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• Shared bicycles act as potential reser
voirs for diverse ARGs and potential 
pathogens. 

• COVID-19 lockdown impacts microbial 
diversity and ARGs abundance on 
shared bicycles. 

• Persistent ARGs and pathogens found 
despite reduced bicycle usage during the 
lockdown. 

• Highlights the need for better hygiene to 
mitigate the risks in shared 
transportation  
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A B S T R A C T   

The prevalence of shared bicycles has raised concerns over their potential to transmit pathogens and microbes 
harboring antibiotic resistance genes (ARGs), which pose significant human health risks. This study investigated 
the impact of anthropogenic activities on the composition of ARGs and microbial communities on shared bicycles 
during the COVID-19 pandemic and subsequent lockdown when shared bicycle usage was altered. A total of 600 
swab samples from shared bicycle surfaces were collected in Shanghai before and during COVID-19 lockdown 
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Microbial community 
Surveillance 

periods. Even during lockdown, 12 out of 14 initially detected ARG subtypes persisted, indicating their tenacity 
in the face of reduced anthropogenic activities. These ARGs displayed significantly higher absolute and relative 
abundance levels before the lockdown. In addition, the percentage of potential pathogens in the total microbial 
abundance remained at 0.029 % during the lockdown, which was lower than the pre-lockdown percentage of 
0.035 % and suggested that these risks persist within shared bicycle systems. Interestingly, although microbial 
abundance decreased without the consecutive use of shared bicycles during lockdown, the microbial diversity 
increased under the impact of restricted anthropogenic activities (p < 0.001). This emphasizes the need for 
continuous monitoring and research to comprehend microbial community behaviors in various environments. 
This study uncovered the underlying impacts of the COVID-19 lockdown on the microbial and ARG communities 
of shared bicycles, providing comprehensive insights into the health management of shared transportation. 
Although lockdown can decrease the abundance of ARGs and potential pathogens, additional interventions are 
needed to prevent their continued spread.   

1. Introduction 

Shared transportation is an innovative and environmentally-friendly 
model promoting the transformation of low-carbon development as part 
of global responses to address climate change (Kim, 2023; Zhu and Lu, 
2023). In recent years, shared bicycles have become a popular option for 
personal mobility in 1590 cities across 92 countries worldwide, with 
China, Europe, and North America accounting for over 99 % of the total 
bicycle sharing service (https://bikesharingworldmap.com). Shared bi
cycles are highly sought-after due to their flexibility, low cost, low 
carbon footprint, and sustainability as an efficient public transportation 
mode (Guo et al., 2022), particularly in metropolitan areas. For local 
residents, shared bicycles also effectively bridge the first- and last-mile 
traffic gap between home and work locations or metro stations (Fu 
and Guo, 2018). In China, the number of shared bicycles has exceeded 
23 million, with an average daily order of over 45.7 million in 2020 
(Guo et al., 2022; Hayes et al., 2022). 

Shared bicycles, generally considered as a safe mode of public 
transportation, are raising concerns about their potential to disseminate 
pathogens and antibiotic-resistant bacteria (ARB) (Gu et al., 2020; Sun 
et al., 2020; Xu et al., 2019; Zou et al., 2019). This is due to their open 
placement and repeated use by multiple riders. The handles and brakes, 
in particular, serve as contact points for ARB, turning shared bicycles 
into potential vectors for transmitting antibiotic resistance genes (ARGs) 
(Gu et al., 2020; Sun et al., 2020; Zou et al., 2019). The prevalence of 
ARB and ARGs on shared bicycles is attributed to some riders carrying 
them (Gu et al., 2020; Xu et al., 2019; Zou et al., 2019), and their 
prevalence and concentration can escalate with the rapid expansion of 
shared bicycles across a city. Previous studies have identified antibiotic- 
resistant Staphylococci, Enterococci, and Enterobacteriaceae on shared 
bicycles from Tianjin (Xu et al., 2019), Beijing (Zou et al., 2019) and 
Chengdu (Gu et al., 2020), China, using culture-based approaches. 
Additionally, a study using 16S rRNA sequencing techniques has shown 
that the richness and diversity of microbial species and ARGs carried by 
shared bicycles are significantly higher than in the surrounding envi
ronment (Sun et al., 2020). Therefore, shared bicycles pose an under
estimated risk of inter-individual transmission of pathogens and ARB, 
and this risk persists over an extended period without proper 
disinfection. 

Anthropogenic activities have contributed to the distribution of 
ARGs (Czatzkowska et al., 2022) from animal and human sources to 
natural environments. ARGs have been frequently detected in a wide 
range of environments, such as soils (Delgado-Baquerizo et al., 2022), 
ambient air (Ginn et al., 2021), and wastewater (Hayes et al., 2022), 
posing a significant public health threat. Horizontal gene transfer (HGT) 
is the most effective pathway for the spread of ARGs among microor
ganisms in the environment, with the central role of mobile genetic el
ements (MGEs) in transferring ARGs throughout microbes (Zhao et al., 
2021). There is accumulating evidence that anthropogenic activities 
such as environmental sanitation strongly impact microbial abundance 
or diversity in the surrounding environment (Jiang et al., 2022; Zhao 
et al., 2022). For instance, intense anthropogenic disturbance has 

significantly changed the composition of the roadside soil microbial 
community (De Silva et al., 2021). Previous research has demonstrated 
that anthropogenic activities directly or indirectly caused changes in 
microbial community compositions in sediments along the Yangtze Es
tuary and its coastal area (Guo et al., 2019). Furthermore, another study 
observed a significant decrease in microbial populations and river heavy 
metal levels when anthropogenic activities are restricted during the 
COVID-19 lockdown (Karunanidhi et al., 2021). 

Given the influence of anthropogenic activities on shared bicycle 
usage (Gu et al., 2020; Sun et al., 2020; Xu et al., 2019; Zou et al., 2019), 
it is reasonable to hypothesize that a substantial reduction in human 
activity could significantly impact the dynamics of ARGs and microbial 
communities on shared bicycles. However, the diversity and abundance 
of ARGs and pathogens in shared bicycles affected by anthropogenic 
activities have not been studied, and their potential correlation with the 
carried microbial community is not well understood (Sun et al., 2020). 
In March 2022, an outbreak of the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) Omicron BA.2 variant rapidly spread 
throughout Shanghai, China (Chen et al., 2022), resulting in a series of 
containment strategies and restrictions, including quarantine, social 
distancing, and widespread lockdown (Zhang et al., 2023). The popu
lation of Shanghai was under lockdown from March 28 to June 1, 2022, 
restricting travel and transportation for several months (Chen et al., 
2022; Zhang et al., 2023). This lockdown provides a unique opportunity 
to observe the dynamics of ARGs and microbial communities on shared 
bicycles with less influence of anthropogenic activities. Importantly, 
recent studies have shown that even in the absence of significant 
anthropogenic activities, as is the case in environments such as space
craft and the International Space Station (Be et al., 2017; Lu et al., 2023), 
ARGs can be transported through airborne particulate matter and dust 
(Feng et al., 2022; Zhou et al., 2021). These ARGs can also continue to 
migrate among microbial communities through MGEs (Feng et al., 
2022). Thus, the extent to which lockdown measures and altered human 
behavior effectively reduce the presence of ARGs and pathogens in an 
environment remains a question of considerable scientific and public 
health importance. 

As the world continues to navigate the challenges presented by in
fectious diseases and antibiotic resistance, understanding the factors 
that influence the dynamics of ARGs and microbial communities is sig
nificant to ensuring the safety and sustainability of shared trans
portation systems (Bai et al., 2023). Furthermore, a critical gap exists in 
our understanding regarding the impact of anthropogenic activities on 
the diversity and abundance of ARGs and pathogens within shared bi
cycles. To address these vital questions, we employed quantitative PCR 
techniques to investigate the diversity, abundance, and co-occurrence of 
ARGs and MGEs. In addition, we applied 2bRAD-M, a novel, cutting- 
edge species-resolved sequencing approach, to provide a comprehen
sive metagenomic characterization of the microbiomes on shared bi
cycles. 2bRAD-M, based on type IIB restriction endonuclease cleavage, 
produces uniformly short DNA fragments, enabling precise screening 
and species abundance estimation through unique tag distribution (Sun 
et al., 2022). In particular, the aim of this study was to determine how 
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anthropogenic activities impact the composition of microbial commu
nities and ARGs on shared bicycles during the COVID-19 pandemic and 
subsequent lockdown when shared bicycle usage was altered. The re
sults from this study will provide an insight into the importance of 
following management strategies that not only effectively reduce the 
transmission of pathogens and ARGs to riders but also contribute to the 
overall improvement of public health associated with shared 
transportation. 

2. Materials and methods 

2.1. The study area and sampling sites 

We selected five representative locations (i.e., a school, a 

community, a metro station, a shopping mall, and a hospital), marked as 
S, C, MS, SM, and H, respectively, in the Jing’an district in Shanghai, 
Eastern China (Fig. 1). The sampling period was from February 12 to 
May 31, 2022, with the COVID-19 pre-lockdown period running from 
February 12 to March 27 and the COVID-19 lockdown period from 
March 28 to May 31. Before sample collection, researchers were 
instructed to wear disposable nitrile gloves and dip the swab in the 
sterilized PBS solution with a pH of 7.0. A standard operating procedure 
was developed for the sample collection. Briefly, researchers thoroughly 
rubbed the swab across the surface of handles and brakes, covering an 
approximately 6 × 6 cm area, using both sides and various angles to 
ensure the maximum yield of genomic DNA. Each shared bicycle was 
sampled with a single swab. Ten shared bicycles were randomly selected 
and tested at each of the selected locations on the same day (Fig. 1). 

Fig. 1. Study periods and sampling sites of shared bicycles in this study.  

L. Xiu et al.                                                                                                                                                                                                                                      



Science of the Total Environment 913 (2024) 169625

4

Thus, a total of 600 swabs were collected from pre-lockdown (n = 300) 
and COVID-19 lockdown (n = 300) periods. All samples were collected 
in sterilized bottles, immediately packed with ice to minimize biological 
activity during collection, and transported to the laboratory for further 
analysis. A comprehensive set of environmental factors (Table 1), 
including temperature, relative humidity, UV Index, wind speed, visi
bility, pressure, and dew point, were also recorded according to the Dark 
Sky (https://darksky.net). 

2.2. Sample processing and DNA extraction 

To overcome the challenge of low genomic DNA yield from indi
vidual swabs, we adopted a strategy where ten swabs collected from 
shared bicycles at the same site during each sampling day were pooled 
into composite tubes containing 10 mL of 1 × PBS. Subsequently, these 
composite tubes underwent vigorous mixing on a vortex mixer, ensuring 
comprehensive homogenization of the samples. This process resulted in 
the creation of 60 pools derived from the 600 individual swabs, with 
each set of 30 pools representing shared bicycles sampled during the pre- 
lockdown and lockdown periods. To capture and concentrate the bac
teria from the swabs, filtration was performed using a 47 mm diameter 
PES membrane with a 0.22 μm pore size. The membranes were then 
stored at − 20 ◦C before DNA extraction. Genomic DNA extractions from 
the membranes were performed using the DNeasy PowerSoil Kit (Qia
gen, Hilden, Germany) following the manufacturer’s protocols. Quantity 
and quality of DNA were measured using the Qubit-4 analyzer and 
NanoDrop-100 Spectrophotometer (Thermo Fisher Scientific, Wilming
ton, DE, USA), respectively. 

2.3. Real-time qPCR quantification of ARGs 

The quantification of ARGs was determined by real-time qPCR as
says. A total of 19 most detected ARGs associated with six antibiotic 
classes were tested in this study, including aacC2, blaOXA-1, blaTEM-1, 
blaSHV-1, blaCTX-M, ermB, ermF, mefA, qepA, qnrA, qnrS, sul1, sul2, sul3, 
tetA, tetC, tetM, tetQ, and tetW. Furthermore, intI1 (class I integrase) and 
the 16S rRNA gene were included as indicators for HGT and total mi
crobial abundance, respectively. The qPCR assays were performed to 
calculate the copy numbers of ARGs using a Roche Light-Cycler 480 
(Roche Applied Science, Germany) based on the standard curves. Each 
20 μL qPCR consisted of 10 μL of 2 × LightCycle 480 SYBR Green I 
Master (Roche Applied Sciences, USA), 1 μL each of forward and reverse 
primers, 2 μL of template DNA, and 6 μL of nuclease-free water (Thermo 
Fisher Scientific). The thermal cycling conditions consisted of an initial 
denaturation at 95 ◦C for 2 min, followed by 40 cycles at 95 ◦C for 10 s, 
annealing temperatures of each gene for 30 s, 72 ◦C for 30 s, and a final 
step for the automatically generated a melting curve. Standard curves 
were generated for each run, using a 10-fold serial of target ARG 

fragments with known copy numbers (ranging from 106 to 1 gene 
copies/μL). Absolute gene abundance is the concentration of specific 
ARGs per unit surface area. It is determined by converting the copy 
number of target ARGs in the samples via qPCR, taking into account the 
dilution factor. The unit is copies/cm3. The relative abundance (copies/ 
16S rRNA copies) was calculated as the absolute abundance of ARG 
divided by the absolute abundance of 16S rRNA. Each sample and 
standard were tested in triplicate, including the positive and negative 
controls. Targets with false melting temperatures or multi-peaks were 
regarded as negative. To ensure accuracy, only data with a square of the 
related coefficient (R2) higher than 0.99 for the standard curve was used 
for each target ARG. 

2.4. Library construction and 2bRAD-M sequencing 

The 2bRAD-M libraries were constructed by adapting the protocol 
(https://github.com/z0on/2bRAD_denovo, accessed 18 August 2022) 
proposed by Wang et al. (Wang et al., 2012). In brief, high-quality 
genomic DNA (approximately 200 ng) from each swab pool was diges
ted with the type IIB restriction enzyme BcgI (New England BioLabs, 
UK). Subsequently, the generated IIB-REase-specific and uniform 36 
base pair fragments with random overhangs were multiplexed using 
custom barcoded ligation adapters. After purifying PCR products, 
2bRAD-M sequencing was performed on the Illumina Nova PE150 
platform (Illumina, San Diego, USA) according to the standard protocols 
from Qingdao OE Biotech Co., Ltd. (Qingdao, China). Raw sequence data 
from all tested samples were deposited at the NCBI BioProject archive 
under the accession number PRJNA954366. Detailed information 
regarding the specific sample sequencing data and their accession 
numbers can be found in Supplementary Table S1. 

2.5. Bioinformatics and statistical analysis 

Raw sequencing reads were processed using the customized Perl 
scripts from the 2bRAD pipeline v2.0 (https://github.com/z0on/2bR 
AD_denovo, accessed 18 August 2022) to trim adaptors, remove dupli
cated and filter out reads with ≥90 % of bases with a minimum quality 
score of 20 (input quality ASCII offset of 33). A genomic reference 
dataset was developed using 173,165 microbial genomes (including 
bacteria, fungi, and archaea) from the NCBI RefSeq database. Using a 
built-in Perl script (Xue et al., 2021), quality-filtered reads representing 
microbial communities were mapped against the genomic reference 
dataset, which contains all 2bRAD tags theoretically unique to each of 
26,163 microbial species. Reads coverage for each identified genome 
was determined, and then the relative abundance of each microbial 
species was estimated using a previously described formula (Lam et al., 
2022; Xue et al., 2021). This generated a taxonomic abundance profile. 
According to the pathogen list released by the National Health 

Table 1 
Sampling information and meteorological conditions in the pre-lockdown and lockdown period.   

Sampling 
date 

Sampling site Meteorological conditions 

School Community Metro 
station 

Shopping 
mall 

Hospital T (◦C) RH 
(%) 

UVI W (m/ 
s) 

P (hPa) DPt 
(◦C) 

During the pre- 
lockdown 

2022-Feb-12 S1 C1 MS1 SM1 H1  9  75  4  4  1024  5 
2022-Feb-26 S2 C2 MS2 SM2 H2  15  43  7  4  1023  3 
2022-Mar-5 S3 C3 MS3 SM3 H3  15  30  7  6  1021  − 2 
2022-Mar-13 S4 C4 MS4 SM4 H4  24  63  4  3  1010  16 
2022-Mar-19 S5 C5 MS5 SM5 H5  12  73  4  6  1016  7 
2022-Mar-26 S6 C6 MS6 SM6 H6  16  68  5  6  1016  10 

During the lockdown 2022-Apr-13 L_S1 L_C1 L_MS1 L_SM1 L_H1  16  86  4  6  1011  13 
2022-Apr-22 L_S2 L_C2 L_MS2 L_SM2 L_H2  29  41  5  3  1012  14 
2022-Apr-27 L_S3 L_C3 L_MS3 L_SM3 L_H3  20  53  5  6  1018  10 
2022-May-7 L_S4 L_C4 L_MS4 L_SM4 L_H4  27  57  5  5  1017  17 
2022-May-19 L_S5 L_C5 L_MS5 L_SM5 L_H5  23  60  4  5  1017  15 
2022-May-31 L_S6 L_C6 L_MS6 L_SM6 L_H6  28  18  6  5  1010  2 

T: average temperature; RH: relative humidity; UVI: UV Index; W: wind speed; V: visibility; P, pressure; DPt, Dew Pt. 

L. Xiu et al.                                                                                                                                                                                                                                      

https://darksky.net
https://github.com/z0on/2bRAD_denovo
https://github.com/z0on/2bRAD_denovo
https://github.com/z0on/2bRAD_denovo


Science of the Total Environment 913 (2024) 169625

5

Commission of the People’s Republic of China, a search was conducted 
within the GTDB database (v20220826), which currently includes 894 
bacterial and 36 fungal species. The absolute abundances of potential 
pathogens (found in the list) were divided by the absolute abundances of 
the total community to get their relative abundances. The relative 
abundance of identified pathogenic bacterial species in the samples was 
cumulatively summed to create a Pathogenicity Index. This index served 
as an assessment of the pathogen abundance within the microbial 
community (Lam et al., 2022). Here, the higher the index score, the 
higher the abundance of pathogens. The correlation between microbial 
community and meteorological conditions was analyzed using redun
dancy analysis (RDA) and network analysis (Barberan et al., 2012; Liu 
et al., 2024). Descriptive statistics were generated using GraphPad Prism 
software or Microsoft Excel 2010 (Microsoft Corp., USA). Significance 
was determined using analysis of variance (ANOVA), with a p value <
0.05 considered significant and a p value < 0.001 considered highly 
significant. 

3. Results 

3.1. Profiling of microbial community composition 

After assembling and quality filtering, a total of 319,423,331 and 
235,433,013 high-quality sequences were obtained from shared bicycles 
in the pre-lockdown and lockdown periods, respectively (Figs. S1 and 
S2). Proteobacteria, Actinobacteriota, Ascomycota, Firmicutes, and 
Bacteroidota were the five dominant phyla, accounting for over 95.00 % 
and 93.00 % of the total bacteria in both periods (Fig. 2). Actino
bacteriota and Proteobacteria were the most prevalent phyla, 
comprising around 42.72 % and 47.05 % of the total microbial com
munity in pre-lockdown and lockdown periods, respectively. The heat
map at the phylum level revealed two main clusters, grouping pre- 
lockdown samples and lockdown samples, respectively (Fig. S2). The 
relative abundance of the microbial community at the genus level was 
different between the two periods, although they shared the most 
abundant genus (Fig. 2B). For example, Cutibacterium and Staphylococcus 
were significantly more abundant across all samples collected from pre- 
lockdown (22.40 % and 4.05 %, respectively) than during the COVID-19 
lockdown (3.29 and 1.07 %, respectively). The composition and struc
ture of the microbial community on the shared bicycles were also 
analyzed at the species level. A total of 19,352 microbial species were 
identified in all 60 samples, including 18,854 bacteria, 433 fungi, and 65 
archaea. A marked dissimilarity in microbial community composition 
was observed between samples collected in pre-lockdown and lockdown 
(Fig. 2C). Among the top 15 ranking microbial species (Fig. 2C), Cuti
bacterium acnes and Methylobacterium brachiatum were the most abun
dant species detected on the surface of the shared bicycles from pre- 
lockdown. In contrast, the dominant species during the COVID-19 
lockdown were Aureobasidium melanogenum and Ralstonia sp001078575. 

3.2. Comparison of microbial diversity between pre-lockdown and 
COVID-19 lockdown periods 

The microbial community structure on shared bicycles was signifi
cantly impacted by the COVID-19 lockdown, as indicated by the alpha 
diversity analysis. During the COVID-19 pre-lockdown, consecutive use 
of shared bicycles dramatically enriched the microbial populations 
(17,777 species) compared to the COVID-19 lockdown (15,779 species). 
There were no significant differences in Chao1 diversity analyses be
tween pre-lockdown and lockdown (Fig. 3A; p = 0.044). However, the 
Shannon index, which estimates richness and evenness, was statistically 
(p < 0.001) higher in samples from COVID-19 lockdown (5.41) than pre- 
lockdown (4.46) (Fig. 3B). This indicates that the increased microbial 
diversity during the COVID-19 lockdown is possibly attributed to the 
reduced anthropogenic influence and an influx of microbes from other 
sources, such as soil and air. Despite the increase in microbial diversity 

during the lockdown period, the beta diversity analysis showed 
distinctive clustering, indicating the variation in the structure and 
composition of microbial community across the studied samples (Fig. 3). 
The differences in microbial community composition between pre- 
lockdown and lockdown periods were highly significant (p < 0.001), 
as confirmed by NMDS ordination (Fig. 3C). Principal coordinate anal
ysis (PCoA) of microbial communities revealed unique clustering by the 
first and second components, explaining 29.60 % and 12.26 % of the 
variation, respectively (Fig. S3A). The Unweighted pair-group method 
with arithmetic mean (UPGMA) clustering tree also revealed differences 
in microbial communities between the pre-lockdown and lockdown 
periods (Fig. S3B). Although each sample exhibits different diversity and 
abundance relative to each other, the differences between microbial 
communities between pre-lockdown and lockdown periods were 
noticeable. 

3.3. Dynamics of microbial community under the stress of the lockdown 

Based on our results, the COVID-19 lockdown and anthropogenic 
activities significantly affected microbial biomass dynamics on the sur
face of handles and brakes of shared bicycles. We employed the linear 
discriminant analysis (LDA) effect size (LEfSe) method to determine the 
statistical significance of differentially abundant taxa and the biological 
relevance of species during both pre-lockdown and lockdown periods. 
LEfSe analysis indicated that the 201 microbial taxa exhibited signifi
cant differences between the two periods (LDA score > 3): 129 bacteria 
taxa were found during the lockdown period, and 72 microbial taxa 
were found during the pre-lockdown period (Fig. 4). The LDA scores also 
indicated that opportunistic pathogenic microorganisms, such as 
Mycobacteriaceae, Staphylococcaceae, and Moraxellaceae, were more 
enriched during pre-lockdown than in lockdown (Fig. 4A). Our results 
showed that during the lockdown period, most of the studied microbial 
fractions were significantly decreased (p < 0.05). For instance, the 
relative abundance of Staphylococcus and Corynebacterium genus on the 
shared bicycles decreased by 3.77- and 2.74-fold during the lockdown 
period, respectively (Fig. 4C). In contrast, the phyla of Proteobacteria 
(1.42-fold increase in the relative abundance), Cyanobacteria (3.95- 
fold), and Bacteroidota (1.38-fold) significantly increased on the surface 
of shared bicycles during the lockdown period compared to the pre- 
lockdown period (Fig. 4B). 

3.4. Changes in ARGs and pathogens properties of shared bicycles 

To explore the diversity and abundance of ARGs, 19 typical ARG 
subtypes conferring resistance to six antibiotics, along with MGE and 
16S rRNA genes, were measured. Out of the 19 ARG subtypes, 14 were 
detected on the surface of handles and brakes in shared bicycles. 12 of 
these ARGs were still detectable during the lockdown period, high
lighting their persistence. Sul1, sul2, and tetW were the most dominant 
subtypes, while other ARGs were found in <50 % of cases. Samples 
collected during the pre-lockdown period showed a higher number of 
ARGs (Fig. 5). ARG subtypes conferring resistance to macrolides (ermF 
and mefA) and quinolone (qnrA) were only present during the pre- 
lockdown period. No ARG subtypes exclusive to the lockdown period 
were observed. The restrictions on human activities during the COVID- 
19 lockdown had a significant impact on the relative abundance of 
ARGs. For instance, the relative abundance of most detected ARG sub
types during the pre-lockdown period was significantly higher than 
during the lockdown period. A similar observation was also found for 
class 1 integron. In addition, the percentage of tested samples containing 
ARGs decreased during the lockdown period, accounting for only 6.67 % 
to 40 % of the total bicycles collected during the lockdown period. 

In addition to characterizing ARGs, the abundance and prevalence of 
pathogenic microorganisms that could cause allergies, respiratory dis
eases, and infections in humans were investigated. The percentage of 
potential pathogens comprised around 0.035 % and 0.029 % of the total 
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Fig. 2. Characteristics of microbial community composition in shared bicycles. (A) Variations in microbial community composition of samples at the phylum level 
(the top 15 phylum are presented). (B) Variations in microbial community composition of samples at the genus level (the top 15 genus are presented). (C) Variations 
in microbial community composition of samples at the species level (the top 15 species were presented). (D) Heatmap and hierarchical clustering of microbial 
community composition of all samples at the species level (only the top 30 species are selected for visualization). The letters S, C, MS, SM, and H represent the school, 
community, metro station, shopping mall, and hospital. The numbers indicate the specific sample numbers collected from each location. The letter L is used to denote 
the sampling period during the COVID-19 lockdown. Therefore, sample names on the x-axis can be understood as follows: L_S1, L_S2, L_S3, etc. represent samples 
collected from the school during the COVID-19 lockdown period, while S1, S2, S3, etc. represent samples collected from the school during the COVID-19 pre- 
lockdown period. 
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microbial communities in pre-lockdown and lockdown periods, 
respectively. The pathogenicity index of 0.035 and 0.029 for shared 
bicycles collected during the pre-lockdown and lockdown periods, 
respectively (Table S2). It was found that the lockdown due to the spread 
of COVID-19 reduced the pathogenicity index by 17.14 % compared to 
that during the pre-lockdown period. However, it remains to be seen 
whether these pathogens can cause infections after human exposure to 
shared bicycles. 

3.5. Changes in microbial community composition and ARGs among 
sampling sites 

The shared bicycles from all six sampling sites exhibited higher mi
crobial abundance before the lockdown compared to the lockdown 
period, whereas microbial diversity showed the opposite trend (Fig. S4). 
Moreover, the Chao1 and Shannon indexes indicated no significant 
differences in microbial abundance and diversity at different sampling 
sites during the pre-lockdown and lockdown periods (Fig. S4). However, 
minor differences in microbial abundance were observed during the 
lockdown period, particularly at the school sampling site compared to 
the other four sites. At the species level, there were distinct differences in 
the proportions of the top 15 microbial species at each sampling site, 
highlighting the microbial communities’ variations among different 
sampling locations (Fig. 6A). 

The absolute abundances of ARGs exhibited a notable decrease, 
ranging from 370.52 to 429.46 copies/cm2 in the pre-lockdown period, 
in contrast to a lower range of 37.12 to 175.25 copies/g during the 
lockdown period, respectively. In general, the abundance of predomi
nantly detected ARGs in five sampling sites during the pre-lockdown 
period followed this order: community (429.46 copies/cm2) > hospi
tal (428.86 copies/cm2) > school (428.82 copies/cm2) > shopping mall 
(425.26 copies/cm2) > metro station (370.52 copies/cm2). Neverthe
less, no significant differences in the absolute abundance of ARGs were 
observed among the various sampling sites during the pre-lockdown 
period. In contrast, the prevalent ARGs exhibited significant differ
ences among various sampling sites during the lockdown period, 
following this trend: metro station (175.25 copies/cm2) > community 
(152.09 copies/cm2) > hospital (87.53 copies/cm2) > shopping mall 
(68.59 copies/cm2) > school (37.12 copies/cm2). Before the lockdown, 
target ARGs were present across all sampling sites, with a predominant 
concentration in shared bicycles parked at metro stations, shopping 
malls, and hospitals. The absolute abundance of β-lactam, tetracycline, 
and macrolide resistance genes was consistently high at all five sampling 

sites. In metro stations, shopping malls, and hospitals, the dominant 
classes of ARGs were quinolone and aminoglycoside resistance genes 
(Fig. 6B). Contrastingly, at the community and school sampling sites, 
shared bicycles contributed higher absolute levels of sulfonamide 
resistance genes (Fig. 6B). During the lockdown period, there was a 
sharp decline in the absolute abundance of all six classes of ARGs at all 
six sampling sites. And relatively high concentrations of ARGs persisted 
at metro stations and hospitals (Fig. 6B). 

3.6. Correlation between microbial community and environmental factors 
on shared bicycles 

We further investigated the correlation between environmental fac
tors and the microbial community in shared bicycles. Our results 
revealed a weak degree of correlation between meteorological condi
tions and microbial community composition. Specifically, redundancy 
analysis (RDA) identified the two components that explained 17.85 % 
and 2.23 % of the variation in environmental factors affecting microbial 
community composition at the species level and 15.93 % and 1.70 % at 
the genus level (Fig. 7A and Fig. S5A). RDA also revealed no influence of 
microbial community with varying environmental factors such as rela
tive humidity, UV Index, wind speed, visibility, and dew point. How
ever, the temperature had a significant effect on the microbial 
community. Specifically, among these microbes, Ralstonia and Blasto
coccus, Paracoccus kondratievae, Ralstonia sp001078575, Paracoccus 
marcusii, and Kocuria rosea were the most affected by temperature 
(Figs. 7A). Additionally, pressure had a particular impact on several 
species, including Cutibacterium acnes, Micrococcus luteus, Moraxella A 
cinereus, and Moraxella A osloensis. 

To gain further insights into the influence of environmental factors 
on microbial community composition at the species level, we employed 
network analysis. Among the top 200 bacterial species, the temperature 
was found to have a positive impact on 42 species and a negative impact 
on 28 species (Fig. 7 and Table S3). Interestingly, Cutibacterium acnes, 
the most abundant species on shared bicycles, had a negative correlation 
with temperature, whereas Ralstonia sp001078575, the third most 
abundant species, had a positive correlation with temperature (Fig. 7B, 
Fig. S5B, and Table S3). Our results suggest that temperature is a crucial 
environmental factor that shapes the microbial community composition 
on shared bicycles. The temperature explained <20 % of the overall 
variation. Microbial community variations before and during lockdown 
periods are not solely determined by temperature; anthropogenic ac
tivities may significantly influence differentiating the microbial 

Fig. 3. Comparison of alpha and beta diversity of microbial communities between pre-lockdown and COVID-19 lockdown periods. The Chao1 (A) and Shannon (B) 
diversity index on shared bicycles. (C) The nonmetric multidimensional scaling (NMDS) ordination in all shared bicycles. 
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community during these periods. 

4. Discussion 

To date, few studies have examined the impact of the pandemic on 
the abundance of potential pathogens and ARGs on shared bicycles. The 
extent to which lockdown measures and human activities can contribute 
to eliminating ARGs and pathogens remains uncertain. To address this 
knowledge gap, we investigated the effects of the lockdown on the 
composition of microbial communities and ARGs and the potential dif
ferences resulting from anthropogenic activities. Our findings provide 
valuable insights into the indirect impacts of lockdown on the envi
ronment and offer a comprehensive understanding of managing shared 
bicycles during the pandemic. 

Routine monitoring and quantification of microbial communities in 
public transportation systems with urban environments could help to 
identify and mitigate potential disease risks (Qin et al., 2020). Although 
16S rRNA gene amplicon sequencing has traditionally been used to es
timate the composition of bacterial and archaeal communities (Johnson 
et al., 2019), this method typically only provides genus- or family-level 
sensitivity for metagenomic studies of microbial populations (Earl et al., 

2018; Johnson et al., 2019). In contrast, 2bRAD-M sequencing can 
provide accurate taxonomic profiles at the species level (Sun et al., 
2022), even for challenging samples with low microbial biomass. In this 
study, we investigated the microbial diversity on shared bicycles 
affected by the COVID-19 lockdown using 2bRAD-M sequencing, which 
provides sufficient taxonomic resolution and accuracy to perform at the 
species level. Our results showed a significant difference in bacterial 
community structure on shared bicycle surfaces between the pre- 
lockdown and lockdown periods. The dominant bacterial phyla were 
Proteobacteria, Actinobacteriota, Ascomycota, Firmicutes, and Bacter
oidota, which accounted for over 95 % and 93.0 % of the total bacteria in 
both periods. These findings are consistent with those reported in a 
recent study using 16S rRNA gene sequencing (Sun et al., 2020). 
Notably, the human skin bacterium Cutibacterium acnes was present in 
significant amounts in all samples collected during the pre-lockdown 
period (21.5 %), similar to the detection rate of 19 % in the mass 
transit system (Guevarra et al., 2022). It is important to note that bac
terial genera with high antibiotic resistance rates (Fessler and Schwarz, 
2017; Lutz et al., 2014; Van Looveren et al., 2004), such as Acinetobacter, 
Corynebacterium, and Staphylococcus, maintained a higher prevalence 
both pre-lockdown and lockdown period. These genera have been 

Fig. 4. Dynamics of microbial community between pre-lockdown and lockdown periods. (A) Liner discriminant analysis between pre-lockdown and lockdown 
periods. The abundance of dominant bacteria that exhibit significant differences at the phylum (B) and genus (C) level between the two periods. 

L. Xiu et al.                                                                                                                                                                                                                                      



Science of the Total Environment 913 (2024) 169625

9

demonstrated to spread through the environment (Huijbers et al., 2015), 
posing a risk of disease transmission to humans. However, the unex
pectedly high abundance of bacterial species observed during the lock
down period was associated with widespread environmental bacteria 
typically found in plants and soil. The shifts in bacterial community 
composition may be due to long-term outdoor exposure and inhibition of 
anthropogenic activities. We acknowledge that 2bRAD-M sequencing 
only targets and reads the tags of enzyme-digested DNA fragments found 
in bacteria, archaea, and fungi (Sun et al., 2022), indicating that this 
method cannot capture microorganisms like the virus. Thus, investi
gating the microbial community as a potential reservoir of pathogens is 
essential. Developing a standardized and comprehensive taxonomic 
approach for metagenomic analysis would be beneficial in assessing the 
public health risks associated with shared bicycles. 

The spread of antimicrobial-resistant microbes in public trans
portation has emerged as a major public health concern (Guevarra et al., 
2022; Yao et al., 2022). Recent studies (Gu et al., 2020; Zou et al., 2019) 
have assessed the contamination of antimicrobial-resistant microbes on 
shared bicycles through culture-dependent phenotypic testing. Unfor
tunately, these techniques have low throughput and long turn-around 
time and preclude rapid screening of a large number of ARG profiles 
(Xiu et al., 2020). Thus, we utilized more efficient real-time qPCR assays 

to perform ARG profiling of shared bicycles and detect shifts in abun
dance and types caused by anthropogenic activities. During the lock
down, shared bicycle services were either suspended or entirely halted. 
Initially, there was a hypothesis that this operational adjustment could 
lead to a reduction in ARGs due to decreased usage and the imple
mentation of surface disinfection practices. Our study validated this 
hypothesis, demonstrating a decrease in the abundance of ARGs during 
the lockdown period in comparison to the pre-lockdown period. The 
relative abundance of most detected ARG subtypes was significantly 
lower during the lockdown period. One possible explanation for ARGs’ 
lower richness and diversity during the lockdown is the inhibition of 
anthropogenic activities that increase the types and abundances of mi
croorganisms (Zhang et al., 2018). Additionally, the reduction in ARGs 
may have contributed to the increase in dust concentrations on shared 
bicycles during the lockdown, which generates unfavored conditions for 
ARB to grow. Our study also revealed a positive correlation between the 
diversity and abundance of ARGs and the levels of the MGE gene (i.e., 
the class I integron), which is consistent with previous research (Di 
Cesare et al., 2016). The decreased abundance of MGE also suggests that 
there was likely less HGT occurring among species during the lockdown 
period. It is crucial to acknowledge one of the limitations of our study, 
which focused solely on 19 ARGs associated with six antibiotic classes. 

Fig. 5. ARG subtypes and intI1 profiles on shared bicycles. (A) Relative abundances of detected ARGs and intI1 were normalized to the 16S rRNA gene on shared 
bicycles. (B) Heatmap of the relative abundances of ARGs and intI1 on shared bicycles. The color in the heatmap ranges from blackish green to white, representing the 
transition from high to low relative abundance. 
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Consequently, further surveillance studies employing high-throughput 
qPCR to target a broader spectrum of ARGs are warranted. This 
approach would contribute to a more comprehensive understanding of 
the distribution patterns of ARG profiles and shed light on the influence 
of anthropogenic activities and intervention strategies in the context of 
shared bicycles. 

Furthermore, our findings suggested that even with reduced human 
activities during the lockdown, shared bicycles continued to harbor a 
notable proportion of opportunistic pathogenic microorganisms. Spe
cifically, we observed a higher prevalence of potential pathogens during 
the pre-lockdown period (0.035 %) compared to the lockdown period 
(0.029 %). Humans and the environment are major sources of these 

pathogenic populations on the surface of shared bicycles. Given that 
human activities dramatically enriched the microbial species in the pre- 
lockdown period, the decreased prevalence of potential pathogens 
during the lockdown period is not surprising. The opportunistic patho
genic microorganisms harboring ARGs, such as Mycobacteriaceae, 
Staphylococcaceae, and Moraxellaceae, which were detected in our study, 
have also been found to be enriched in other public transportation 
(Grydaki et al., 2021; Siriarchawatana et al., 2023; Zamudio et al., 
2015). Our results suggest that the potentially causative agents of in
fectious diseases on shared bicycles can change and spread further with 
consecutive use. Nevertheless, conducting a pathogen surveillance study 
on a more extensive sampling scale would be necessary to assess the 

Fig. 6. Profiles of microbial communities and ARGs between sampling sites. (A) Relative abundances of detected ARGs and intI1 were normalized to the 16S rRNA 
gene on shared bicycles. (B) Heatmap of the absolute abundances of ARGs and intI1 on shared bikes. The letters PL and L represent the period of pre-lockdown and 
lockdown, respectively. 
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risks fully (Liu et al., 2020). These results hold significant implications 
for understanding the ecological dynamics of microbial communities 
and designing effective strategies to control pathogenic presence in 
shared bicycle systems, especially concerning the potential role in the 
dissemination of ARGs. 

Although some recent studies (Gu et al., 2020; Sun et al., 2020; Zou 
et al., 2019) have investigated the concentrations of antimicrobial- 
resistant and pathogenic bacteria in shared bicycles, little is known 
about the impact of anthropogenic activities on ARGs and microbial 
communities on shared bicycles. Our study fills this gap by evaluating 
the impact of anthropogenic activities on the dynamic of ARGs and 
microbial communities in shared bicycles during the COVID-19 lock
down in Shanghai. Our investigation reveals significant differences in 
the microbial communities and ARG profiles of shared bicycles at 
various sampling sites. Before the lockdown, ARGs were detected across 

all sampling sites, indicating a widespread presence. The higher preva
lence of ARGs at the metro station, shopping mall, and hospital may be 
linked to increased human traffic, diverse microbial sources, or unique 
microbial reservoirs associated with these specific environments. The 
prevalence of antibiotic-resistant microbes in hospital environments 
(Azuma et al., 2024), for instance, is well-documented, and the presence 
of shared bicycles in these areas may serve as a reservoir for ARGs. 
Interestingly, during the lockdown period, a sharp decline in the abso
lute abundance of all six classes of ARGs was observed at all sampling 
sites. This overall reduction suggests that the altered human activities 
during the lockdown, such as reduced usage and potential changes in 
cleaning practices, had a general suppressive effect on the abundance of 
ARGs. Despite this overall decline, relatively higher concentrations of 
ARGs were still noted at the metro station and hospital during the 
lockdown. The persistence of higher ARG levels at these locations could 

Fig. 7. Correlations between microbial community and environmental factors on shared bicycles. (A) Redundancy analysis (RDA) of microbial community at the 
species level and environmental factors. (B) Network analysis of the microbial community at the species and environmental factor. T: average temperature; RH: 
relative humidity; UVI: UV Index; W: wind speed; V: visibility; P, pressure; DPt, Dew Pt. 
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be attributed to various factors, including the persistence of resistant 
microbial strains, local antibiotic usage patterns, or unique environ
mental conditions that favor the survival and dissemination of antibiotic 
resistance determinants. Future studies could focus more profoundly on 
the specific contributors to these variations, shedding light on the dy
namics of antibiotic resistance in urban shared transportation systems. 

Considering that the pandemic is now over, our study offers valuable 
insights that can guide our daily lives. As shared transportation systems 
resume regular use, implementing routine monitoring programs for 
microbial composition and ARG presence can serve as an early warning 
system. This allows for timely interventions in case of emerging threats, 
contributing to the overall safety and sustainability of shared bicycles. 
Public awareness campaigns on the importance of personal hygiene, 
especially in shared spaces, can complement these measures. Encour
aging users to practice good hygiene, such as handwashing and using 
personal protective equipment, can further mitigate the risk of disease 
spread. 

5. Conclusions 

In this study, we provide novel evidence and quantification of the 
impact of lockdown practices on the dynamics of ARGs and microbial 
communities on shared bicycles. Although microbial abundance 
decreased without the consecutive use of shared bicycles during lock
down, the microbial diversity increased under the impact of restricted 
anthropogenic activities (p < 0.001). Our findings reveal that, even 
during lockdown, 12 out of 14 initially detected ARG subtypes persisted, 
indicating their tenacity in the face of reduced anthropogenic activities. 
Additionally, the relative abundance of potential pathogens did not 
decrease much (0.029 %) during the lockdown compared to the pre- 
lockdown (0.035 %), suggesting that these risks persist within shared 
bicycle systems. Notable variations in microbial communities and ARG 
profiles among the sampling sites have been observed, indicating that 
local environmental factors, human activities, and other variables 
contribute to the observed differences. The presence of ARGs, coupled 
with the ongoing prevalence of potential pathogens, requires urgent 
attention toward enhanced disinfection protocols and hygiene measures 
for shared transportation systems to mitigate the risk of disease spread, 
especially during periods of increased usage. Furthermore, establish 
routine monitoring programs to assess the microbial composition and 
ARGs on shared transportation, enabling early detection of emerging 
threats and helping implement timely interventions. Additional in
terventions aimed at mitigating microbial risks are imperative to ensure 
the safety and sustainability of shared bicycles. 
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