (hereinafter called T3), and S amended-soil (hereinafter called S). 138 

Each treatment was replicated for three times, giving 15 pots in total (Fig S1A). Soil samples 139 

were then planted with Chinese cabbage (Shanghaiqing, Brassica chinensis L.) in rhizo-bags to 140 

separate the bulk soil from rhizosphere soil. Each rhizo-bag contained 160g soil (30 μm nylon mesh, 141 

4cm diameters, 6cm height), which only allowed the penetration of small molecular weight 142 

compounds and prohibited the penetration of plant roots.  143 

In this experiment, 14-day-old Chinese cabbage seedlings were potted in the soil and treated 144 

with different fertilizer regimes in a greenhouse experiment located at the Institute of Urban 145 

Environment, Chinese Academy of Sciences. Each pot was transplanted with 3 plants. Only one 146 

plant was kept after survival. The experiment was conducted at room temperature (25-30 ℃) with 147 

the relative humidity maintained at 70%. On a daily basis, deionized water was used for each pot to 148 

maintain the soil water content throughout the experiment. All samples, including bulk soil, 149 

rhizosphere soil, root, and Chinese cabbage leaves were collected after 60 days. The plants were 150 

harvested at full maturity. 151 

All harvested samples were placed into aseptic bags and delivered on ice to the lab promptly 152 

after collection. A portion of the soil was sieved (mesh size: 2mm) to determine the selected soil 153 

properties and the rest was stored at −80 °C for DNA extraction. Plant samples were brought back 154 



 

to the laboratory immediately for processing (Fig S1B). 155 

2.3 Extraction and Purification of DNA Samples 156 

DNA was extracted from soil (bulk and rhizosphere soil) according to the operation guide 157 

(FastDNA Spin Kit for Soil (MP Biomedical, CA)). Phyllosphere DNA was extracted according to 158 

previously published methods with slight modifications (Chen et al., 2017; Duran et al., 2018; 159 

Marasco et al., 2018).  160 

Within 8 hours after harvesting, epiphytic microbes were isolated from the phyllosphere using 161 

extensive shaking in sterile water and phosphate buffer (8.5 g L-1 Na2HPO4 anhydrous, 6.33 g L-1 162 

NaH2PO4, and pH = 6.5) added with 0.1% Triton X-100. Flushing liquid was stored as the epiphytic 163 

fraction after filtering through 0.22 μm pore size membranes. The extraction for DNA in the filtrate 164 

was processed using the FastDNA Spin Kit for Soil. 165 

Root samples were rinsed with 80% ethanol and 0.25% NaClO to wash living microorganisms 166 

of the root surfaces and followed by a sterile water-rinse step three times (at 1 min each). The 167 

efficiency of the sterilization was evaluated through culturing on agar medium plates (15 g L-1 agar, 168 

3 g L-1 MgSO4, 10 mL L-1 glycerol, 1.5 g L-1 K2HPO4, 10 g L-1 hydrolyzed casein, and 10 g L-1 169 

protease peptone for solid medium). The root was treated and homogenized by liquid nitrogen 170 

grinding plus. Then DNA was extracted with a FastDNA Spin Kit for Soil (Figure S1B). 171 

2.4 Microbial Community Profiling  172 

The DNA concentration of samples was determined through fluorescence quantitative analysis. 173 

Samples were diluted to 20 ng μL-1 for downstream a two-step PCR amplification (Chen et al., 174 

2017). In the first step, the V4-V5 variable region of bacterial 16S rRNA (515F-907R) (Jing et al., 175 

2015) and fungal primers (gITS7 - ITS4) (Ihrmark et al., 2012) were amplified (Table S1).  176 



 

PCR amplification was performed in sterile conditions with technical triplicates. Details of the 177 

PCR amplification program and reaction system were presented in Table S2. PCR products were 178 

checked on a 1% agarose gel with negative control. Purification was followed for replicated 179 

reactions: 1) the bacterial amplicons recovery of purified products was carried out following 180 

previous methods (Chen et al., 2019; Zhu et al., 2018); and 2) fungal amplicons were purified using 181 

the Universal DNA Purification kit DP214.  182 

The DNA concentration was measured again with fluorescence quantitation analysis, and 183 

pooling 300 ng DNA of each barcoded amplicon in one library for the relevant microbial group. 184 

Barcoded amplicons sequencing was implemented with the Illumina Hiseq2500 platform 185 

(MICROANALY, Hefei, China). 186 

2.5 16S rRNA Gene and ITS Read Processing 187 

Raw data were pre-processed in VSEARCH v2.12.0 (Rognes et al., 2016) and USEARCH v10.0 188 

(Edgar, 2013), Zero-radius operational taxonomic units (ZOTUs) were denoised using the 189 

UNOISE3 (Edgar, 2016) algorithm with a 100% sequence similarity. Double-end amplicon 190 

sequences were merged (minimum 50 bp overlap). After removing primers and barcode, chimeras, 191 

and quality filtered (largest prospective error threshold of 1.0) were removed with USEARCH v10.0, 192 

the rest of the high-quality amplicon reads were devoted to downstream analysis. Taxonomical 193 

classification based on ZOTUs was performed using VSEARCH v2.12.0 and the Silva/UNITE (Silva 194 

123/UNITE 8.0) database (Quast et al., 2013).  195 

ZOTUs of samples that were in low mass number (< 10 sequence compositions) generally 196 

represent a PCR or sequencing error and were removed from the samples. All raw sequences were 197 

stored in the public databases (National Center for Biotechnology Information Sequence Read 198 



 

Archive). That session specification is numbered SRP227163. Alpha-diversity for each sample was 199 

profiled through a measurement of Chao1 index, Buzas_gibson index and Shannon_e index, and 200 

box plots were described to compare the diversity level of fungal and bacterial ZOTU. 201 

2.6 HT-qPCR and Data Analysis 202 

SmartChip Real-time PCR system (Wafergen Inc., USA) was employed with HT-qPCR, which 203 

is specifically used for large gene expression studies (Wang et al., 2014). Compared with traditional 204 

qPCR, this system is a new dedicated high-throughput processing chip, which could greatly 205 

accelerate the performance of all the levels. Compared with shotgun metagenomic sequencing, the 206 

proposed system is more advantageous than shotgun metagenomic sequencing in operation, 207 

analytical method, and absolute quantification analysis, although it might not have a big database 208 

(Xiang et al., 2020). Primer sets targeting 283 ARGs, 12 marker genes for mobile genetic elements 209 

(MGEs) (Ouyang et al., 2015) including of four universal integron-integrase genes (intI-1(clinic), 210 

intI-1LC, intI2, and intI3) and eight transposase genes, and one 16S rRNA gene (Table S5) were 211 

included in recent research work (Zheng et al., 2019).  212 

The program and reaction system of HT-qPCR amplification was performed as outlined in 213 

Table S2. The qPCR results were examined employing SmartChip qPCR Software. Wells with PCR 214 

efficiencies are not in the normal range (1.8-2.2) or with multiple melting peaks were removed. 215 

Then, according to eq 1, the amplification efficiency was converted to 2. Each experiment was 216 

conducted and repeated three times and a detectable threshold cycle (CT) limit value was set to 31 217 

(Zhu et al., 2013).  218 

In the end, a valid value was determined only if all the repeated trials had amplification. The 219 

normalized copy number of MGEs and ARGs was measured and transformed to absolute gene copy 220 



 

numbers and normalized to 16S rRNA gene copy numbers, which were quantified respectively from 221 

the Wafergen platform (eq 2) (Chen et al., 2016). To minimize error as a result of differences in 16S 222 

rRNA gene abundance between samples, a normalized copy number of ARGs per bacterial cell were 223 

used and calculated as follows (eq 3). (Klappenbach et al., 2001; Stalder et al., 2014; Zhu et al., 224 

2018) 225 

CT=CT’log2E                                                       (eq1) 226 

Relative Gene Copy Number = 10(31−CT)/(10/3)                              (eq2) 227 

Normalized copy number of ARG gene = (Relative ARG gene copy number / Relative 16S rRNA 228 

gene copy number) × 4.1                                              (eq3) 229 

Where CT means the threshold value, 4.1 represents the average number of 16S rRNA gene per 230 

bacterium, the related calculation is applied according to the Ribosomal RNA Operon Copy Number 231 

Database 232 

2.7 Statistical Analysis 233 

All data analyses in the plots that follow (e.g. box plots) were computed with the default 234 

settings of ggplot2 (Hadley Wickham et al., 2016) for the software R (R Team, 2010). Statistical 235 

correlation analysis (Spearman's correlation) was undertaken through SPSS software (PASW 236 

Statistics 18.0). A co-association network of ARGs was performed using R with the psych packages 237 

and igraph (Adair et al., 2018;Csardi and Nepusz, 2006). Visualized bipartite network analysis was 238 

based on Gephi. 239 

Based on Bray-Curtis distance, the paper makes a PCoA analysis of the ARGs, bacterial, and 240 

fungi community profiles. Procrustes analysis and Mantel analysis of correlation between ARGs, 241 

bacterial, and fungal communities were used in R package, vegan (Oksanen et al., 2011). 242 



 

3. Results and Discussion 243 

3.1 Distribution of MGEs and ARGs in the Soil-Chinese Cabbage System 244 

A total of 12 MGEs and 249 ARGs were detected among all samples, which was higher than 245 

previously reported for ARGs in soil samples (Chen et al., 2017; Zhang et al., 2019). The diversity 246 

of MGEs and ARGs ranged from 25 to 181 in all samples, with phyllosphere (CK) and rhizosphere 247 

soil (soil amended with PWSC T3/S) harboring the lowest (25) and the highest (181) detected 248 

number of ARGs, respectively. One possible explanation of this result is that the rhizosphere is 249 

usually considered as the most active area in plant microbiome and rhizospheric microorganism has 250 

the potential of increasing the spread of ARB and ARG around the rhizosphere.  251 

A total of 249 ARGs were identified, representing nine types, of which the majority belonged 252 

to vancomycin resistance genes, beta-lactams, tetracycline, and MLSB resistance genes (Fig 1). The 253 

detection frequency of the initial soil was similar to the CK at the end of the experiment, which was 254 

statistically lower than in the soil samples amended with compost (Adonis, P < 0.05). After compost 255 

incorporated into the soil, diversity of MGEs and ARGs was raised in each sample, including soil, 256 

root endophytes, and phyllospheric samples. 257 

ARGs were detected by HT-qPCR in all samples. This proved that ARGs generally exist in the 258 

environment (D'Costa et al., 2006). The number of ARGs detected in phyllospheric samples was 259 

lower than those in the soil and root endophyte samples following amendment with different 260 

fertilizer treatments (Fig 1). This could be a result of the fact that the soil bacterial community was 261 

in direct contact with the composted material, which contains high levels of antibiotics and ARGs 262 

(Zhu et al., 2017). The number of MGEs and ARGs detected in the initial soil and compost samples 263 

combined was less than the detected number of MGEs and ARGs in the soil amended with compost. 264 



 

This phenomenon can be well explained by the following two reasons: (1) the application of organic 265 

fertilizer effectively facilitated microorganism activity in the soil and then promoted the spread of 266 

antibiotic resistance (Zhu et al., 2013), and (2) the antibiotic residues in PWSCs acted as selective 267 

agents and enriched ARGs in the soil (Baym et al., 2016; Nolivos et al., 2019).  268 

The change of normalized abundance and the absolute abundance of MGEs and ARGs were 269 

different in soils amended with different composts. Figure S2 showed the absolute abundance of 270 

ARGs in all soil and phyllospheric samples ranged from 6.16 × 108 to 1.68 × 1010 and from 3.06 × 271 

107 to 1.38 × 108 copies g−1 solid (dry weight), respectively. It is clear that following compost (T1, 272 

T2, T3, and S) amendment, the absolute abundance of ARGs in soil, rhizosphere, and phyllosphere 273 

were raised (Fig S2). Compared with CK, the T1 amendment significantly increased (p < 0.05) the 274 

absolute abundance of ARGs in rhizosphere soil samples, while S amendment significantly raised 275 

(p < 0.05) ARGs in soil and phyllospheric samples, suggesting that S compost may also have a 276 

strong effect on the Chinese cabbage antibiotic resistome (Fig S2). Our results showed that the S-277 

compost consistently resulted in the highest concentration of antibiotic residues as well as the largest 278 

number of ARGs (Fig 1 and Table S1), which infers that the antibiotic residues might be responsible 279 

for the elevated number of ARGs. 280 

Based on the comparison of normalized results of MGEs and ARGs in bacterial cell numbers, 281 

we evaluated normalized abundance levels of MGEs and ARGs in the total microbial community 282 

(Fig S3). In the bulk soil, compost (T1, T2, T3, and S) applications consistently led to increases in 283 

the normalized abundance of MGEs and ARGs (Fig S3). In the rhizosphere soil, root endophytes, 284 

and phyllospheric samples, whilst there were differences in the normalized abundance of MGEs and 285 

ARGs, the increase in abundance did not always coincide compared with CK (Fig S3). In all samples, 286 



 

the bulk soil harbored a greater resistome than the rhizosphere soil and the absolute abundance of 287 

MGEs and ARGs in all soil samples were greater than that in the phyllosphere (Fig 2).  288 

Our results were consistent with a previously published research confirming that the 289 

rhizosphere was a key area for propagation and spread of antibiotic resistome and horizontal transfer 290 

of ARGs (Zhang et al., 2019). Previous studies have postulated that the rhizosphere microbes 291 

provide a range of ecosystem services for plants, such as nutrient acquisition, and abiotic stress 292 

tolerance (Meena et al., 2017; Mendes et al., 2014).  293 

Hence, this study further highlights the importance of studying ARGs and ARB in the 294 

rhizosphere. Diverse and abundant ARGs were detected in different environments using different 295 

new molecular tools. The metagenomic approach is considered as a feasible method for studying 296 

the environmental dimension of antibiotic resistance. For example, Li et al. (2015) identified 260 297 

ARG from 6 different typical environment samples including soil, water, sediment, excrement, 298 

wastewater biofilm, and sludge. Moreover, diverse ARGs (381 ARG subtypes) were also detected 299 

in urban sewage samples from 32 municipal wastewater treatment plants by Su et al. (2017). High-300 

throughput qPCR based ARG chip as another popular approach for studying ARGs in environment, 301 

has the advantage of measuring the absolute abundance of ARGs, which provide a more intuitive 302 

way to describe the potential risk. We propose combining various alternative methods might have 303 

great potentials in providing more comprehensive understanding of ARGs in environments and their 304 

dissemination. 305 

In addition to the changes in the diversity and abundance of MGEs and ARGs, even ARG 306 

subtypes and MGEs turned out to have more variants (interactions) in network analysis (correlation 307 

coefficient > |0.6| and P-value < 0.05), mostly in large proportions (Fig S4). Co-occurrence styles 308 



 

among MGEs and ARG subtypes in the soil-Chinese cabbage system were evaluated using network 309 

analysis. Network analysis results suggested that the use of composts (T1, T2, T3, and S) might 310 

promote the propagation and spread of ARGs by way of HGT (Fig S4, Table S1). Of all networks, 311 

the node was considered the “hub”, chiefly meaning the most continually connected or the most 312 

abundant node in each network. For example, vanC2/vanC3 was the hub gene for the network in 313 

the control soil-Chinese cabbage system (CK) (Fig S4A), ermX was a “hub” gene for the network 314 

in T1 amended-soil (Fig S4B), blaCTX-M-01 was a “hub” gene for the network in T2 amended-soil 315 

(Fig S4C), tetG-01 was a “hub” gene for the network in T3 amended-soil (Fig S4D) and blaIMP-02 316 

was a “hub” gene for the network in S amended-soil (Fig S4E).  317 

Our network analyses also indicated that MGEs co-occurred with diverse ARG subtypes in 318 

cabbage-soil systems. Among the detected MGEs, the transposase genes (e.g., tnpA-01, tnpA-02, 319 

tnpA-04 and tnpA-05) and the integrase genes (e.g., intI-1LC and intI-1(clinic)) showed significant 320 

co-occurrence with related ARGs in the S amended soil-Chinese cabbage system, with matching 321 

degrees of 30, 33, 32, 32, 30 and 30 (Fig S4E). Bray-Curtis distance and PCoA analysis (Fig S5) 322 

indicated that the structure and distribution of ARGs in root endophytes and phyllospheric samples 323 

were significantly different from soil samples (Adonis, P < 0.01). 324 

Network analysis is deemed to be one of the most effective methods to uncover the co-325 

occurrence patterns of MGEs and ARGs (Forsberg et al., 2014; Li et al., 2015). Network analysis 326 

carried out in this study, supported previous observations regarding the relationship between ARGs 327 

and MGEs (An et al., 2018; Li et al., 2015; Quintela-Baluja et al., 2019). Network analysis also 328 

demonstrated that the relationship between ARGs and MGEs became more intertwined and complex 329 

following the introduction of compost into the soil eco-system. The ARGs exhibited a complex 330 



 

interaction with the MGEs, resulting in a more uniform deformation compared with the previous 331 

study (Liu et al., 2019). Co-occurrence networks represented that there was an "easy correlation" 332 

between two genes, but without unequivocal demonstrable evidence of direct association and 333 

interaction. It still needs further identifying specific ARGs-MGEs interactions and associates them 334 

with microbial community structures and ecological functions. 335 

 336 

3.2 Microbiota in Soil and Chinese Cabbage Samples 337 

A total of 3,924-69,847 and 2,525-93,570 effective tags were acquired for the bacterial and 338 

fungal communities, respectively, through 16S rRNA and ITS amplicon sequencing of all samples. 339 

3.2.1 Bacterial Community 340 

Bacterial community data were further evaluated using the Buzas_gibson and Shannon_e 341 

diversity index to explore changes in bacterial diversity. Compared with those of the CK, the 342 

Shannon_e and Buzas_gibson indices increased in the soil amended with fertilizer (Fig S6). The 343 

Shannon_e and Buzas_gibson indices of the bacterial community were more sensitive to the T2 than 344 

that of the other groups (Fig S6). In bulk and rhizosphere soil but not showed the cabbage 345 

phyllosphere, alpha diversity of bacterial after application of compost was raised significantly with 346 

obvious features (P < 0.05) (Fig S6). Calculated alpha diversity revealed samples from the 347 

phyllosphere had the lowest bacterial alpha diversity, followed by bulk soil and then rhizosphere 348 

soil (Fig S6). 349 

The bacterial community structure of the soil (bulk soil and rhizosphere soil) samples at the 350 

phylum level was shown in Fig S7A. Firmicutes, Actinobacteria, Acidobacteria, and Proteobacteria 351 

were the four dominant phyla in all soil (bulk soil and rhizosphere soil) samples, with their relative 352 



 

abundance accounted for 68.2-79% totally (Fig S7A). At the class level, Bacilli (ranging from 7.88 353 

to 18.5%), Acidobacteria (ranging from 8.28 to 16.2%), and Alphaproteobacteria (ranging from 7.4 354 

to 15.2%) were the dominant classes of all soil (bulk soil and rhizosphere soil) samples (Fig S7B). 355 

3.2.2 Fungal Community 356 

Compared with the bulk soil, Chao1 and Richness indices increased in the rhizosphere soil. 357 

Comparatively, when amended with T1, T2, T3, and S, the Chao1 index declined by 7.36%-30.60% 358 

and 7.49%-15.90% in rhizosphere soil (except for T1) and bulk soil, respectively (Fig S9). 359 

In the bulk soil, at the phylum level, the abundance of Ascomycota accounted for 73.93-92.13% 360 

of the total composition of all libraries, followed by Chytridiomycota (0.11-20.78%), 361 

Basidiomycota (1.00-7.00%), and Zygomycota (0.34-5.58%) (Except for CK). (Fig S10 A) In 362 

rhizosphere soil, at the phylum level, the abundance of Ascomycota accounted for 88.9-98.1% of 363 

the total composition of all libraries, followed by Zygomycota (0.32-6.57%), Basidiomycota (0.63-364 

4.57%), and Chytridiomycota (0.01-2.02%) (Fig S10 A).  365 

In all soil samples, in comparison to the CK, the abundance of Ascomycota increased following 366 

the addition of compost, the highest value reached at 36.03% (Fig S10 A). The abundance of 367 

Ascomycota in samples from bulk soil had the lowest value, followed by rhizosphere soil (Fig S10 368 

A). Meanwhile, those abundance of Basidiomycota and Zygomycota increased by 0.24-0.83% 369 

(except for treatment S) and 0.04-6.25%, respectively.  370 

In the phyllosphere, compared with the CK, the Chao1 index and Richness increased by 28.42% 371 

and 30% respectively in treatments spiked with T3, with minimal changes after the addition of T1, 372 

T2, and S (Fig S9 C and D). Ascomycota and Basidiomycota were the dominant fungal community 373 

in the phyllosphere and accounted between 68.94- 90.61% of the total composition in all libraries. 374 



 

In comparison to the control treatments, species of Ascomycota were more sensitive to the addition 375 

of T1. Consequently, a decrease ranging between 34.51 and 95.38% was observed for 376 

Basidiomycota (except for S), while increases between 4.28-41.49% were found for Ascomycota 377 

(Fig S10 E). 378 

Our findings support previous research, which observed that the addition of fertilizer can affect 379 

the composition and structure of the plant rhizosphere fungal and bacterial communities. The 380 

additional compost has been shown to positively influence bacterial richness and diversity in soil, 381 

and that over time, the bacterial community structure becomes more stable. (Kavamura et al., 2018) 382 

Soil microbial communities affect plant growth, resource use efficiency, and health, especially 383 

the microbial communities that are picked up according to vegetation to formation the rhizosphere 384 

microbiome (Berendsen et al., 2012; Rodrigo et al., 2013). The bacterial and fungal community 385 

compositions in phyllospheric samples were similar to the rhizosphere soil samples, particularly at 386 

the phylum level (Fig S7, S8, and S10). We can conclude that a certain amount of fungal and 387 

bacterial communities, derived from amended soil, subsequently migrated to the vegetable tissue 388 

and colonized the endophyte.  389 

However, philosophic samples, principal fungal and bacterial families were different from the 390 

soil samples (Fig S7, S8, and S10). It has been suggested that in comparison to endophyte samples, 391 

phyllospheric samples, are more sensitive to the airborne fungal and bacterial community than the 392 

soil fungal and bacterial communities, which would also support our findings (Yan et al., 2019). We 393 

observed differences in phyllospheric samples and bulk soil samples for the major ARGs detected 394 

(aminoglycoside, beta-lactams, and multidrug resistance genes) (Fig 1 and 2). This finding may be 395 

ascribed to the unique microbial community composition in the phyllosphere, where particular 396 



 

microbial ZOTUs are able to port only specific types of ARGs (Li et al., 2015). 397 

3.3 Pathway of ARGs from PWSC to Phyllosphere 398 

Diverse shared ARGs were found among rhizosphere soil (compost amended-soil), root, and 399 

Chinese cabbage phyllosphere, and those only detected in individual samples were represented 400 

utilizing a bipartite network analysis (Fig 2). Seven categories of ARGs (Ⅰ-Ⅶ) were identified based 401 

on the detected sample types, with two categories identified, where the antibiotic resistome was 402 

shared between the Chinese cabbage phyllosphere and environment following compost treatment 403 

(namely, Ⅳ and Ⅵ).  404 

Cluster Ⅳ contained 20 (Fig 2a), 12 (Fig 2b), 1 (Fig 2c), and 18 (Fig 2d) ARGs, respectively, 405 

which were detected simultaneously in the Chinese cabbage phyllosphere and root samples. Cluster 406 

Ⅵ contained 19 (Fig 2a), 15 (Fig 2b), 12 (Fig 2c), and 21 (Fig 2d) ARGs, respectively, which were 407 

detected simultaneously in the Chinese cabbage phyllosphere and the amended rhizosphere soil. 408 

The genes in these two categories conferred resistance to multidrug, beta-lactamase, aminoglycoside, 409 

MLSB, vancomycin, and tetracycline, and were possible candidates for moving resistance from the 410 

soil, to the endophyte and phyllosphere. The ARGs in Cluster Ⅶ were shared in the middle of three 411 

compartments (Chinese cabbage phyllosphere, rhizosphere soil, and root). In PWSC-T1 amended 412 

soils, these genes included 69 ARGs and 5 MGEs (tnpA-02, tnpA-04, tnpA-05, intI-1 (clinic), intI-413 

1LC), most of which conferred multidrug resistance as well as resistance to beta-lactamase, 414 

aminoglycoside, MLSB, and tetracycline (Fig 2a).  415 

In PWSC-T2 amended soils, these genes included 53 ARGs and 6 MGEs (tnpA-01, intI3, tnpA-416 

02, intI-1LC, intI-1(clinic), tnpA-05), most of which conferred multidrug resistance and resistance 417 

to beta-lactamase, sulfonamide, aminoglycoside, and MLSB (Fig 2b). In PWSC-T3 amended soil, 418 



 

these genes included 60 ARGs and 3 MGEs (intI-1LC, intI-1(clinic), tnpA-01), the majority of which 419 

conferred resistance to vancomycin, sulfonamide, aminoglycoside, multidrug, beta-lactamase, and 420 

MLSB (Fig 2c). In S amended-soil, these genes included 60 ARGs and 5 MGEs (tnpA-02, tnpA-04, 421 

intI-1LC, intI-1(clinic), tnpA-05), most of which delivered multidrug resistance as well to 422 

aminoglycoside, beta-lactamase and MLSB (Fig 2d). The bipartite network graph of PWSC 423 

treatment (T1-T3) revealed a similar layout to the S treatment. However, there were generally fewer 424 

shared ARGs clusters between the PWSC amended rhizosphere soil, Chinese cabbage phyllosphere, 425 

and root endophyte samples (Fig 2). 426 

Our findings provide further evidence that compost amended soil-derived ARGs are a key 427 

origin of the antibiotic resistome found in plants (Chen et al., 2017; Zhang et al., 2019; Zhu et al., 428 

2017). To understand further the migration pattern of the PWSC-derived antibiotic resistome to 429 

Chinese cabbage tissues and soil. We have illustrated the possible routes in the soil-plant system 430 

(Fig 2). The migration of ARGs from amended soil to plant through the plant tissues was accounted 431 

for as an inherent route.  432 

All categories in the same soil-Chinese cabbage system shared and exchanged ARGs 433 

effortlessly across categories, especially the exchange of shared ARGs. For example, in the PWSC-434 

T1 treatment, we found that 121 ARGs were shared between root endophyte and rhizosphere soil. 435 

Of most interest were the 74 genes shared solely by rhizosphere soil and Chinese cabbage 436 

phyllosphere, which provided clear evidence of ARGs migrating from amended soil to the Chinese 437 

cabbage phyllosphere. The specific concern is infections caused by multidrug-resistant gram-438 

positive pathogens. Vancomycin, which is an important medical measure to assure the safe running 439 

of the hospital system, is the last line of defense to avoid the hospital infection from complete 440 



 

collapse. Agent resistant genes to vancomycin, except for T1, were not detected in the phyllosphere 441 

in this study. A study on biosafety is an important aspect among studies on applying fertilizer of 442 

PWSC. 443 

 444 

3.4 Shared Microbiota and Antibiotic Resistome among Chinese Cabbage and Amended Soil 445 

Samples 446 

Procrustes analysis and Mantel analysis were used to explore shared ZOTUs associated with 447 

the antibiotic resistome composition from Chinese cabbage phyllosphere, root, and rhizosphere soil 448 

samples. Our study indicated that ARG profiles were associated with the shared bacterial structures 449 

and composition in both the control group and treatment groups, especially for T1 (Fig 3). Further 450 

Procrustes analyzes of the ARG profiles and bacterial 16S rRNA gene clustered the samples 451 

automatically according to the type of sample, and the foundation of Bray-Curtis dissimilarity 452 

metrics, the results offered high accuracy. (Table S3, Fig 3) 453 

We also described the fungal communities’ roles in the dissemination of ARGs. Our findings, 454 

in agreement with previous studies, show that ARG profiles were remarkably associated with the 455 

shared fungal structures and composition in both the control group and treatment group. Procrustes 456 

analyzes of ARG profiles and fungal ITS gene clustered the samples automatically according to the 457 

type of sample, and the foundation of Bray-Curtis dissimilarity metrics fitting the results offered 458 

high accuracy (Table S4, Fig 4). 459 

Studies have suggested that shared ARGs were found in both the endophytes and phyllosphere 460 

of plants cultured in soil amended with manure. For instance, Bai et al. (2015) observed that in terms 461 

of taxonomic structure, leaf and root microbiota, were extensively overlapped whilst. Knief et al. 462 



 

(2012) observed that the dinitrogen reductase gene and dinitrogenase gene, were in both the 463 

rhizosphere and phyllosphere metagenome, indicating that a functional gene level, these genes were 464 

partially overlapping in the leaf and root microbiota. 465 

Shared ZOTUs and shared ARGs imply that phyllosphere and root microbiota might 466 

interconnect fungal and bacterial communities including antibiotic-resistant microbiota which have 467 

the potential to move between the rhizosphere and phyllosphere (Beattie and Lindow, 1999; Ruiz-468 

Pérez et al., 2016). A study has indicated that roots can effectively recruit soil bacteria or fungal 469 

communities to colonize the root, allow antibiotic resistome to migrate from the soil into the 470 

phyllosphere and roots (Bulgarelli et al., 2012). This might be a key migration path for the antibiotic 471 

resistome in organic fertilizer to move into plants, whereby in this process, the roots can act as a 472 

bridge. The results showed that shared ZOTUs support the origin of ARGs by a host in the bacterial 473 

or fungal communities. Ultimately, the phyllosphere and root endophyte in Chinese cabbage forms 474 

their own ARG compositions. 475 

 476 

4. Conclusions 477 

In summary, this research showed that the application of both PWSCs (T1-T3) and S increased 478 

the diversity and absolute abundance of the ARGs in the phyllosphere, root, rhizosphere soil, and 479 

bulk soil of Chinese cabbage. ARGs were examined in the Chinese cabbage microbiome and 480 

disproportionally distributed in distinguishing parts (e.g. Phyllosphere and root) of Chinese cabbage. 481 

Enrichment of Chinese cabbage antibiotic resistome was associated with fungal and bacterial taxa. 482 

Based on these findings, we suggested that rhizosphere soil, root, and phyllosphere microbiota 483 

might interconnect with microbial communities (fungal and bacterial communities), including 484 



 

antibiotic-resistant microbiota, potentially moving between the rhizosphere and phyllosphere. In 485 

this process, we propose that the roots play the role of a bridge.  486 

Nevertheless, shared antibiotic resistome in the amended soil-plant system indicates a feasible 487 

pathway of ARGs migration into human pathogens and the microbiome via the food chain (e.g. 488 

Vegetable and salad). These observations are critical for the assessment of public health risks on 489 

Chinese cabbage grown in the soil amendment dealt with PWSCs. Soil utilization of sewage sludge 490 

is an important universal method of treating sewage sludge. How to prevent the biological pollution 491 

is always a much-discussed problem, especially on the pharmaceutical waste sludge. This research 492 

has significant implications for the recycling of pharmaceutical waste sludge, to improve the 493 

sustainable agricultural practices and the human health protection. 494 

 495 

Acknowledgments 496 

This research is based upon the fund supports provided by Ministry of Science and Technology 497 

of China (MSTC) with National Key Research and Development Program (2017YFE0119000), 498 

National Natural Science Foundation of China (41701564, 41850410497, 41571130063), Science 499 

and Technology Project in Suzhou (SNG201613), Natural Science Fund for Colleges and 500 

Universities in Jiangsu Province (17KJB610010), Graduate Student Scientific Research Innovation 501 

Projects in Jiangsu Province (SJCX17_0674), and Xiamen Bureau of Science and Technology of 502 

China (3502Z20193075). Finally, we thank Yi Zhao for her contributions to constructive comments. 503 

References 504 

Adair, K.L., Wilson, M., Bost, A., Douglas, A.E., 2018. Microbial community assembly in wild 505 

populations of the fruit fly Drosophila melanogaster. ISME J. 12(4), 959-972. doi:10.1038/s41396-017-506 

0020-x. 507 

Allen, H.K., Donato, J., Wang, H.H., Cloud-Hansen, K.A., Davies, J., Handelsman, J., 2010. Call of the 508 



 

wild: antibiotic resistance genes in natural environments. Nature Reviews Microbiology. 8(4), 251-259. 509 

doi:10.1038/nrmicro2312. 510 

Amy, P., Ruoting, P., Heather, S., Carlson, K.H., 2006. Antibiotic resistance genes as emerging 511 

contaminants: studies in northern Colorado. Environ Sci Technol. 40(23), 7445. doi:10.1021/es0680156. 512 

An, X.L., Chen, Q.L., Zhu, D., Su, J.Q., 2018. Distinct effects of struvite and biochar amendment on the 513 

class 1 integron antibiotic resistance gene cassettes in phyllosphere and rhizosphere. Sci Total Environ. 514 

631-632, 668-676. doi:10.1016/j.scitotenv.2018.03.034. 515 

Bai, Y., Muller, D.B., Srinivas, G., Garrido-Oter, R., Potthoff, E., Rott, M., Dombrowski, N., Munch, 516 

P.C., Spaepen, S., Remus-Emsermann, M., Huttel, B., McHardy, A.C., Vorholt, J.A., Schulze-Lefert, P., 517 

2015. Functional overlap of the Arabidopsis leaf and root microbiota. Nature. 528(7582), 364-369. 518 

doi:10.1038/nature16192. 519 

Baym, M., Lieberman, T.D., Kelsic, E.D., Chait, R., Gross, R., Yelin, I., Kishony, R., 2016. 520 

Spatiotemporal microbial evolution on antibiotic landscapes. Science. 353(6304), 1147-1151. 521 

doi:10.1126/science.aag0822. 522 

Beattie, G.A., Lindow, S.E., 1999. Bacterial colonization of leaves: a spectrum of strategies. 523 

Phytopathology. 89(5), 353-359. doi:10.1094/PHYTO.1999.89.5.353. 524 

Berendsen, R.L., Pieterse, C.M., Bakker, P.A., 2012. The rhizosphere microbiome and plant health. 525 

Trends Plant Sci. 17(8), 478-486. doi:10.1016/j.tplants.2012.04.001. 526 

Bernal, M.P., Alburquerque, J.A., Moral, R., 2009. Composting of animal manures and chemical criteria 527 

for compost maturity assessment. A review. Bioresour Technol. 100(22), 5444-5453. 528 

doi:10.1016/j.biortech.2008.11.027. 529 

Bulgarelli, D., Rott, M., Schlaeppi, K., Ver Loren van Themaat, E., Ahmadinejad, N., Assenza, F., Rauf, 530 

P., Huettel, B., Reinhardt, R., Schmelzer, E., Peplies, J., Gloeckner, F.O., Amann, R., Eickhorst, T., 531 

Schulze-Lefert, P., 2012. Revealing structure and assembly cues for Arabidopsis root-inhabiting bacterial 532 

microbiota. Nature. 488(7409), 91-95. doi:10.1038/nature11336. 533 

Chen, Q.-L., An, X.-L., Li, H., Zhu, Y.-G., Su, J.-Q., Cui, L., 2017. Do manure-borne or indigenous soil 534 

microorganisms influence the spread of antibiotic resistance genes in manured soil? Soil Biology and 535 

Biochemistry. 114, 229-237. doi:10.1016/j.soilbio.2017.07.022. 536 

Chen, Q.-L., Ding, J., Zhu, D., Hu, H.-W., Delgado-Baquerizo, M., Ma, Y.-B., He, J.-Z., Zhu, Y.-G., 2019. 537 

Rare microbial taxa as the major drivers of ecosystem multifunctionality in long-term fertilized soils. 538 

Soil Biology and Biochemistry. doi:10.1016/j.soilbio.2019.107686. 539 

Chen, Q., An, X., Li, H., Su, J., Ma, Y., Zhu, Y.G., 2016. Long-term field application of sewage sludge 540 

increases the abundance of antibiotic resistance genes in soil. Environ Int. 92-93, 1-10. 541 

Chen, Q.L., An, X.L., Zhu, Y.G., Su, J.Q., Gillings, M.R., Ye, Z.L., Cui, L., 2017. Application of Struvite 542 

Alters the Antibiotic Resistome in Soil, Rhizosphere, and Phyllosphere. Environ Sci Technol. 51(14), 543 

8149-8157. doi:10.1021/acs.est.7b01420. 544 

Chen, Q.L., Cui, H.L., Su, J.Q., Penuelas, J., Zhu, Y.G., 2019. Antibiotic Resistomes in Plant 545 

Microbiomes. Trends Plant Sci. doi:10.1016/j.tplants.2019.02.010. 546 

Cheng, W., Chen, H., Su, C., Yan, S., 2013. Abundance and persistence of antibiotic resistance genes in 547 

livestock farms: A comprehensive investigation in eastern China. Environ Int. 61(4), 1-7. 548 

Csardi, G., Nepusz, T., 2006. The Igraph Software Package for Complex Network Research. Interjournal 549 

Complex Systems. 1695. 550 

D'Costa, V.M., McGrann, K.M., Hughes, D.W., Wright, G.D., 2006. Sampling the Antibiotic Resistome. 551 

Science. 311(5759), 374-377. doi:10.1126/science.1120800. 552 



 

Edgar, R.C., 2013. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nature 553 

Methods. 10(10), 996-998. doi:10.1038/nmeth.2604. 554 

Edgar, R.C., 2016. UNOISE2: improved error-correction for Illumina 16S and ITS amplicon sequencing. 555 

bioRxiv. 081257. doi:10.1101/081257. 556 

Forsberg, K.J., Patel, S., Gibson, M.K., Lauber, C.L., Knight, R., Fierer, N., Dantas, G., 2014. Bacterial 557 

phylogeny structures soil resistomes across habitats. Nature. 509(7502), 612-616. 558 

doi:10.1038/nature13377. 559 

Gillings, M.R., 2017. Lateral gene transfer, bacterial genome evolution, and the Anthropocene. Ann N 560 

Y Acad Sci. 1389(1), 20-36. doi:10.1111/nyas.13213. 561 

Hadley Wickham, Winston Chang, Lionel Henry, Thomas Lin Pedersen, Kohske Takahashi, Claus 562 

Wilke, ., K.W., 2016. ggplot2: Create Elegant Data Visualisations Using the Grammar of Graphics. Book 563 

of Abstracts. 564 

Ihrmark, K., Bodeker, I.T., Cruz-Martinez, K., Friberg, H., Kubartova, A., Schenck, J., Strid, Y., Stenlid, 565 

J., Brandstrom-Durling, M., Clemmensen, K.E., Lindahl, B.D., 2012. New primers to amplify the fungal 566 

ITS2 region--evaluation by 454-sequencing of artificial and natural communities. FEMS Microbiol Ecol. 567 

82(3), 666-677. doi:10.1111/j.1574-6941.2012.01437.x. 568 

Jing, X., Sanders, N.J., Shi, Y., Chu, H., Classen, A.T., Zhao, K., Chen, L., Shi, Y., Jiang, Y., He, J.-S., 569 

2015. The links between ecosystem multifunctionality and above- and belowground biodiversity are 570 

mediated by climate. Nature Communications. 6(1). doi:10.1038/ncomms9159. 571 

Kavamura, V.N., Hayat, R., Clark, I.M., Rossmann, M., Mendes, R., Hirsch, P.R., Mauchline, T.H., 2018. 572 

Inorganic Nitrogen Application Affects Both Taxonomical and Predicted Functional Structure of Wheat 573 

Rhizosphere Bacterial Communities. Front Microbiol. 9, 1074. doi:10.3389/fmicb.2018.01074. 574 

Klappenbach, J.A., Saxman, P.R., Cole, J.R., Schmidt, T.M., 2001. rrndb: the Ribosomal RNA Operon 575 

Copy Number Database. Nucleic Acids Res. 29(1), 181-184. doi:10.1093/nar/29.1.181. 576 

Knief, C., Delmotte, N., Chaffron, S., Stark, M., Innerebner, G., Wassmann, R., Von, M.C., Vorholt, J.A., 577 

2012. Metaproteogenomic analysis of microbial communities in the phyllosphere and rhizosphere of rice. 578 

ISME J. 6(7), 1378. doi:10.1038/ismej.2011.192. 579 

Li, B., Yang, Y., Ma, L., Ju, F., Guo, F., Tiedje, J.M., Zhang, T., 2015. Metagenomic and network analysis 580 

reveal wide distribution and co-occurrence of environmental antibiotic resistance genes. ISME J. 9(11), 581 

2490-2502. doi:10.1038/ismej.2015.59. 582 

Liu, J., Meng, Z., Liu, X., Zhang, X.-H., 2019. Microbial assembly, interaction, functioning, activity and 583 

diversification: a review derived from community compositional data. Marine Life Science & 584 

Technology. 1(1), 112-128. doi:10.1007/s42995-019-00004-3. 585 

Liu, M., Ding, R., Zhang, Y., Gao, Y., Tian, Z., Zhang, T., Yang, M., 2014. Abundance and distribution 586 

of Macrolide-Lincosamide-Streptogramin resistance genes in an anaerobic-aerobic system treating 587 

spiramycin production wastewater. Water Res. 63, 33-41. doi:10.1016/j.watres.2014.05.045. 588 

Liu, M., Ni, H., Yang, L., Chen, G., Yan, X., Leng, X., Liu, P., Li, X., 2019. Pretreatment of swine manure 589 

containing β-lactam antibiotics with whole-cell biocatalyst to improve biogas production. Journal of 590 

Cleaner Production. 240. doi:10.1016/j.jclepro.2019.118070. 591 

Liu, M., Zhang, Y., Yang, M., Tian, Z., Ren, L., Zhang, S., 2012. Abundance and Distribution of 592 

Tetracycline Resistance Genes and Mobile Elements in an Oxytetracycline Production Wastewater 593 

Treatment System. Environ Sci Technol. 46(14), 7551-7557. doi:10.1021/es301145m. 594 

Liu, X., Lendormi, T., Lanoisellé, J.-L., 2019. Overview of hygienization pretreatment for pasteurization 595 

and methane potential enhancement of biowaste: Challenges, state of the art and alternative technologies. 596 



 

Journal of Cleaner Production. 236. doi:10.1016/j.jclepro.2019.06.356. 597 

Luo, X., Liu, G., Xia, Y., Chen, L., Jiang, Z., Zheng, H., Wang, Z., 2016. Use of biochar-compost to 598 

improve properties and productivity of the degraded coastal soil in the Yellow River Delta, China. Journal 599 

of Soils and Sediments. 17(3), 780-789. doi:10.1007/s11368-016-1361-1. 600 

Martínez Salgado, M.M., Ortega Blu, R., Janssens, M., Fincheira, P., 2019. Grape pomace compost as a 601 

source of organic matter: Evolution of quality parameters to evaluate maturity and stability. Journal of 602 

Cleaner Production. 216, 56-63. doi:10.1016/j.jclepro.2019.01.156. 603 

Meena, K.K., Sorty, A.M., Bitla, U.M., Choudhary, K., Gupta, P., Pareek, A., Singh, D.P., Prabha, R., 604 

Sahu, P.K., Gupta, V.K., Singh, H.B., Krishanani, K.K., Minhas, P.S., 2017. Abiotic Stress Responses 605 

and Microbe-Mediated Mitigation in Plants: The Omics Strategies. Front Plant Sci. 8, 172. 606 

doi:10.3389/fpls.2017.00172. 607 

Mendes, L.W., Kuramae, E.E., Navarrete, A.A., van Veen, J.A., Tsai, S.M., 2014. Taxonomical and 608 

functional microbial community selection in soybean rhizosphere. ISME J. 8(8), 1577-1587. 609 

doi:10.1038/ismej.2014.17. 610 

Nolivos, S., Cayron, J., Dedieu, A., Page, A., Delolme, F., Lesterlin, C., 2019. Role of AcrAB-TolC 611 

multidrug efflux pump in drug-resistance acquisition by plasmid transfer. Science. 364(6442), 778-782. 612 

doi:10.1126/science.aav6390. 613 

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P., 2011. The vegan package: Community 614 

Ecology Package. R package version 2.0--2. 615 

Ouyang, W.Y., Huang, F.Y., Zhao, Y., Li, H., Su, J.Q., 2015. Increased levels of antibiotic resistance in 616 

urban stream of Jiulongjiang River, China. Appl Microbiol Biotechnol. 99(13), 5697-5707. 617 

doi:10.1007/s00253-015-6416-5. 618 

Qiao, M., Ying, G.G., Singer, A.C., Zhu, Y.G., 2018. Review of antibiotic resistance in China and its 619 

environment. Environ Int. 110, 160-172. doi:10.1016/j.envint.2017.10.016. 620 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., Glockner, F.O., 2013. 621 

The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. 622 

Nucleic Acids Res. 41(Database issue), D590-596. doi:10.1093/nar/gks1219. 623 

Quintela-Baluja, M., Abouelnaga, M., Romalde, J., Su, J.Q., Yu, Y., Gomez-Lopez, M., Smets, B., Zhu, 624 

Y.G., Graham, D.W., 2019. Spatial ecology of a wastewater network defines the antibiotic resistance 625 

genes in downstream receiving waters. Water Res. 162, 347-357. doi:10.1016/j.watres.2019.06.075. 626 

Rodrigo, M., Paolina, G., Raaijmakers, J.M., 2013. The rhizosphere microbiome: significance of plant 627 

beneficial, plant pathogenic, and human pathogenic microorganisms. Fems Microbiology Reviews. 37(5), 628 

634-663. doi:10.1111/1574-6976.12028. 629 

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahe, F., 2016. VSEARCH: a versatile open source tool 630 

for metagenomics. PeerJ. 4, e2584. doi:10.7717/peerj.2584. 631 

Romain, M., Andrew, S., Yuan-Ching, T., Roger, M., Lyne, S., Yun, Z., Edward, T., 2013. Impact of 632 

manure fertilization on the abundance of antibiotic-resistant bacteria and frequency of detection of 633 

antibiotic resistance genes in soil and on vegetables at harvest. Applied & Environmental Microbiology. 634 

79(18), 5701-5709. doi:10.1128/AEM.01682-13. 635 

Ruiz-Pérez, C.A., Restrepo, S., Zambrano, M.M., 2016. Microbial and Functional Diversity within the 636 

Phyllosphere of Espeletia sp. in an Andean High Mountain Ecosystem. Applied & Environmental 637 

Microbiology. 82(6), 1807. doi:10.1128/AEM.02781-15. 638 

Selvam, A., Wong, J.W.C., 2017. Degradation of Antibiotics in Livestock Manure During Composting. 639 

267-292. doi:10.1016/b978-0-444-63664-5.00012-5. 640 



 

Stalder, T., Barraud, O., Jove, T., Casellas, M., Gaschet, M., Dagot, C., Ploy, M.C., 2014. Quantitative 641 

and qualitative impact of hospital effluent on dissemination of the integron pool. ISME J. 8(4), 768-777. 642 

doi:10.1038/ismej.2013.189. 643 

Su, J.Q., An, X.L., Li, B., Chen, Q.L., Gillings, M.R., Chen, H., Zhang, T., Zhu, Y.G., 2017. 644 

Metagenomics of urban sewage identifies an extensively shared antibiotic resistome in China. 645 

Microbiome. 5(1), 84. doi:10.1186/s40168-017-0298-y. 646 

Su, J.Q., Wei, B., Ou-Yang, W.Y., Huang, F.Y., Zhao, Y., Xu, H.J., Zhu, Y.G., 2015. Antibiotic resistome 647 

and its association with bacterial communities during sewage sludge composting. Environ Sci Technol. 648 

49(12), 7356-7363. doi:10.1021/acs.est.5b01012. 649 

Tao, W., Zhang, X.X., Zhao, F., Huang, K., Ma, H., Wang, Z., Ye, L., Ren, H., 2016. High Levels of 650 

Antibiotic Resistance Genes and Their Correlations with Bacterial Community and Mobile Genetic 651 

Elements in Pharmaceutical Wastewater Treatment Bioreactors. Plos One. 11(6), e0156854. 652 

doi:10.1371/journal.pone.0156854. 653 

Team, C.R., 2010. Team RDC.R: A Language And Environment For Statistical Computing. R Foundation 654 

for Statistical Computing: Vienna, Austria. Computing. 14, 12-21. 655 

Tong, J., Lu, X., Zhang, J., Sui, Q., Wang, R., Chen, M., Wei, Y., 2017. Occurrence of antibiotic resistance 656 

genes and mobile genetic elements in enterococci and genomic DNA during anaerobic digestion of 657 

pharmaceutical waste sludge with different pretreatments. Bioresour Technol. 235, 316-324. 658 

doi:10.1016/j.biortech.2017.03.104. 659 

Wang, F.H., Qiao, M., Su, J.Q., Chen, Z., Zhou, X., Zhu, Y.G., 2014. High throughput profiling of 660 

antibiotic resistance genes in urban park soils with reclaimed water irrigation. Environ Sci Technol. 661 

48(16), 9079-9085. doi:10.1021/es502615e. 662 

Wang, W., Yang, M., Shen, P., Zhang, R., Qin, X., Han, J., Li, Y., Wen, X., Liao, Y., 2019. Conservation 663 

tillage reduces nitrous oxide emissions by regulating functional genes for ammonia oxidation and 664 

denitrification in a winter wheat ecosystem. Soil and Tillage Research. 194. 665 

doi:10.1016/j.still.2019.104347. 666 

Wright, G.D., 2007. The antibiotic resistome: the nexus of chemical and genetic diversity. Nat Rev 667 

Microbiol. 5(3), 175-186. doi:10.1038/nrmicro1614. 668 

Xiang, Q., Zhu, D., Giles, M., Neilson, R., Yang, X.-R., Qiao, M., Chen, Q.-L., 2020. Agricultural 669 

activities affect the pattern of the resistome within the phyllosphere microbiome in peri-urban 670 

environments. J Hazard Mater. 382, 121068. doi:10.1016/j.jhazmat.2019.121068. 671 

Xie, W.Y., McGrath, S.P., Su, J.Q., Hirsch, P.R., Clark, I.M., Shen, Q., Zhu, Y.G., Zhao, F.J., 2016a. 672 

Long-Term Impact of Field Applications of Sewage Sludge on Soil Antibiotic Resistome. Environ Sci 673 

Technol. 50(23), 12602-12611. doi:10.1021/acs.est.6b02138. 674 

Xie, W.Y., Yang, X.P., Li, Q., Wu, L.H., Shen, Q.R., Zhao, F.J., 2016b. Changes in antibiotic 675 

concentrations and antibiotic resistome during commercial composting of animal manures. Environ 676 

Pollut. 219, 182-190. doi:10.1016/j.envpol.2016.10.044. 677 

Yan, Z.Z., Chen, Q.L., Zhang, Y.J., He, J.Z., Hu, H.W., 2019. Antibiotic resistance in urban green spaces 678 

mirrors the pattern of industrial distribution. Environ Int. 132, 105106. doi:10.1016/j.envint.2019.105106. 679 

Zhang, J., Lin, H., Ma, J., Sun, W., Yang, Y., Zhang, X., 2019. Compost-bulking agents reduce the 680 

reservoir of antibiotics and antibiotic resistance genes in manures by modifying bacterial microbiota. Sci 681 

Total Environ. 649, 396-404. doi:10.1016/j.scitotenv.2018.08.212. 682 

Zhang, Q.Q., Ying, G.G., Pan, C.G., Liu, Y.S., Zhao, J.L., 2015. Comprehensive evaluation of antibiotics 683 

emission and fate in the river basins of China: source analysis, multimedia modeling, and linkage to 684 

https://doi.org/10.1016/j.jhazmat.2019.121068


 

bacterial resistance. Environ Sci Technol. 49(11), 6772-6782. doi:10.1021/acs.est.5b00729. 685 

Zhang, Y.J., Hu, H.W., Chen, Q.L., Singh, B.K., Yan, H., Chen, D., He, J.Z., 2019. Transfer of antibiotic 686 

resistance from manure-amended soils to vegetable microbiomes. Environ Int. 130, 104912. 687 

doi:10.1016/j.envint.2019.104912. 688 

Zheng, F., Zhu, D., Giles, M., Daniell, T., Neilson, R., Zhu, Y.G., Yang, X.R., 2019. Mineral and organic 689 

fertilization alters the microbiome of a soil nematode Dorylaimus stagnalis and its resistome. Sci Total 690 

Environ. 680, 70-78. doi:10.1016/j.scitotenv.2019.04.384. 691 

Zhu, B., Chen, Q., Chen, S., Zhu, Y.G., 2017. Does organically produced lettuce harbor higher abundance 692 

of antibiotic resistance genes than conventionally produced? Environ Int. 98, 152-159. 693 

doi:10.1016/j.envint.2016.11.001. 694 

Zhu, D., An, X.L., Chen, Q.L., Yang, X.R., Christie, P., Ke, X., Wu, L.H., Zhu, Y.G., 2018. Antibiotics 695 

Disturb the Microbiome and Increase the Incidence of Resistance Genes in the Gut of a Common Soil 696 

Collembolan. Environ Sci Technol. 52(5), 3081-3090. doi:10.1021/acs.est.7b04292. 697 

Zhu, Y.G., Johnson, T.A., Su, J.Q., Qiao, M., Guo, G.X., Stedtfeld, R.D., Hashsham, S.A., Tiedje, J.M., 698 

2013. Diverse and abundant antibiotic resistance genes in Chinese swine farms. Proc Natl Acad Sci U S 699 

A. 110(9), 3435-3440. doi:10.1073/pnas.1222743110. 700 

 701 

  702 



 

Table 1. Chemical properties of fertilizers and soil. 703 

Items Soil PWSC T1 PWSC T2 PWSC T3 S 

pH 7.52 7.43 8.06 6.94 8.73 

TC 17.74 283.1 242.2 280.5 146.2 

TN 2.71 9.45 12.95 11.27 9.59 

Cr 78.18 47.73 226.58 36.43 13.35 

Cu 34.81 65.53 164.41 229.65 95.38 

Pb 38.45 5.87 14.35 1.91 4.08 

Zn 132.37 148.85 256.64 320.68 290.66 

Cd 0.37 0.48 0.51 0.45 0.45 

Tetracycline - 4.96 3.86 4.06 8.79 

Oxytetracycline - 2.33 1.12 1.97 4.68 

Doxycycline - 2.56 2..13 1.86 3.33 

Sulfadiazine - 0.81 0.31 0.54 0.34 

Sulfamethazine - 0.23 0.12 0.10 0.05 

Ciprofloxacin - 4.32 4.12 3.24 5.66 

Enrofloxacin - 0.32 0.29 0.31 0.51  

Chlorotetracycline - 0.54 0.59 0.48 0.46 
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 713 



 

Figure 1. The detected MGEs and ARGs in soil samples (including initial soil, rhizosphere soil and 714 

bulk soil), Chinese cabbage phyllosphere and compost (including T1, T2, T3 and S). ARGs were 715 

classified according to the antibiotic they resisted. Control treatments (CK), PWSCs of T1 716 

treatments (T1), PWSCs of T2 treatments (T2), PWSCs of T3 treatments (T3), sewage sludge 717 

compost treatments (S) respectively. The mean values of three replicates, data as means ± SD. 718 

 719 

Figure 2. Bipartite network illustrating the shared genes between Chinese cabbage phyllosphere, 720 

root, and rhizosphere soil (compost amended soil) cultured in soil amended with compost (T1 (a), 721 

T2 (b), T3 (c) and S (d)). 722 

 723 

Figure 3. Procrustes analysis is unveiling the significant association between the absolute abundance 724 

of ARGs and shared bacterial taxa composition (16S rRNA gene ZOTUs) relied on the Bray-Curtis 725 

distance. a, without the application of manure, b, with application of TI composting, c, with 726 

application of T2 composting, d, with application of T3 composting, e, with application of S 727 

composting. 728 

 729 

Figure 4. Procrustes analysis unveiling the significant association between the absolute abundance 730 

of ARGs and shared fungal taxa composition (ITS read ZOTUs) relied on the Bray-Curtis distance. 731 

a, without application of composting, b, with application of TI composting, c, with application of 732 

T2 composting, d, with application of T3 composting, e, with application of S composting. 733 


