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edge on the pathogens, VFs, and health risks to receiving aquatic ecosystems after upgrade
remains limited. In this study, we investigated detailed pathogenic information, includ-
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Aeromonas as the dominant pathogenic taxa carrying functional VFs (e.g., mobility and of-
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fensive) in the epilithic biofilm. Moreover, strong pathogen-specific VF-host co-occurrence
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events were observed in the epilithic biofilm samples, indicating the importance of biofilms
as reservoirs and vehicles for VFs. Further, we demonstrated that mobility VF is crucial for
biofilm formation and pathogens in biofilm carrying offensive VF may be highly invasive.
Quantification and health risk assessment suggested that the skin contact risk of P. aeruginosa carrying VFs was higher than the acceptable probability of 10−4 in both water and
epilithic biofilm samples, which may threaten ecological and human health.
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Introduction

1.

Materials and methods

Bacterial pathogens are usually defined as those with the capacity to cause disease. They also tend to carry single or multiple virulence factors (VFs), which enhance their disease causing potential. Essentially, the ability of bacterial pathogens
to establish infection and cause disease (i.e., pathogenicity)
can be determined by the number of VFs (Friman et al.,
2011; Niu et al., 2013; Sui et al., 2009) and their characterization as either offensive, defensive, motile, or adherent
(Diard and Hardt, 2017; Sui et al., 2009; Thomas and Wigneshweraraj, 2014; Wu et al., 2008). VFs are either coded
within pathogenicity islands that play key roles in the evolution of bacterial pathogens (Hacker et al., 1997) or within
transmissible genetic elements that can spread among bacteria (Schroeder et al., 2017). The rapid emergence and
spread of pathogens carrying multiple VFs have been recognized as top health issues by the World Health Organization
(Robinson et al., 2016).
Wastewater treatment plants (WWTPs) are important
point sources for the emission of pathogens and VFs into
receiving rivers (Alexander et al., 2015; Fresia et al., 2019;
Rizzo et al., 2013; Ternes et al., 2017) as conventional treatment is usually unable to remove such microbes effectively (Loos et al., 2013; Vilanova et al., 2002). Currently,
WWTP upgrades (i.e., additional non-biological treatments)
have been implemented in various countries to remove effluent micropollutants and nutrients (Eggen et al., 2014). These
additional treatments may decrease pathogen input into
receiving rivers, e.g., ozonation is an efficient method used
to reduce or inactivate pathogens during tertiary treatment
(Alexander et al., 2016; Qiao et al., 2017; Zhuang et al.,
2015). However, VFs may be resistant to these supplementary
wastewater treatment processes (Wegrzyn and Wegrzyn, 2002;
Zhang et al., 2016). Released VFs may enter river water and
further into epilithic biofilms (Li et al., 2015). In comparison with water, biofilms with higher bacterial density can
increase the probability of VF propagation (Varela and Manaia, 2013). As a result, with long-term development, biofilms
can be reservoirs of bacterial pathogens carrying multiple VFs,
which is a serious concern for human health (Balcazar et al.,
2015).
To date, however, knowledge on pathogens and related VFs
in receiving aquatic ecosystems (especially epilithic biofilms)
after WWTP upgrade remains poorly understood, which is
critical for public health. To address this knowledge gap,
we integrated 16S rRNA sequencing, metagenome-assembled
genome analysis, and quantitative polymerase chain reaction (qPCR) assay to (1) compare the pathogenic bacterial
composition and VFs between water and epilithic biofilm in
two receiving rivers after WWTP upgrade; (2) characterize the
pathogenic VFs and evaluate their pathogenicity function in
water and epilithic biofilms; and, (3) evaluate the potential
health risk exposure of target pathogens carrying multiply
VFs. The novelty of this work is the focus on epilithic biofilms
containing pathogens that harbor pathogenicity genes (i.e.,
VFs) and specific function and characteristic of VFs in
biofilms.

1.1.

Sampling campaigns

Epilithic biofilm and water samples were collected from two
wastewater-dominant rivers (Tonghui River and Qing River in
Beijing, China), which receive wastewater from the Gaobeidian WWTP and Qinghe WWTP, respectively. Both plants were
upgraded using ultrafiltration membrane plus ozonation techniques in April 2017 and December 2013 (Appendix A Table S1), respectively (Wang et al., 2020). We selected seven
sampling sites at each river, one point at effluent outfall and
three points upstream and downstream, respectively. The distance between each sampling point was (200 ± 20) m (Appendix A Fig. S1). Epilithic biofilms (attached to gravel and
stones) are complex matrix-enclosed communities. Epilithic
biofilms grow on wet stones in the riverbed. At each site,
epilithic biofilm samples were taken along a transect parallel to the river’s edge. Cobbles (4-15 cm length) were collected in riffles, which avoided sediment deposition. Details
on the two receiving rivers are described in Appendix A
Text S1.
Water samples were collected in sterile 1000-mL bottles.
About 600–800 mL of water was filtered by 0.45-μm filter membranes (Jinteng, China) in the field followed by the addition
of LifeGuardTM preservation solution (MoBio Laboratories Inc.,
Carlsbad, CA, USA) for further DNA extraction (Liang et al.,
2020; Wang et al., 2020; Tang et al., 2016). For biofilm samples, we carefully scraped and collected the substances on
stone surfaces at each site using a sterile scraper. The biofilms
from each site were transferred to 50-mL sterile tubes and
stored at -20°C until DNA extraction. Water samples from
Qing River were not collected in December due to the freezing of the river at the seven sites. A total of 105 samples
(water: 49; biofilm: 56) were collected during the four seasons in December 2017, March 2018, June 2018, and September
2018.

1.2.
DNA extraction and 16S rRNA and shotgun
metagenomic sequencing
Total DNA was extracted from the pellets (for biofilm samples) or from membrane filters (for water samples) using a
DNeasy PowerWater Kit (Qiagen, Germany) following the manufacturer’s instructions. After detection of DNA density, the
amount of DNA in two water samples and 13 biofilm samples
was determined to be insufficient for sequencing. Hence, 90
DNA samples (water: 47; biofilm: 43) were sent to the Beijing
Genomics Institute (BGI, China) for 16S rRNA sequencing, 16S
rRNA sequences of partial water samples were also used in
(Wang et al. (2020)) (see Appendix A Table S2 for details). DNA
from 30 samples (water: 14; biofilm: 16) collected in September 2018 was chosen for paired-end shotgun metagenomic sequencing (see Appendix A Table S3 and Appendix A Text S2
for details). The sequencing data generated in this study were
deposited in the NCBI Sequence Read Archive database under
accession number PRJNA418866.
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1.3.
Potential pathogen screening by 16S rRNA
sequencing
The raw 16S rRNA sequence reads were initially filtered to
remove low-quality reads and barcode primers. The filtered
clean reads obtained from 16S rRNA gene amplicon sequencing were analyzed using a QIIME2 pipeline (v2019.4) to infer amplicon sequence variants (ASVs). According to the recommendation of QIIME2 for paired-end ASV analysis, we
merged the paired demultiplexed reads and removed lowquality reads based on quality score (phred > 4) (via q2quality-filter q-score-joined). To screen potential pathogens,
we used the normalized sequences obtained in this study to
blast the human pathogenic bacteria core dataset downloaded
from http://www.mgc.ac.cn/VFs/download.htm (Appendix A
Table S4) (Chen et al., 2012). The obtained relative abundance
tables of pathogenic taxa were exported into the R (v3.4.3) “ggplot2” package.

1.4.
Identification and characterization of pathogens
carrying VFs
1.4.1.

Genomic binning

We used genome-centric analysis to identify pathogens carrying VFs from metagenomic datasets. Genomic binning was
performed to obtain draft genomes from the water and biofilm
metagenomic datasets, respectively (Liang et al., 2020). Briefly,
the contigs assembled using MEGAHIT (v1.1.3) were clustered
into metagenome assembled genomes (MAGs) using MetaBAT
2 (Kang et al., 2019), MaxBin 2.0 (Wu et al., 2016), and CONCOCT (Alneberg et al., 2014), respectively; the MAGs recovered from the same sample using the three above programs
were together refined using the bin_refinement module in
the MetaWRAP pipeline to retain only the best representative MAGs (completeness > 50%; contaminant < 10%); dRep
was then used to de-replicate (cutoff for filtering: minimum
genome completeness 50%; maximum genome contamination 10%) the MAGs from all samples by identifying groups
of highly similar MAGs, choosing the best representative for
each MAG set, and finally generating a nonredundant MAG set.
The coverage of nonredundant MAGs in each sample was estimated using a mapping-based method (BBMap v38.43, under
slow mode/high sensitivity) and customized scripts. Abundance of each pathogenic MAG in each sample was calculated based on read mapping percentage and MAG coverage
(Liang et al., 2020).

1.4.2.

29

2018). The potential pathogens were identified based on the
taxonomic list derived from VFDB database, which was the
same as taxonomic affiliation of 16S rRNA sequencing. Average nucleotide identity (ANI) among MAGs was calculated using fastANI (v1.1) (Jain et al., 2018) to estimate intergenomic
similarity, and MAGs were hierarchically clustered by average
linkage.

1.4.3.

VFs and pathogen co-occurrence patterns

We conducted network analysis (Ju and Zhang, 2015) between
VFs and their hosts to infer associations between pathogen
and VF genes in the water and biofilm samples. Correlations
among VFs and their hosts were considered statistically significant at p < 0.05 and Spearman’s r > 0.6. All robust correlations identified from pairwise comparison of abundance
formed a correlation network. Network analysis data were visualized by Gephi (v0.9.2) (Zhou et al., 2015).

1.5.
Quantification of target pathogens and risk
assessment
Aeromonas hydrophila and Pseudomonas aeruginosa were targeted because the same genera were identified on the basis of the results of 16S rRNA and metagenomic sequencing. Fecal indicator bacterium (FIB) Enterococcus and common enteric pathogen Salmonella were also quantified to compare with pathogens carrying VFs. Species-specific functional
genes were chosen as biomarkers to quantify fecal indicator
bacteria and target pathogenic bacteria. The major adhesin
gene aha1 (Lee et al., 2008) and out membrane lipoprotein gene
oprI (DeVos et al., 1997) were chosen as biomarkers to quantify
Aeromonas hydrophila and Pseudomonas aeruginosa, respectively.
SYBR Green qPCR assays were performed as described previously (Cui et al., 2019). Details about marker genes, primer sequences, amplification conditions, and standard curve establishment are described in Appendix A Table S5 and Appendix
A Text S3.
Microbial risks were further evaluated by quantitative microbial risk assessment (QMRA) (Haas et al., 2014) based on
qPCR results (Roser et al., 2015). QMRA was performed for
P. aeruginosa based on the annual risk model (RodriguezAlvarez et al., 2015). A probability of transmission of pathogen
to host (2.0 × 10−6 ) was used (Gerba and Choi, 2006).
Annual riskP.aeruginosa

365
= 1 − 1 − exp −1.05 × 10−4 × exposure dose




Identification of pathogenic genera carrying VFs

The open reading frames (ORFs) in all contigs of each MAG
were predicted using Prodigal (v2.6.3) (Hyatt et al., 2010). To
identify potential VF ORFs, the ORFs were aligned against protein sequences in the VFDB_setA_pro.fas file (Liu et al., 2019)
downloaded from http://www.mgc.ac.cn/VFs/download.htm
using BLASTP (Liang et al., 2020). The identified VFs were classified into two categories based on host (pathogens or nonpathogens): i.e., pathogen-specific VFs and common VFs. In
addition, the VFs were classified into offensive, motility, defensive, enzyme, immune suppressive, and unknown based
on their functional information. Taxonomic classification of
MAGs was performed using GTDB-Tk (v0.3.2) (Parks et al.,

Gi risk was then determined using exposure doses of
Salmonella (Boehm et al., 2015).
GI riskSal monel l a = 0.17 × (1 − (1 + exposure dose/2884 )−0.3126 )

1.6.

Statistical analysis

Beta (β) diversity was analyzed using principal coordinate
analysis (PCoA) based on the weighted UniFrac distance matrix. Analysis of similarity (ANOSIM) was applied to identify
differences in the microbial community between water and
biofilm samples. The Wilcoxon Paired rank sum test was used
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to assess whether pathogen abundance in biofilm samples
significantly differed from that in water samples. Statistical
analyses were performed using R (v3.4.3).

2.

Results and discussion

pathogens (Ling et al., 2016). In addition, Rickettsiales symbionts of free-living amoeba may serve as amplification vehicles for a variety of pathogenic bacteria (Schulz et al., 2016).
Overall, 16S rRNA sequences demonstrated that the
epilithic biofilms were enriched in pathogens; however, the
pathogenicity of each pathogen needs to be further addressed.

2.1.
Screening of potential pathogenic genera in water
and epilithic biofilm using 16S rRNA sequencing

2.2.
Epilithic biofilms containing pathogens carrying
functional VFs revealed by MAGs

We compared microbial community composition between the
two rivers and between the water and epilithic biofilm samples. The PCoA results (Appendix A Fig. S2) indicated that
sample type (water vs. biofilm, R2 = 0.4543, ADONIS) was
the dominant factor affecting microbial community composition rather than geographical location (Tonghui River vs. Qing
River, R2 = 0.0451, ADONIS). In addition, considering that the
WWTPs in the two rivers adopted similar upgraded treatment
processes, we combined the water or biofilm samples from the
two rivers for further pathogenic analysis.
We extracted pathogenic genera information from the
water and epilithic biofilm samples, respectively. A total of 14 different genera from two categories, i.e., waterborne/environmental and enteric pathogens, were identified
in the water and epilithic biofilm samples, as shown in
Fig. 1a. Six pathogenic genera showed significantly higher
abundance (p < 0.01 or p < 0.001, Wilcoxon Paired Rank
Sum Test) in the epilithic biofilms than in the water samples. Furthermore, a clear separation of pathogenic genera
was observed between the epilithic biofilm and water samples based on principal component analysis (PCA) (Fig. 1b). The
clinical diseases associated with the 14 potential pathogenic
genera varied from mild gastroenteritis to severe infection
(Chien et al., 2004; Li et al., 2011; Rodriguez-Alvarez et al., 2015)
(Fig. 1a and Appendix A Table S6). These results indicate that
epilithic biofilms may act as reservoirs for clinically relevant
pathogens. Pseudomonas was the most abundant pathogenic
genus in both the epilithic biofilms and water samples. Due to
their production of extracellular polymeric substances (EPS),
Pseudomonas species can resist advanced treatment processes
(Alexander et al., 2016), which may explain the dominance of
this genus in the epilithic biofilms. Aeromonas, another major
pathogenic genus in the epilithic biofilms, is a primary cause
of several gastrointestinal diseases, ranging from diarrhea to
persistent dysentery, and thus poses a risk to public health
(Djuikom et al., 2008). The detected enteric pathogenic genera, including Enterococcus and Streptococcus, showed relative
abundances of less than 0.01% in both the water and epilithic
biofilm samples, much lower than that reported in urban
rivers (0.05% –0.74%) (Sun et al., 2017). This may be because
the advanced treatment achieved higher removal efficiencies
for the enteric pathogens (Zhang and Farahbakhsh, 2007).
We also found that two bacterial groups (i.e., Methylotenera and Rickettsiales) that supported the growth of pathogens
were more abundant and prevalent in the epilithic biofilms
than in water (p < 0.001, Wilcoxon Paired Rank Sum Test;
Appendix A Fig. S3). Species within the genus Methylotenera reportedly use methane as the sole or preferred carbon source and their primary production may generate organic carbon that supports overall growth of opportunistic

To complement the toxicity characteristics of potential
pathogens, we further used shotgun metagenomic datasets
to extract genomic information in respect to pathogens carrying VFs (Liang et al., 2020; Thompson et al., 2017). As
high temperature can promote pathogen growth and increase
metabolic activity, September samples were chosen to characterize pathogenic information.
In total, 942 VFs were detected in both water and epilithic
biofilm samples, including 614 pathogen-specific VFs and
328 common VFs, accounting for 65.18% and 34.82% of total
VFs, respectively. Previous studies have demonstrated many
pathogen-specific VFs, especially offensive VFs located within
pathogenicity islands, which play keys roles in the evolution of
pathogens (Gal-Mor and Finlay, 2006; Hacker and Kaper, 2000;
Hentschel and Hacker, 2001). Functional classification also
showed that offensive VFs accounted for the highest percentage of VF type in both the epilithic biofilm (44.8% ± 10.1%) and
water (55.5% ± 7.6%) samples, indicating that they had more
aggressive functions (Appendix A Fig. S4), i.e., involved in active invasion of or directly causing damage to the host. Motility VFs also dominated in the epilithic biofilm samples, which
assist in the attachment of cells to surfaces and in additional
stages of biofilm development (Brown et al., 2019; Shrout et al.,
2011).
In total, 513 de-replicated MAGs were recovered from all
samples. Among the 135 MAGs carrying the 942 VF genes, 48
MAGs carrying 661 VF genes came from 16 biofilm samples
and 87 MAGs carrying 281 VF genes came from 14 water samples. Thus, the biofilm samples demonstrated a higher occurrence of VFs compared to that in the water samples (Appendix
A Table S7). This can be explained by flagellar cell motility
(motility VFs mediated) attachment to abiotic surfaces, and its
predominant residence in epilithic biofilms. Pathogen-specific
VFs were associated with three dominant pathogenic genera, i.e., Pseudomonas, Aeromonas, and Helicobacter (Fig. 2a). To
investigate the potential interactions among pathogens and
VFs, network analysis of taxa carrying VF co-occurrence patterns was performed (Fig. 2b and c). A total of 135 MAGs
carrying VFs and six VF types generated 50 nodes and 201
edges in the biofilm network and 42 nodes and 164 edges
in the water network based on a significant pairwise correlation (p < 0.05, Spearman’s r > 0.6). In terms of topological
properties, the biofilm network presented a higher number of
connections per node (average degree = 8.04) compared with
the water network (average degree = 7.81) (Appendix A Table S8), indicating high connections among the VFs and their
hosts in the biofilm network (Balcazar et al., 2015; Faust and
Raes, 2012; Newman, 2006). Specifically, Pseudomonas, which
demonstrated strong co-occurrence with motility VFs in the
biofilm network (Spearman’s r = 0.97), is known to produce
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Fig. 1 – Potential pathogenic genera in water and biofilm samples. Relative abundance of each genus is shown in (a).
Correlation coefficient denoted as p < 0.01 (∗ ) and p < 0.001 (∗∗ ), with Wilcoxon Paired Rank Sum Test. Right column shows
associated diseases (references are listed in Appendix A Table S1) and biosafety group (according to https://my.absa.org/LAI).
Principal component analysis (PCA) of 14 potential pathogenic genera indicates a distinct difference between water and
biofilm (b).

motility-secreted virulence mediated by its polar monotrichous flagellum (Li et al., 2015; Rampioni et al., 2009). Swimming and swarming motility are flagellum-dependent behaviors in Pseudomonas species. Swarming motility is crucial for biofilm formation, and polar monotrichous flagella
aid in motility and colonization of surfaces. Offensive VFs

were found to strongly co-occur with Aeromonas (Spearman’s
r = 0.92) in the biofilm network, consistent with previous observations that aerolysin in Aeromonas, a toxin classified as offensive, plays an integrated and coherent role in the establishment of infections (Sui et al., 2009). These results suggest that
Pseudomonas carrying motility VFs and Aeromonas carrying
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Fig. 2 – Metagenomic analysis of pathogenic genera carrying Virulence factors (VFs) in water and biofilm samples. Eleven
pathogenic metagenome assembled genomes (MAGs) were identified (a). Average nucleotide identity (ANI) clustering shows
genome similarity among pathogenic MAGs (far left). Relative abundances of MAGs in water and biofilm samples are shown
in middle column. Circles denote mean abundance; dots denote abundance of each MAG; bubbles denote number of VFs.
Co-occurrence networks between VFs and pathogenic/non-pathogenic genera in biofilm (b) and water samples (c). Node
denotes VF type or MAG carrying VFs and connection (i.e., edge) denotes significant pairwise correlation (p < 0.05,
Spearman’s r > 0.6). Network colored by VFs, pathogenic genera, and non-pathogenic genera. Nodes size is proportional to
number of connections (i.e., degree) and edge thickness is proportional to Spearman’s r.

offensive VFs were the main pathogenic risks in the epilithic
biofilms after WWTP upgrade. It should be noted that, VFs
found predominately in pathogens are more directly involved
in pathogenicity, i.e., directly cause damage to the host and/or
are sufficient to cause disease (Sui et al., 2009). We also highlighted that pathogens identified in this study, no matter by
16S rRNA and metagenomic sequencing, were all potential
pathogens.

2.3.
Quantification and health risk assessment of target
pathogens
Following the discovery of Pseudomonas and Aeromonas carrying functional VFs, we investigated whether these two bacteria pose a risk to human health. We first used qPCR to quantify two specific species (i.e., P. aeruginosa and A. hydrophila) as
they are the most clinically relevant pathogens (Djuikom et al.,
2008; Pereira et al., 2018). Also, as a reference, fecal indicator bacterium (FIB) Enterococcus and common enteric pathogen
Salmonella were also quantified.
Generally, the concentrations of pathogens were significantly higher (p < 0.05, Wilcoxon Paired Rank Sum Test)
in the epilithic biofilm samples than in the water samples.
The levels of P. aeruginosa and A. hydrophila were approximately 150 and 60 times greater, respectively, than that of
Salmonella (Fig. 3a), further indicating that pathogens carrying multiple VFs could be easily enriched or proliferated in
wastewater-receiving rivers (Fresia et al., 2019). Enterococcus

levels were significantly correlated with those of Salmonella
(n = 79, r = 0.724, p < 0.001), P. aeruginosa (n = 80, r = 0.769,
p < 0.001), and A. hydrophila (n = 73, r = 0.703, p < 0.001)
(Fig. 3b), and could serve as an indicator to reflect biomass
variation of whole pathogens. The abundance of P. aeruginosa showed a relatively strong positive correlation with A.
hydrophila (n = 73, r = 0.809, p < 0.001) (Fig. 3b), indicating
that P. aeruginosa and A. hydrophila had similar growth conditions or ecological preferences (Hamilton et al., 2017). Both P.
aeruginosa and A. hydrophila are listed as Risk Group II in the
ABSA risk group database (https://my.absa.org/LAI). This risk
group corresponds to pathogens that can cause mild human
disease, as effective treatment and preventive measures are
available and risk of infection spread is limited (Varela and
Manaia, 2013). The annual risk of infection model associated
with recreation in water was used to characterize the health
risk of P. aeruginosa (Rodriguez-Alvarez et al., 2015). Results
showed that the annual risk from P. aeruginosa was higher
than the acceptable probability of 10−4 in both the water and
epilithic biofilm samples (Fig. 3c). Another health risk scenario,
accidental ingestion, was considered for exposure to enteric
pathogens, i.e., Salmonella. The median ingestion risk in water
samples (0.006) was lower than the EPA benchmark of 0.03 (30
in 1000 people), but the median ingestion risk in biofilm samples (0.056) was higher than the acceptable risk benchmark
(Fig. 3d). Thus, these results highlight the potential health
risks of epilithic biofilm contact in two wastewater-dominant
rivers.
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Fig. 3 – Quantification and risk assessment of target pathogens. Quantification of P. aeruginosa and A. hydrophila in water
and biofilm samples (a). Absolute abundances were determined in gene copies per mL of water or g of biofilm. Correlation
coefficient denoted as p < 0.05 (∗ ), with Wilcoxon Paired Rank Sum Test. Correlations between enteric pathogens
(Enterococcus and Salmonella) and environmental pathogens (P. aeruginosa and A. hydrophila) are shown in (b). Pearson’s
correlation values are superimposed on plots. Probabilities of dermal exposure risk from P. aeruginosa (c) and
gastrointestinal (GI) risk from Salmonella (d) were estimated. Blue lines indicate median. Horizontal lines indicate
benchmark of 10−4 and 0.03 risk levels, respectively.

3.

Conclusion

We investigated the characterization and health risk of
pathogens in wastewater-dominant rivers after WWTP upgrade. Initial pathogen screening from the 16S rRNA sequences showed 14 human-relevant pathogenic genera in
the water and epilithic samples. Pseudomonas and Aeromonas
were the most abundant pathogenic genera and dominated
in the epilithic biofilm. Further, we applied the MAG-based
approach to identify microbial genomes carrying VFs and
demonstrated widespread distribution of VFs in the epilithic
biofilm. Pseudomonas carrying motility VFs and Aeromonas
carrying offensive VFs accounted for 31% of total VFs, and
thus could pose a risk to public health. Moreover, strong
pathogen-specific VF-host co-occurrence events were observed in the epilithic biofilm samples, indicating the importance of epilithic biofilms as reservoirs and vehicles for
pathogen-specific VFs. Quantification and health risk assess-

ment suggested high levels of pathogens carrying VF risks in
wastewater-receiving rivers after upgrade.
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