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A B S T R A C T   

Conjunctive transfer of antibiotic resistance genes (ARGs) among bacteria driven by plasmids facilitated the 
evolution and spread of antibiotic resistance. Heavy metal exposure accelerated the plasmid-mediated 
conjunctive transfer of ARGs. Nanomaterials are well-known adsorbents for heavy metals removal, with the 
capability of combatting resistant bacteria/facilitating conjunctive transfer of ARGs. However, co-effect of heavy 
metals and nanomaterials on plasmid-mediated conjunctive transfer of ARGs was still unknown. In this study, we 
investigated the effect of the simultaneous exposure of Cd2+ and nano Fe2O3 on conjugative transfer of plasmid 
RP4 from Pseudomonas putida KT2442 to water microbial community. The permeability of bacterial cell mem-
branes, antioxidant enzyme activities and conjugation gene expression were also investigated. The results sug-
gested that the combination of Cd2+ and high concentration nano Fe2O3 (10 mg/L and 100 mg/L) significantly 
increased conjugative transfer frequencies of RP4 plasmid (p < 0.05). The most transconjugants were detected in 
the treatment of co-exposure to Cd2+ and nano Fe2O3, the majority of which were identified to be human 
pathogens. The mechanisms of the exacerbated conjugative transfer of ARGs were involved in the enhancement 
of cell membrane permeability, antioxidant enzyme activities, and mRNA expression levels of the conjugation 
genes by the co-effect of Cd2+ and nano Fe2O3. This study confirmed that the simultaneous exposure to Cd2+and 
nano Fe2O3 exerted a synergetic co-effect on plasmid-mediated conjunctive transfer of ARGs, emphasizing that 
the co-effect of nanomaterials and heavy metals should be prudently evaluated when combating antibiotic 
resistance.   

1. Introduction 

The emergence and spread of antibiotic resistance among pathogenic 
bacteria is a growing public health concern worldwide. It has been 
estimated that antimicrobial-resistant infections in humans could cause 
10 million deaths annually by 2050 (O’Neill, 2014). The rapid propa-
gation and dissemination of antibiotic resistance in pathogens can be 
significantly attributed to mobile genetic elements (MGEs)-mediated 
horizontal transfer of antibiotic resistance genes (ARGs) (Baker et al., 
2018; Povolo and Ackermann, 2019). Plasmid transfer by conjugation is 
the most superior mechanism of horizontal transfer and has extensively 

contributed to the development of ARGs acquisition and transfer. Recent 
studies have demonstrated that high proportion (e.g. > 25%) of 
antibiotic-resistant pathogenic bacteria found in clinical settings are 
capable of spreading their resistance directly to other bacteria by 
conjugation (Bethke et al., 2020; Lopatkin et al., 2017). However, owing 
to the lack of definitive quantification coupled with genomic analysis, 
the environmental and genetic forces that drive plasmid-mediated 
transfer of ARGs are poorly understood. 

Antibiotic resistance can spread and proliferate under selective 
pressures (e.g. antibiotics and heavy metals). Heavy metals may exert 
much stronger selective pressures for antibiotic resistance, since heavy 
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metals can mostly accumulate to toxic levels by anthropogenic activities 
and are difficult to degrade and remove from various environmental 
compartments (Masindi and Muedi, 2018; Song et al., 2017). Recent 
increasing studies have revealed that frequent and persistent heavy 
metals pollution could facilitate the spread of antibiotic resistance by 
acting as co-selecting agents in various soils and water bodies (Di Cesare 
et al., 2016b; Hu et al., 2016; Hu et al., 2017; Seiler and Berendonk, 
2012; Xu et al., 2017). The increased heavy metal concentrations (e.g. 
Cu2+, Cd2+, Zn2+ and Hg2+) were significantly correlated with increased 
abundance of phenotypic or genotypic antibiotic resistance (Baker- 
Austin et al., 2006; Di Cesare et al., 2016a; Nguyen et al., 2019; Seiler 
and Berendonk, 2012; Zhu et al., 2013). Additionally, studies have 
showed that the horizontal transfer of plasmid-mediated antibiotic 
resistance between bacteria could be promoted by sub-inhibitory con-
centrations of heavy metals (Cu2+, Ag+, Cr6+ and Zn2+) (Lu et al., 2020; 
Zhang et al., 2018). The underlying molecular mechanisms for enhanced 
conjugative transfer driven by heavy metals predominantly involved in 
conserved cellular response pathways such as intracellular ROS gener-
ation, the induction of oxidative stress, the SOS response, increasing cell 
membrane permeability, and altered expression of genes related to 
conjugative transfer (Andersson and Hughes, 2014; Zhang et al., 2017). 
Cadmium (Cd) is the first most common heavy metal pollutant in en-
vironments, which can cause “itai-itai” disease when accumulated in 
human body (Inaba et al., 2005). Previous studies have suggested that 
cadmium was a dominant factor affecting the distribution of antibiotic 
resistance in soils and could induce co-selection of ARGs (Zhao et al., 
2020). Our recent study has also revealed that cadmium exposure 
enhanced plasmid-mediated transfer of antibiotic resistance to a fresh 
water microbial community (Pu et al., 2020). 

Nanomaterials, considered as “environmental friendly materials”, 
have been widely used in industrial catalysis (Fang et al., 2018; Hou 
et al., 2016), electronic devices (Yang et al., 2014; Yoder et al., 2018), 
energy (Rezaie and Montazer, 2020), herbicide (Jaafarzadeh et al., 
2017), and medicine therapeutic agent (Rojas et al., 2019). Due to its 
low cost, simple operation and excellent adsorption performance, 
nanomaterial adsorption is one of the promising strategies for heavy 
metal remediation in aquatic environments (Oh and Park, 2011; Wang 
et al., 2018). Studies have reported that several common highly toxic 
heavy metal ions, e.g., Cr, As, Pb, U, Hg, Cd, and Ni, etc. could be 
significantly removed by nanomaterials and environmental conditions 
such as contact time, temperature, solution pH, and dosage of adsorbent 
might exert a pivotal effect on the migration efficiency (Gupta and 
Nayak, 2012; Wu et al., 2019). In addition, nanomaterials have emerged 
as an alternative tool to eliminate antibiotic-resistant bacterial in-
fections. Nanomaterials can simultaneously disrupt the bacterial mem-
brane and target intracellular components to impede proper functioning 
of the cellular machinery (Makabenta et al., 2020). Previous studies 
have also showed that nanomaterials facilitate the conjugative transfer 
of plasmid-borne ARGs across bacterial genera possibly via inducing 
excessive reactive oxygen species (ROS) generation and increasing 
membrane permeability (Liu et al., 2019; Qiu et al., 2015; Qiu et al., 
2012; Zhang et al., 2019). However, limited reports are focusing on the 
co-effect of heavy metals and nanomaterials on the horizontal transfer of 
antibiotic resistance. Iron oxide nanoparticles with unique magnetic 
properties and superior biocompatibility have been widely applied in 
diagnostic, therapeutic and theranostic settings (Dadfar et al., 2019). 
Moreover, iron oxide nanoparticles have been proven to be a high effi-
cient and cost-effective nanoadsorbent for removal of As, Cu and Cr and 
Cd contamination in aquatic environments (Kilianova et al., 2013; 
Luther et al., 2012; Tang et al., 2011). 

The broad-host-range plasmid RP4 has been extensively studies as 
vectors for mediating conjugative transfer of ARGs to diverse bacteria in 
soil and aquatic environments. In the present study, we evaluated the 
RP4 plasmid-mediated conjugative transfer of ARGs from P. putida 
KT2442 to bacterial community in waters under the exposure of cad-
mium and nano Fe2O3. Furthermore, we systematically explored the 

underlying mechanisms for the enhanced horizontal transfer of anti-
biotic resistance using physiological, biochemical, and genomic ap-
proaches, which included the analyses of cell membrane permeability, 
enzyme activities involving in the antioxidant defense, and mRNA 
expression levels of the conjugation genes. This study aims to elucidate 
the co-effect of Cd2+ and nano Fe2O3 on the conjunctive transfer of ARGs 
mediated by plasmid RP4 and to explore the potential mechanisms for 
the plasmid-mediated conjunctive transfer of ARGs. 

2. Materials and methods 

2.1. Donor strain, recipient microbial community, plasmid, and Fe2O3 
nanoparticles 

Donor strain Pseudomonas putida KT2442, which was a kind gift from 
Professor Barth F. Smets, Technical University of Denmark, carried two 
independent chromosomal insertions (Musovic et al., 2010). The inser-
tion of lacIq into P. putida KT2442 was constructed by triparental mating 
and the dsRed gene contained in a mini-Tn5 cassette was transferred to 
the chromosome of P. putida KT2442::lacIq. A broad host range IncP 
plasmid RP4 was also contained in P. putida KT2442::lacIq::dsRed, which 
simultaneously carried genes encoding resistance to ampicillin (ApR), 
kanamycin (KmR), and tetracycline (TcR). Plasmid RP4 was marked with 
gfp and a lacIq repressible promoter upstream of gfp gene. The donor cells 
were cultured overnight at 37 ◦C in Luria-Bertani broth supplemented 
with 100 mg/L ampicillin, 50 mg/L kanamycin, and 50 mg/mL tetra-
cycline, and collected by centrifugation at 5000g for 6 min. The indig-
enous bacteria in brackish waters (50 L) from Xinlin bay (Xiamen, China, 
24◦36′N, 118◦3′E) were used as the recipient bacterial community. 
Large particles (e.g. phytoplankton) were firstly removed by filtration 
using 3-μm polycarbonate filters (Millipore, USA). Recipient bacterial 
cells were also collected by centrifugation at 5000g for 6 min. The 
resulting cell pellets were washed and then resuspended using sterile 
phosphate-buffered saline (0.01 M PBS, pH = 7.2) before conjugative 
transfer experiment. 

Fe2O3 nanoparticles (mainly < 50 nm in diameter) and bulk Fe2O3 
(mainly < 5 μm in diameter) were purchased from Sigma-Aldrich 
(China) and CdCl2 was purchased from Sinopham Chemical Reagent 
Co., Ltd. (China). Fresh solutions (10 mg/mL) of Cd2+, nano Fe2O3 and 
bulk Fe2O3 were prepared by suspending in 0.01 M PBS (pH 7.2), 
respectively. To avoid aggregation, the suspensions of nano Fe2O3 and 
bulk Fe2O3 were ultrasonicated with 20 KHz at room temperature for 
30 min before use. 

2.2. Conjugative transfer of plasmid RP4 

The donor and recipient cells were adjusted to 108 cell/mL in 0.01 M 
PBS, respectively. Equivalents of donors and recipients were mixed, 
followed by immediately adding 10 mg/L of CdCl2 (environmentally 
relevant concentration of Cd2+), and then adding nano Fe2O3 (Cd2+- 
nano Fe2O3) or bulk Fe2O3 (Cd2+-bulk Fe2O3) with the concentrations of 
1, 10 and 100 mg/L. The equal volume of PBS was added as the no- 
added nano Fe2O3/bulk Fe2O3 control groups. All treatments were 
conducted in triplicate and incubated at 25 ◦C for 8 h. The colony 
numbers of transconjugants (NT) and donors (ND) on LB agar plates 
containing ampicillin, kanamycin, and tetracycline were counted using 
a fluorescence microscope (ZEISS, Germany). The total number of cul-
turable bacteria (NC) was also counted on no-added antibiotic LB agar 
plates. The transfer frequency (f) was calculated using the following 
formula: 

f = NT/(NC − ND)

The donors and recipients individually with the corresponding 
treatments mentioned above were used to be controls and their colonies 
were numbered on selective antibiotic plates to exclude mutation. RP4 
plasmids extracted from P. putida KT2442 were applied to conduct a 
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transformation experiment to preclude the natural transformation of 
plasmids. The transconjugants were picked under fluorescence micro-
scope and stored at − 80 ◦C for further analysis. 

2.3. Identification of transconjugants 

DNA of transconjugants was extracted using the TIANamp Bacteria 
DNA Kit (Tiangen, China), and the full-length 16S rRNA gene was 
amplified using primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 
1492R (5′-GGTTACCTTGTTACGACTT-3′) (Asghari et al., 2013). PCR 
products were sequenced using Sanger Sequencing at Borui Biotech-
nology Co., Ltd. (China) and taxonomic analysis was performed by blast 
against NCBI nr database. Phylogenetic tree was constructed basing on 
neighbor-joining method using MEGA 7 and iTOL (Letunic and Bork, 
2016). 

2.4. Analysis of heavy metal concentrations 

Conjugative cultures were centrifuged at 5000g for 7 min to remove 
bacterial pellets. The Cd2+/Fe3+concentrations in the supernatants were 
determined by using inductively coupled plasma optical emission 
spectroscopy (ICP-OES) (PerkinElmer, USA) to evaluate their potential 
cytotoxicity according to a previously reported study (Chen et al., 2014). 

2.5. Cell membrane permeability 

Flow cytometry was applied for detecting cell membrane perme-
ability (Merck Millipore, USA). Bacterial viability was evaluated by 
using LIVE/DEAD BacLight Bacterial Viability kit (Invitrogen, USA) as 
described previously (Berney et al., 2007). Briefly, collected bacterial 
cells were diluted to the cell density of approximately 106 cells/mL 
(OD600 ≈ 0.01) in 0.01 M PBS and subsequently stained with PI (30 μM) 
and Syto9 (5 μM). The boiled cells at 100 ℃ for 10 min were used as the 
PI-positive control and Syto9-positive control was prepared by directly 
mixing the bacterial cells and Syto9. The equal volume of PBS without 
PI/Syto9 was used as a negative control. All samples were allowed to 
incubate in the dark at room temperature for 15 min before flow 
cytometry analysis. GFP fluorescent and DsRed fluorescent were 
detected at Filter2 (532/55 nm) and Filter4 (610/30 nm) by using the 
flow cytometer equipped with a 488-nm excitation, respectively. IDEAS 
software (version 6.2) was used to analyze data. 

Transmission electron microscopy (TEM) was used to further verify 
the integrity of cell membrane under different treatments. After the 
processes of fixation (2.5% glutaraldehyde), rinse (0.2 M citric acid so-
lution), re-fixation (2% OsO4 in anhydrous acetone supplemented with 
8% dimethoxypropane), dehydration (graded series of ethanol), re-rinse 
(propylene oxide), embedding (Epon812 resin), section (Ultracut R ul-
tramicrotome, Leica, Germany), and stain (2% aqueous uranyl acetate 
and Reynold’s lead citrate sequentially), cell structure of bacteria were 
examined using transmission electron microscope (Qiu et al., 2012). 

2.6. Bacterial antioxidant enzyme activities 

Bacterial pellets from conjugation mixtures were washed and 
resuspended in 0.01 M PBS. Cell lysis was conducted on ice by using 
sonication at a frequency of 20 KHz with four cycles of 10-s pulse and 
20-s pause. Bacterial debris was removed by centrifugation for 10 min 
(9000g, 4 ◦C). The resulting supernatant was immediately applied for 
measuring the amount of protein by using BCA protein assay kit 
(Solarbio, China). Superoxide dismutase (SOD) and catalase (CAT) ac-
tivities were also measured by superoxide dismutase activity detection 
kit and catalase activity detection kit (Solarbio, China) according to the 
manufacturer’s protocols. 

2.7. Analysis of conjugation-related gene expression 

Bacterial RNA was extracted using a RNAprep pure Cell/Bacteria Kit 
(Tiangen, China), and quantified using a Qubit™ RNA HS Assay Kit 
(Thermo Fisher, USA). Then, RNA was reverse transcribed into cDNA by 
applying an ImProm-II™ Reverse Transcription kit (Promega, USA). 
Reverse transcription-polymerase chain reaction (RT-PCR) assays were 
performed using a SYBR Green I approach (TaKaRa, Japan) on a Roche 
480 system (LightCycler480II, Germany) and expression levels of trbBp 
(encoding mating pair formation) and trfAp (encoding DNA transfer and 
replication) were quantified. 16S rRNA was used as a reference gene in 
the RT-PCR analysis. Primers and reaction condition for RT-PCR assays 
were listed in Table S1 (Wang et al., 2015). 

2.8. Statistical analysis 

Averages and standard deviations of all data were calculated using 
Microsoft Excel 2016 (Microsoft, USA). One-Way analysis of variation 
(ANOVA) was performed by using SPSS 20.0 software (SPSS, Chicago, 
IL) and all statistical tests were considered significant at P-value < 0.05. 
Graphing was performed by using OriginPro 2018 (OriginLab, USA). 

3. Results 

3.1. Effect of nano Fe2O3 on Cd2+ concentration and bacterial growth 

Cd2+ concentration was significantly (p < 0.05) decreased when 
exposing to the higher concentrations of nano Fe2O3 (10 mg/L and 
100 mg/L) and bulk Fe2O3 (100 mg/L) (Fig. S1). Additionally, there 
were increasing amounts of iron ions to be detected with the increasing 
concentrations of nano Fe2O3/bulk Fe2O3 within one hour (Fig. S2). The 
growth of donors and recipients was also measured when exposed to 
10 mg/L of Cd2+ and different concentrations of Nano Fe2O3/bulk 
Fe2O3. No significant variation in bacterial growth was observed with 
the increase in concentrations of nano Fe2O3/bulk Fe2O3 (Fig. S3). 

3.2. Transfer frequencies of RP4 and phylogenetic analysis of 
transconjugants 

Natural transformants and mutants were not observed in the present 
study. Transfer frequencies of RP4 plasmid were significantly increased 
with the increase of nano Fe2O3 concentration (10 mg/L and 100 mg/L) 
(p < 0.05); while there was not significant variation observed in the 
treatments of different bulk Fe2O3 concentrations (Fig. S4). Compared 
with the treatment of 10 mg/L Cd2+, bulk Fe2O3 and 1 mg/L nano Fe2O3 
showed lower transfer frequencies of plasmid RP4 (p < 0.05) (Fig. 1). 
The transfer frequencies of RP4 in the treatments of high nano Fe2O3 
concentrations (10 mg/L and 100 mg/L) ranged from 1.23 × 10-3 to 
1.38 × 10-3, which were not different from those in the Cd2+ treatment 
(1.15 × 10-3) (p > 0.05). When simultaneously exposing to Cd2+ and 
nano Fe2O3, the transfer frequencies were significantly increased under 
high nano Fe2O3 concentrations (10 mg/L and 100 mg/L) (p < 0.05); 
Cd2+-nano Fe2O3 treatments showed a transfer frequency of 2.94 × 10-3 

at 10 mg/L nano Fe2O3 and a transfer frequency of 2.50 × 10-3 at 
100 mg/L nano Fe2O3. For the treatments of Cd2+-bulk Fe2O3, bulk 
Fe2O3 addition exerted no effect on the transfer frequencies of RP4 
compared with the Cd2+ treatment. In addition, the transfer frequencies 
of RP4 were significantly higher in the nano Fe2O3 treatments than those 
in the treatments of bulk Fe2O3 with the same concentrations (10 mg/L 
or 100 mg/L) (p < 0.05) (Fig. 1). 

A total of 87 transconjugants were detected among all treatments 
and 25 transconjugants were found in the treatments of Cd2+-nano 
Fe2O3. Sequencing analysis of full-length 16S rRNA genes revealed that 
all transconjugants were affiliated to gram-negative bacteria (Table S2). 
Phylogenetic analyses showed that the majority of the transconjugants 
were Shigella boydii and Escherichia hermannii, belonging to 
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Enterobacteriaceae; the remaining belonged to the families Aero-
monadaceae, Comamonadaceae, Moraxellaceae and Neisseriaceae 
(Fig. 2 and Table S2). In addition, most of transconjugants, e.g., Aero-
monas veronii bv. Sobria, Shigella boydii, Escherichia hermannii, Kluyvera 
cryocrescens, Serratia marcescens, Acinetobacter tandoii, Vogesella perlu-
cida, Klebsiella pneumoniae and Shewanella xiamenensis, were identified 
to be human pathogens or opportunistic pathogens and the largest di-
versity of pathogens was observed in the treatment of Cd2+-nano Fe2O3 
(Fig. 2 and Table S2). 

3.3. Bacterial antioxidant enzyme activities and cell membrane 
permeability 

Bacterial antioxidant enzyme activities (SOD and CAT) were signif-
icantly increased with the increase of nano Fe2O3 concentration (10 mg/ 
L and 100 mg/L) (p < 0.05); while there was not significant variation 
observed in the treatments of different bulk Fe2O3 concentrations 
(Fig. S5). For the treatments simultaneously exposing to Cd2+ and nano 
Fe2O3, antioxidant enzyme activities were significantly higher than 

those in the individual Cd2+/nano Fe2O3 treatments (p < 0.05) (Fig. 3). 
No distinct variation in SOD and CAT activities was observed in the 
treatments of Cd2+-bulk Fe2O3 compared with the Cd2+ treatment; 
whereas the activities were significantly increased when compared with 
the bulk Fe2O3 treatments (p < 0.05) (Fig. 3). In addition, the bacterial 
antioxidant enzyme activities significantly increased in the nano Fe2O3 
treatments compared with the bulk Fe2O3 treatments at the same con-
centrations (10 mg/L or 100 mg/L) (p < 0.05) (Fig. 3). 

Fluorescent staining with a combination of PI and Syto9 could 
distinguish “membrane compromised cells” from “intact cells”, and cells 
with different membrane damage degrees shift in different quadrants: 
cells with intact membrane are located on the lower right quadrant 
(Syto9); cells with the most severe membrane damage, even dead cells, 
are located on the upper left (PI), and cells with gentle membrane 
damage are located on the upper right (PI-Syto9) (Zacharias et al., 
2015). In the present study, the percentage of membrane compromised 
bacteria was significantly increased in treatments of Cd2+-nano Fe2O3 
(p < 0.05), whereas a significant decrease in the percentage of PI-Syto9 
was observed in the Cd2+-bulk Fe2O3 (p < 0.05) (Fig. 4A and S6). TEM 

Fig. 1. Effect of nano Fe2O3 and bulk Fe2O3 on the conjugative transfer frequencies of the plasmid RP4 from P. putida KT2442 to the recipient bacterial community 
from brackish waters. Cd2+ represents 10 mg/L Cd2+ treatments; Nano Fe2O3 and Bulk Fe2O3 stand for treatments with 1, 10 and 100 mg/L nano Fe2O3/bulk Fe2O3, 
respectively. Cd2+-Nano Fe2O3 and Cd2+-Bulk Fe2O3 represent the treatments of simultaneous exposure to 10 mg/L Cd2+ and different concentrations (1, 10 and 
100 mg/L) of nano Fe2O3/bulk Fe2O3. The error bars represent standard error of replicates (n = 3). Significant difference among different treatments were tested with 
a one-way ANOVA and shown with different lowercases. 

Fig. 2. Phylogenetic analysis of transconjugants 
under the exposure to Cd2+ and nano Fe2O3/bulk 
Fe2O3. Cd2+ represents the treatment of 10 mg/L 
Cd2+ and Nano Fe2O3 and Bulk Fe2O3 indicate the 
treatments of 1, 10 and 100 mg/L nano Fe2O3/bulk 
Fe2O3. Cd2+-Nano Fe2O3 represents the treatments 
simultaneously exposing to Cd2+ and different con-
centrations (1, 10 and 100 mg/L) of nano Fe2O3; 
Cd2+-Bulk Fe2O3 is the treatments simultaneously 
exposing to Cd2+ and different concentrations (1, 10 
and 100 mg/L) of bulk Fe2O3. The colors of the outer 
ring stand for the taxonomic composition of trans-
conjugants and the inner ring stands for the phylo-
genetic tree of the transconjugants. The symbols 
indicate the different treatments. A. delafieldii, Acid-
ovorax delafieldii; A. tandoii, Acinetobacter tandoii; 
A. veronii bv. sobria, Aeromonas veronii bv. sobria; 
E. coli, Escherichia coli; E. hermannii, Escherichia her-
mannii; K. cryocrescens, Kluyvera cryocrescens; 
K. pneumoniae, Klebsiella pneumoniae; 
R. ornithinolytica, Raoultella ornithinolytica; S. boydii, 
Shigella boydii; S. marcescens, Serratia marcescens; 
S. boydii, Shigella boydii; V. perlucida, Vogesella 
perlucida.   
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imaging analysis revealed that the cell membranes of bacteria kept 
intact and distinct, and there seemed to be cavities in the cytoplasm 
partially in the Cd2+ treatment (Fig. 4B). When exposing to Cd2+ and 
10 mg/L nano Fe2O3, the cell membranes were indistinct or broken and 
more direct contacts between the cells were also observed. Whereas cell 
membranes treated with bulk Fe2O3 were intact with clear cell borders 
and compact cell cytoplasm. 

3.4. Expression level of conjugation genes 

In the present study, the simultaneous exposure to 10 mg/L Cd2+ and 
high concentrations of nano Fe2O3 (10 mg/L and 100 mg/L) signifi-
cantly facilitated the mRNA expression levels of trfAp and trfBp 
(p < 0.05) (Fig. 5). For the treatments of Cd2+-bulk Fe2O3, the expression 
levels of trfAp and trbBp showed no difference from the Cd2+ treatments 
(Fig. 5). In addition, the mRNA expression levels of trfAp and trbBp in 
nano Fe2O3 treatments were higher than those in bulk Fe2O3 treatments 
under the same concentrations (10 mg/L or 100 mg/L) (Fig. 5). 

4. Discussion 

Horizontal gene transfer significantly contributes to the spread of 
antibiotic resistance in environments. Our study revealed that Cd2+ and 
nano Fe2O3 exerted a co-effect on the plasmid-mediated conjugative 
transfer of ARGs with regard to physiological, biochemical, and genomic 
changes. Cd2+ and nano Fe2O3 significantly contribute to the increasing 
conjugative transfer frequencies of plasmid RP4 from P. putida KT2442 
to bacterial community in brackish waters. Membrane permeability, 
antioxidant enzyme activities and conjugation genes expression levels 
were significantly accelerated by the co-existence of Cd2+ and nano 
Fe2O3. These results provided a new perspective for understanding the 
mechanisms for horizontal gene transfer of ARGs. 

In this study, Cd2+ concentration was significantly decreased with 
the increasing concentrations of nano Fe2O3 (p < 0.05), supporting that 
nanoparticles could efficiently remove heavy metals (Wadhawan et al., 
2020; Xiao et al., 2017). Previous studies suggested that Fe2O3 nano-
particles could be applied for water purification owing to the highly 
efficient removal of the Al3+, Cd2+, As3+, Cd2+, Ni2+, and Cu2+ (Lin 
et al., 2017). Compared with bulk Fe2O3, nano Fe2O3 exerted more 
significant influence on the decrease of Cd2+ concentration. The possible 
explanation was that nano Fe2O3 had the favorable properties such as 
high surface area, smaller particle size, improved membrane properties, 
and higher tensile strength (Rajput et al., 2018; Xu et al., 2012). Addi-
tionally, our study also found that the amounts of iron ions increased 
with the increasing concentrations of nano Fe2O3/bulk Fe2O3 within one 
hour, while the rate of dissolution was<1%. The observation was similar 
to previous studies, reporting that 9.3% of Ag+ was dissolved from silver 
nanoparticles (Chen et al., 2014). The heavy metals (e.g. Cu2+, Ag+) 
have been proven to be major antimicrobial agents owing to their po-
tential of promoting plasmid-mediated transfer of ARGs and increasing 
ARG abundance (Lu et al., 2020; Zhang et al., 2019), whereas our results 
indicated that the dissolved iron ion leaching from nanoparticles had 
low concentrations and could not exert a significant effect on bacterial 
growth and transfer frequencies. 

Recent advances in nanomaterial-based systems provided new per-
spectives to combat antibiotic-resistant bacterial infections, acting as 
broad-spectrum antimicrobial agents by directly targeting the chemical 
integrity of the bacterial phospholipids to destroy the cell membrane 
(Gupta et al., 2019; Khulbe et al., 2020). On the other hand, there were 
increasing evidences suggesting that both heavy metals and nano-
materials significantly increased the abundance of ARGs and facilitated 
conjugative transfer of ARGs mediated by plasmid (Chen et al., 2019; Pu 
et al., 2020; Qiu et al., 2012; Wang et al., 2020; Yu et al., 2020). Our 
results showed that the conjugative transfer frequencies of plasmid RP4 

Fig. 3. Activities of antioxidant enzyme SOD and CAT of bacterial cells under the exposure to Cd2+ and nano Fe2O3/bulk Fe2O3. Cd2+ represents 10 mg/L Cd2+

treatments; Nano Fe2O3 and Bulk Fe2O3 stand for treatments with 1, 10 and 100 mg/L nano Fe2O3/bulk Fe2O3, respectively. Cd2+-Nano Fe2O3 and Cd2+-Bulk Fe2O3 
represent the treatments of simultaneous exposure to 10 mg/L Cd2+ and different concentrations (1, 10 and 100 mg/L) of nano Fe2O3/bulk Fe2O3. The error bars 
represent standard error of replicates (n = 3). Significant difference among different treatments were tested with a one-way ANOVA and shown with 
different lowercases. 
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Fig. 4. Assessment of cell membrane permeability (A). Flow cytometry analysis of cell membrane permeability in different treatments. Cd2+ represents 10 mg/L Cd2+

treatments; Nano Fe2O3 and Bulk Fe2O3 stand for treatments with 1, 10 and 100 mg/L nano Fe2O3/bulk Fe2O3, respectively. Cd2+-Nano Fe2O3 and Cd2+-Bulk Fe2O3 
represent the treatments of simultaneous exposure to 10 mg/L Cd2+ and different concentrations (1, 10 and 100 mg/L) of nano Fe2O3/bulk Fe2O3. (B) TEM detection 
of bacterial cells treated with 10 mg/L Cd2+, 10 mg/L nano Fe2O3, 10 mg/L bulk Fe2O3, 10 mg/L Cd2+ and 10 mg/L nano Fe2O3, and 10 mg/L Cd2+ and 10 mg/L 
bulk Fe2O3. 

Fig. 5. Expression of conjugation genes of trfAp and trfBp under the exposure to Cd2+ and nano Fe2O3/bulk Fe2O3. Cd2+ represents 10 mg/L Cd2+ treatments; Nano 
Fe2O3 and Bulk Fe2O3 stand for treatments with 1, 10 and 100 mg/L nano Fe2O3/bulk Fe2O3, respectively. Cd2+-Nano Fe2O3 and Cd2+-Bulk Fe2O3 represent the 
treatments of simultaneous exposure to 10 mg/L Cd2+ and different concentrations (1, 10 and 100 mg/L) of nano Fe2O3/bulk Fe2O3. The error bars represent 
standard error of replicates (n = 3). Significant difference among different treatments were tested with a one-way ANOVA and shown with different lowercases. 
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were significantly increased when exposing to the mixture of environ-
mentally relevant concentration of Cd2+ and high-concentration nano 
Fe2O3. These data indicated that there were possibly co-effects of cad-
mium and iron oxide nanoparticle on facilitating conjugative transfer of 
RP4 plasmid between bacteria, even if Cd2+ concentrations were 
significantly decreased by high concentrations of nano Fe2O3. Never-
theless, the physiochemical mechanisms for the co-effect and the 
interaction between nano Fe2O3 and Cd2+ remain unknown. In the 
present study, no changes in bacterial growth were observed, indicating 
that the combination of Cd2+ and nano Fe2O3/bulk Fe2O3 had no impact 
on the proliferation of bacterial cells. However, flow cytometry and TEM 
analysis found that cell membrane permeability could be damaged by 
the combination of Cd2+ and nano Fe2O3 and more cell contacts were 
observed. These findings indicated that the damaged cell membranes 
possibly suppressed their functions, further facilitating the passage of 
plasmid through the bacterial membranes (Wang et al., 2020). Addi-
tionally, significant increase in the activities of SOD and CAT was also 
observed, implying that intracellular ROS was accumulated and bacte-
rial SOS response could be triggered. This observation also further 
provided evidences that the co-effect of Cd2+ and nano Fe2O3 could 
destroy the structural integrity of cell membrane, since ROS could cause 
peroxidative damage to membrane lipids, leading to the enhanced cell 
membrane fluidity (Beaber et al., 2004; Dills et al., 1980; Farr and 
Kogoma, 1991). 

Plasmid conjugative transfer systems allow the formation of con-
jugative bridges between donors and recipients, involving in the regu-
lation of the mating pair formation system gene (trbBp) and the plasmid 
transfer and replication system gene (trfAp) (Babic et al., 2008; Samuels 
et al., 2000; Stabb and Ruby, 2002; Zatyka et al., 1997). Our study 
confirmed that Cd2+ and nano Fe2O3 could commonly facilitate the 
plasmid conjugative transfer by enhancing the expression levels of 
conjugative transfer-related regulatory genes trbBp and trfAp. These 
data further explained molecularly why the conjugative transfer fre-
quency was significantly higher when simultaneously exposing to Cd2+

and nano Fe2O3. In this study, the high concentration of nano Fe2O3 

significantly increased the horizontal transfer frequencies of plasmid 
RP4. Our previous study also observed that compared with the no-added 
Cd2+ control, 10 mg/L Cd2+ did not only increase the cell membrane 
permeability and antioxidant activities, but also significantly enhanced 
the mRNA expression levels of trbBp and trfAp (Pu et al., 2020). 
Therefore, we propose that Cd2+ and nano Fe2O3 possibly have a syn-
ergetic co-effect on accelerating plasmid conjugative transfer via pro-
grammed and collective toxic effects on bacterial cells: the combination 
of Cd2+ and nano Fe2O3 might destroy the cell wall and cell membranes 
of bacteria, subsequently induce the intracellular SOS response, inter-
acting with RNA, and eventually regulate mRNA expression (Fig. 6). 

The transconjugants isolated in this study were all belonged to the 
gram-negative bacteria and most transconjugants was identified in the 
treatment of simultaneously exposing to Cd2+ and nano Fe2O3, which 
were consistent with previous studies that plasmid transfer took place 
preferentially in gram-negative bacteria and membrane permeability of 
gram-negative bacteria was likely to be conducive to conjugational gene 
transfer (Fan et al., 2019; Klumper et al., 2017). It has been shown that 
conjugative gene transfer requires cell-to-cell contact and is thus most 
likely to occur within the same species than across genera (Molbak et al., 
2003). Our study found that most of transconjugants were affiliated to 
Shigella boydii and Escherichia hermannii, demonstrating that horizontal 
gene transfer also allowed distantly related taxa to share some genes for 
the evolutionary adaption (Dunning et al., 2019; Evans et al., 2020; 
Koonin, 2016). Additionally, some potential human pathogens were also 
observed in the transconjugants, e.g. Klebsiella pneumoniae, Escherichia 
hermannii, Acinetobacter tandoii, and Shigella boydii, which can cause 
pneumonia, urinary tract infection, bacillary dysentery, and so on. This 
emphasized that plasmid-mediated horizontal transfer of antibiotic 
resistance could exacerbate multiple antibiotic-resistant health care- 
associated infections and widespread dissemination of antibiotic resis-
tance in public. However, it should be noted that our current data are 
still unable to provide comprehensive profiles of transconjugants for in- 
depth understanding of plasmid-mediated HGT events owing to the 
limited number of transconjugants. 

Fig. 6. Potential mechanisms for the enhanced plasmid-mediated conjugative transfer of ARGs by the simultaneous exposure to Cd2+ and nano Fe2O3. Cd2+ and nano 
Fe2O3 exerted a synergetic co-effect on facilitating plasmid conjugative transfer via the collective toxic effects on bacterial cells: (a) the co-exposure of Cd2+ and nano 
Fe2O3 might change the cell wall and cell membranes of bacteria, (b) subsequently induce the accumulation of ROS, interacting with RNA, and (c) eventually regulate 
mRNA expression of conjugative genes. 
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5. Conclusions 

The present study demonstrated that simultaneous exposure to Cd2+

and nano Fe2O3 exerted a synergetic co-effect on facilitating the con-
jugative transfer of ARGs mediated by plasmid RP4 from P. putida 
KT2442 to water microbial community. The underlining mechanisms for 
the accelerated conjugative transfer were involved in the exacerbated 
variations in cell membrane permeability, antioxidant enzyme activities 
and conjugation genes expression by the combined effect of Cd2+ and 
nano Fe2O3. The dissemination of antibiotic resistance in human path-
ogens by the conjugative transfer highlighted that horizontal gene 
transfer of ARGs posed a higher risk to ecological environment and 
human health. This study would expand the understanding of the po-
tential ecological risks of heavy metals and nanomaterials on the 
dissemination of ARGs and providing data for identifying management 
options to alleviate antibiotic resistance dissemination in environments. 
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