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a b s t r a c t

Aquatic ecosystems have been increasingly threatened by anthropogenic activities, e.g., wastewater
discharge and farm operation. Several methods are adopted to evaluate the effects of anthropogenic
activities on biological risk in the environment, such as qPCR and amplicon next-generation sequencing.
However, these methods fall short of providing genomic information of target species, which is vital for
risk assessment from genomic aspect. Here, we developed a novel approach integrating metagenomic
analysis and flow cytometry to identify and quantify potential pathogenic antibiotic resistant bacteria
(PARB; carrying both antibiotic resistance genes (ARGs) and virulence factor genes (VFGs)) in the envi-
ronment, which are of particular concern due to their infection ability and antibiotic resistance. Based on
the abundance/density of PARB, we evaluated microbiological risk in a river impacted by both municipal
drainage and agriculture runoff. We collected samples upstream (mountainous area) as the control.
Results showed that 81.8% of dominant PARB (33) recovered using our approach were related to known
pathogenic taxa. In addition, intragenomic ARGs-VFGs coexistence patterns in the dominant Pseudo-
monas genomes (20 out of 71 PARB) showed high similarity with the most closely related Pseudomonas
genomes from the NCBI RefSeq database. These results reflect acceptable reliability of the approach for
(potential) pathogen identification in environmental samples. According to the PARB density, microbi-
ological risk in samples from the agricultural area was significantly higher than in samples from the
urban area. We speculated that this was due to the higher antibiotic usage in agriculture as well as
intragenomic ARGs-VFGs co-evolution under antibiotic selective pressure. This study provides an alter-
native approach for the identification and quantification of PARB in aquatic environments, which can be
applied for microbiological risk assessment.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

River water quality near cities and/or agricultural regions tends
to deteriorate due to anthropogenic activity. Concerns regarding
ng Water Science and Tech-
ces, Chinese Academy of Sci-
100085, China.
biological risk resulting from anthropogenic activities have
garnered increasing attention, and several techniques have been
used for identification and detection of bacterial pathogens, such as
culture- and PCR-based methods (Rovai et al., 2014). Traditional
culture-based method is the golden standard method for patho-
gens identification, but it is time-consuming and susceptible to
culture conditions; PCR-based methods are of much higher
throughput and culture-independent, but they rely heavily on
specific primers for detection of target genes, thus not applicable to
detect novel target genes. Therefore, new methods need to be
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developed to overcome the disadvantages mentioned above.
Nowadays, antibiotic resistance genes (ARGs) (Pruden et al.,

2006; Rodriguez-Mozaz et al., 2015; Zhang et al., 2009) and viru-
lence factor genes (VFGs) (Chen et al., 2005) are important targets
in microbiological risk assessment (Ben et al., 2019; Bondarczuk
et al., 2016; Unc et al., 2012) because VFGs enable their bacterial
hosts to invade humans/animals and cause disease, and ARGs allow
their bacterial hosts to survive antibiotic therapy. The use of anti-
biotics in clinical practice and agriculture (including livestock and
fish farming) are two important drivers for the enrichment and
dissemination of ARGs in the environment. Many studies have
assessed ARG-derived microbiological risk by quantifying these
genes in the environment (Chereau et al., 2017; Zhao et al., 2018).
However, the risk of microbiological contaminants not only relies
on ARG density, but also the genetic context. For example, when
ARGs coexist with VFGs in a genome (e.g. in chromosome, plasmids
and other mobile genetic elements (MGEs)), the risk of the genome
to humans/animals will increase. Hence, pathogenic antibiotic
resistant bacteria (PARB; carrying both ARGs and VFGs in chro-
mosome, plasmids and other MGEs), rather than ARGs themselves,
are the final component for assessing the health risk of antibiotic
resistance. PARB are an important issue in microbiological risk
assessment for two main reasons: 1) they have the capacity to
cause disease and invalidate antibiotic therapy; and 2) theoreti-
cally, pathogenic strains containing VFGs tend to acquire ARGs in
genomes or plasmids, because they are more likely (compared with
non-pathogens) to be exposed to high concentrations of antibiotics
(Beceiro et al., 2013). Culture-dependent methods are often used to
identify PARB (Elzen, 2015), which are highly time-consuming and
thus not feasible in large-scale environmental surveys. Hence,
time-efficient methods are required for the identification and
assessment of potential PARB in the environment.

In this study, we used a metagenomic-based approach to iden-
tify and quantify potential PARB in the environment. The approach
can assess abundance, density, and risk-rank of potential PARB and,
more importantly, enable characterization of intragenomic ARGs-
VFGs coexistence patterns in local samples, which can reflect
local influence. The approach, together with common risk assess-
ment methods, was used to investigate the influence of anthro-
pogenic activities on ARGs, VFGs, and PARB in a typical
anthropogenically disturbed river (Chaobai River), which shows
distinct land use partitioning, i.e., less-disturbed mountainous area
(upstream), wastewater-discharge urban area (midstream), and
farming& feeding agricultural area (downstream). We aimed to: (i)
identify and quantify PARB using genome-centric analysis; (ii)
investigate if intragenomic ARGs-VFGs coexistence is more likely in
anthropogenically disturbed regions; and, (iii) examine if intra-
genomic ARGs-VFGs coexistence patterns respond to local anthro-
pogenic activity.

2. Materials and methods

2.1. Sampling sites and water sample collection

Due to its distinct land use partitioning, the Chaobai River was
selected as an appropriate system to study human impact on an
aquatic ecosystem. The river originates from north of the Yanshan
Mountains. It first flows through a less-disturbedmountainous area
(MA), then through an urban area (UA), where treated wastewater
becomes a main source of river water, and finally through an
agricultural area (AA) where livestock and fish farming prevail,
before draining into Bohai Bay. Details on the sampling area have
been described in our previous study (Liao et al., 2018). Surface
water samples (1e50 cm in depth) were collected from 34 sites
along the river in December 2016, March 2017, June 2017, and
September 2017 (Fig. S1). In December, samples from seven sites
were not collected due to river water froze into thick ice in these
sites. In June and September, samples from six sites were not
collected due to river water dried up or other man-made factors
(such as site operation). A total of 123 water samples were ob-
tained. We loaded 1ml of surface water into centrifuge tubes for
microbial biomass collection in the field for microbial cell quanti-
fication using flow cytometry. Approximately 700e900mL of sur-
face water was filtered using 0.45-mm filter membranes in the field
with a pump followed by the addition of LifeGuard™ preservation
solution (MoBio Laboratories Inc., Carlsbad, CA, USA), and then DNA
sequencing. All samples were transported to the laboratory on ice.

2.2. Microbial cell counts

Absolute cell counts in the water samples were determined in
quadruplicate according to Nescerecka et al. (2016), with slight
modification. Briefly, staining solution was prepared using SYBR®
Green I (10 000� stock, Sigma-Aldrich Trading Co., Ltd., USA)
diluted (100� ) in anhydrous dimethyl sulfoxide (DMSO). The so-
lution (10 mL) was then added to water samples (100 mL) and
incubated for 15min at room temperature in the dark. All samples
were diluted (10� ) in TE buffer (10mM Tris-HCl, pH 8.0; 1mM
EDTA, pH 8.0) solution. Fluorescent beads in TruCount absolute
count tubes (Becton, Dickinson, and Company, USA) with known
density were spiked to the samples as a standard to determine cell
density. Samples were analyzed using a flow cytometer (FACSCa-
libur™, Becton, Dickinson, and Company, USA).

2.3. Metagenomic sequencing

The filter membranes stored in Mobio preservation solution
were subjected to DNA extraction using a PowerWater® DNA
Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA) according
to the manufacturer’s instructions. The extracted DNA samples
were sent to the Beijing Genomics Institute (China) for 150-bp
paired-end shotgun metagenomic sequencing on an Illumina
HiSeq X Ten sequencing platform. After detection of DNA density,
the amounts of DNA in nine samples were found to be insufficient
for metagenomic sequencing. Hence, in total, 114 DNA samples
were sequenced (average size 6.1 Gbp; see Table S1 for details). The
sequence data generated in this study were deposited in the NCBI
Sequence Read Archive database with accession number
PRJNA542960.

2.4. Classification and quantification of ARGs

To characterize and quantify ARGs in the samples, reads of each
sample were processed using ARGs-OAP v2.0, a standard online
analysis pipeline (Yin et al., 2018). The ARG sequences were first
identified by alignment against SARG v2.0, a structured database of
ARGs, with the copy number of each ARG sequence then normal-
ized against the length of the reference sequences. Cell numbers of
each sample were also estimated with the pipeline by estimating
the copy numbers of 30 essential single-copy marker genes. Finally,
the abundance of potential ARGs in each sample was normalized
based on cell numbers (ARG copies per cell) at the sequence, sub-
type, and type level. The absolute density of ARGs in each sample
was obtained by multiplying the total cell density of the sample by
ARG abundance (ARG copies per cell).

2.5. Classification and quantification of VFGs

Core VFG sequences from the virulence factor database (VFDB)
(file: VFDB_setA_nt.fas) and corresponding protein database (file:
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VFDB_setA_pro.fas) (Chen et al., 2005) were downloaded on 17
March 2019 (http://www.mgc.ac.cn/VFs/download.htm) for anal-
ysis. To classify all sequences in the VFDB into type and subtype,
functional information in the sequence header of each sequence in
the file VFDB_setA_nt.fas was searched as “Query keyword” in
“Virulence factors filed” at http://www.mgc.ac.cn/cgi-bin/VFs/v5/
main.cgi. We assigned classification information in the “Key-
words” field of the most relevant VFG as the type or subtype of the
sequence. Finally, we obtained a VFG classification table, where all
sequences in the VFDB were classified into four main types
(offensive VFGs, defensive VFGs, nonspecific VFGs, and regulative
VFGs) and 17 main subtypes (see Supplementary Excel 1).

To quantify the VFGs, reads of each sample were mapped to
sequences of VFDB_setA_nt.fas with an aligner in BBMap (v38.43)
(Bushnell, 2014) using slow mode (high sensitivity), with coverage
of the reference sequences then estimated using its in-house script
pileup.sh with default parameters. Total copy number of each
virulence factor type and subtype was calculated by adding the
coverage value of all VFG sequences belonging to a specific subtype
or type. Virulence factor abundance (copy per cell) at the type and
subtype level was normalized based on the cell number (estimated
by the ARGs-OAP v2.0 pipeline) in each sample, and virulence
MAG abundance¼Reads mapping percentage�MAG coverage
Total MAG coverage

(1)

MAG density¼ Total cell density� Reads mapping percentage�MAG coverage
Total MAG coverage

(2)
factor density (copy per mL) was obtained by multiplying the total
cell density of the sample by VFG abundance.

2.6. Genome-resolved metagenomic data analysis

We took advantage of the metagenome-assembled genomes
(MAGs) for identification and quantification of potential PARB, as
shown in Fig. 1.
Fig. 1. Workflow of MAG-based approach for identification and quantification of
potential PARB. Note: PARB refers to pathogenic antibiotic resistant bacteria, which
carry at least one ARG and one VFG.
2.6.1. Assembly and binning
The 114 samples were first divided into 19 groups (see

Table S2) based on their location and sampling time for co-
assembly using MEGAHIT (v1.1.3) (Li et al., 2015) to produce
contigs. Then contigs of each group were then clustered to recover
MAGs using three binning softwarewith default parameters in the
MetaWRAP pipeline (v1.2) (Uritskiy et al., 2018), including Met-
aBAT 2 (Kang et al., 2019), MaxBin 2.0 (Wu et al., 2016), and
CONCOCT (Alneberg et al., 2014). TheMAGs recovered by the three
software were collectively processed to produce consolidated
MAGs (criterion: completeness > 50%; contamination < 10%) us-
ing Bin_refinementmodule in the MetaWRAP (v1.2). We then used
dRep (Olm et al., 2017) to de-replicate all consolidated MAGs with
default parameters, and finally a non-redundant MAG set was
constructed.

2.6.2. Estimation of MAG coverage
The coverage of each non-redundant MAG in each sample was

calculated using a mapping-based method (BBMap (v38.43), under
slowmode/high sensitivity) and customized script. Abundance and
density of the MAGs in each sample were calculated according to
Equations (1) and (2), respectively:
where, reads mapping percentage refers to the percentage of reads
in a sample successfully mapped onto the non-redundant MAG
reference; MAG coverage refers to coverage of a MAG in a sample;
total MAG coverage refers to the total coverage of all MAGs in a
sample; and, total cell density refers to the total cell density deter-
mined by flow cytometry.
2.6.3. Identification of potential PARB
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 ARG ORFs, the ORFs were aligned against the ARG data-
base in ARG-OAP v2 using BLASTP (Altschul et al., 1990). An ORF
was regarded as a potential ARG sequence when it shared at least
80% similarity over more than 70% of the length of its top hit in the
database. This criterion shows high accuracy (Hu et al., 2013). Po-
tential VFG ORFs were also identified using identical criterion for
BLASTP alignment against protein sequences in the VFDB_setA_p-
ro.fas file. MAGs containing potential ARGs and VFGswere regarded
as potential PARB.
2.6.4. Average nucleotide identity calculation and taxonomic
classification

Average nucleotide identity (ANI) among MAGs was calculated
using fastANI (v1.1) (Jain et al., 2018) to estimate intergenomic
similarity, and MAGs of interest were hierarchically clustered by
average linkage (UPGMA). Taxonomic classification of MAGs was
performed using GTDB-Tk (v0.2.2) (Parks et al., 2018), a software
toolkit for assigning objective taxonomic classifications to bacterial
and archaeal genomes.

http://www.mgc.ac.cn/VFs/download.htm
http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi
http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi
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2.6.5. Intragenomic ARGs-VFGs coexistence patterns in
Pseudomonas genomes

Intragenomic ARGs-VFGs coexistence patterns in the dominant
Pseudomonas MAGs (20 out of the 71 PARB recovered) were
explored and compared with the most closely related (ANI-based
estimation by fastANI (Jain et al., 2018)) complete Pseudomonas
genomes in the NCBI RefSeq database (downloaded on 16 July
2019) and all complete Pseudomonas genomes (502 in total). The
intragenomic ARGs-VFGs coexistence proportion at the type level
was calculated by the pairwise relationship in an individual
genome, and statistically analyzed (if an ARG coexist with VFGs in a
MAG, the coexistence event between the ARG and each VFG will
add one, respectively; the coexistence percentage of a specific ARG-
VFG in a dataset was calculated by dividing its coexistence event
count by the total coexistence event count of all ARG-VFG coexis-
tence patterns) within the three datasets (20 Pseudomonas MAGs,
20 complete Pseudomonas genomes, and 502 complete Pseudo-
monas genomes), respectively. Network analysis data were visual-
ized by Cytoscape (v3.7.1) (Shannon et al., 2003).
3. Results and discussion

3.1. ARGs and VFGs respond to anthropogenic activities

To conduct microbiological risk assessment based on ARGs and
VFGs, we first investigated how ARGs and VFGs respond to
anthropogenic activities in the three areas, respectively.

As shown in Fig. 2a&b, the ARG abundances and densities in the
AA samples were significantly (p< 0.01, Wilcoxon signed-rank test)
higher than those in the MA and UA samples. These results are not
Fig. 2. Impacts of anthropogenic activities on ARGs and VFGs distribution along the Chao
(c) was calculated as below: the total ARGs density of each area was first calculated, and the p
ARGs density of each area. (d) ARG profile variation demonstrated by row-normalized pe
percentage across the three areas) based on data from (c). VFG abundance (e), density (f),
variation demonstrated by row-normalized percentage of VFG types (calculated according
Statistical analysis in (a), (b), (e), and (f) was Wilcoxon signed-rank test, and significant dif
unexpected as most (84.3%) antibiotics in China are used in veter-
inary and livestock medicine (only 15.6% for humans) (Zhang et al.,
2015). Indeed, the summed concentrations of sulfonamides (8
types), tetracyclines (4 types), fluoroquinolones (5 types) and
macrolides (4 types) in the identical water samples were highest in
AA samples (Su et al., 2019 (in press)). Hence, higher ARGs abun-
dance/density in AA might partly attribute to higher antibiotic
concentrations in AA. The ARG abundances in the UA were not
significantly higher than that in MA, but ARG densities in the UA
samples were higher than that in MA (Fig. 2a&b) due to the higher
microbial density. The ARG profiles changed markedly across the
three areas (Fig. 2c&d), reflecting the variable selective pressures
on ARGs in the different regions. Multidrug type ARGs, which are
high risk due to their ability to resist multiple antimicrobial drugs,
were dominant (46.5%) in AA. The most dominant ARG type in MA
was bacitracin, the abundance of which persistently decreased
fromMA (48.9%) to UA (26.2%) to AA (19.1%). MAwas less disturbed
by anthropogenic activities, thus the reason for bacitracin domi-
nance in MA might be attributable to that it is widespread in up to
153 genera, and considered to be intrinsic to bacteria (Hu et al.,
2013).

Similar to ARG distribution, VFG abundance and density in the
AA samples were highest, followed by abundance and density in
the UA and MA samples (Fig. 2e&f). Offensive VFGs were the
dominant type (>76% on average) in all samples (Fig. 2g), with
dominant subtypes including toxin, secretion system, and adher-
ence (Fig. S2a). Percentages of minor VFG types (such as defensive
VFGs, and nonspecific VFGs) and subtype of dominant offensive
VFGs (such as toxin, and secretion system) changed obviously
across the three areas (Fig. 2h; Fig. S2b). Offensive VFGs conferred
bai River. ARG abundance (a), density (b), and profile (c) were compared, and profile in
ercentage of an ARG type in each area was calculated by dividing its density by the total
rcentage of ARG types (percentage of an ARG type in each area divided by average
and profile (g; calculated according to method in (c)) were compared. (h) VFG profile
to method in (d)). Note: MA: mountainous area; UA: urban area; AA: agricultural area.
ferences (p < 0.01) were observed among “A”, “B”, and “C”.
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infection ability of VFG hosts; however, hosts with higher pro-
portions of offensive VFGs resulted in a lower proportion of
defensive VFGs, and thus an attenuated endurance capacity against
host immunoreactions. From this perspective, the VFG hosts in the
MA samples showed, on average, highly aggressive capability, but
lower resistance to immunoreactions of humans/animals.
Conversely, the resistance ability of VFG hosts to human/animal
immunoreaction increased in the UA and AA samples by 189% and
342% (proportion of defensive VFGs from Fig. 2g), respectively, with
only a slight decrease in offensive capability (<10%; Fig. 2g). Hence,
the VFG hosts in the UA and AA samples exhibited higher risk due
to the balanced composition of VFGs.

Spearman correlation analysis on the abundance of ARGs and
VFGs revealed relatively strong correlation coefficients (>0.6,
p< 0.01) between several ARG types (multidrug, beta-lactam, un-
classified, and MLS) and VFG subtypes (adherence, secretion sys-
tem, and antiphagocytosis) in all samples (Table S3), as well as
increasing ARGs-VFGs correlation from MA to UA to AA (Table S4).
Similar results have been observed in previous research (Escudeiro
et al., 2019; Zhang et al., 2016), with theoretical support also found
from the tendency of ARGs and VFGs to coevolve in pathogenic
genomes (e.g. chromosome, plasmids and other MGEs) under
antibiotic selective pressure (Beceiro et al., 2013).

In summary, ARG and VFG density increased significantly from
MA to UA to AA, suggesting that the probability of intragenomic
ARGs-VFGs coexistence will likely increase from MA to UA to AA.
These results provide the basis for the integration of ARGs and VFGs
to evaluate health risks in the Chaobai River.
3.2. Microbiological risk assessment based on MAGs carrying ARGs
and VFGs

Microbiological risk not only depends on the abundance and
density of ARGs and VFGs, but also on their intragenomic coexis-
tence patterns, as explored below.
Fig. 3. Abundance and density of PARB. (a) Total density of 71 PARB in each sample; co
mountainous area; UA: urban area; AA: agricultural area. Statistical analysis in (b) and (c) wa
“A”, “B”, and “C”.
3.2.1. Identification, quantification, and taxa of potential PARB
In total, 2 317 de-replicated MAGs were recovered from all

samples. If a MAG carried at least one ARG and one VFG, it was
defined as a potential PARB. Based on this criterion, 71 MAGs were
identified as potential PARB (see Supplementary Excel 2). Of the 71
MAGs, 8 came from 39MA samples (8/39¼ 0.21), 14 came from 25
UA samples (14/25¼ 0.56), and 49 came from 50 AA samples (49/
50¼ 0.98). Before concluding on the results above, we further
examined whether the non-redundant MAGs recovered from each
area differed significantly in completeness and contamination,
because the two indexes might influence the probability of a MAG
to be identified to be a PARB. Wilcoxon signed-rank test revealed
that no significant difference (p< 0.1) was observed among MAGs
of the three areas (Fig. S3). Based on PARB generated by our pipe-
line, intragenomic ARGs-VFGs coexistence seemed more likely to
occur in anthropogenically disturbed regions.

Total abundance and density of the 71 PARB in each samplewere
compared among the three areas (Fig. 3). The results were highly
similar to those of the ARGs (Fig. 2a&b). The abundance of PARB
was not significantly different between UA and MA (Fig. 3b),
whereas the density of PARB was higher in UA than in MA (Fig. 3c).
The highest density of PARB was observed in AA and UA (p< 0.01,
Wilcoxon signed-rank test) (Fig. 3c). Generally, microbiological risk
was supposed to be positively correlated with PARB density. These
results suggest that, taking MA as the control, the microbiological
risk derived fromPARB increased in UA and again in AA. The density
of PARB in June was highest (p< 0.01, Wilcoxon signed-rank test),
followed by March, September, and December (Fig. S4), perhaps
reflecting the contribution of higher temperature in June on PARB
density. Higher temperature can increase PARB density via two
aspects: 1) directly promotes PARB growth; 2) enhances pathoge-
nicity of pathogenic species via increasing their metabolic activity,
which results in higher incidence of infectious diseases and usage
of antibiotics. Under selective pressure of antibiotics, pathogenic
species without ARGs tend to acquire ARGs; pathogenic species
mparison of PARB abundance (b) and density (c) among the three areas. Note: MA:
s Wilcoxon signed-rank test, and significant differences (p < 0.01) were observed among
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with ARGs tend to survive and be enriched.
The density and ANI-based cluster trees of dominant PARB

(above 0.05% abundance in at least 20% of samples in any season)
are shown in Fig. 4. The most dominant PARB genus was Pseudo-
monas (accounting for 36% of the 33 PARB). Compared with the
total number of ARGs and VFGs in Pseudomonas (average 39), much
higher values were observed in an AeromonasMAG (117), on which
special attention should be paid when assessing microbiological
risk. MAGs assigned to the same taxawere clustered together in the
ANI-constructed tree, suggesting high accuracy of the genome-
based taxonomic classification (Jain et al., 2018).
3.2.2. Reliability of the approach
The purpose of our approach is to recover and identify PARB in

the environmental samples, and assess microbiological risk based
on PARB abundance/density. However, existing methods, such as
qPCR and amplicon next-generation sequencing (Cui et al., 2017),
can’t provide such information to compare with our approach.
Therefore, we took advantage of the taxonomic information and
intragenomic ARGs-VFGs coexistence patterns of the identified
PARB genomes to inspect the reliability of our approach.

First, we checked whether the taxa of the identified potential
PARB fell into known pathogenic taxa. Of the 33 identified domi-
nant PARB (Figs. 4), 22 were taxonomically assigned to pathogen-
associated genera using GTDB-Tk (Jain et al., 2018), including Vib-
rio (Rozenblat and Rosenberg, 2003), Shewanella (Janda and Abbott,
2014), Acinetobacter (Bergogne-B�er�ezin and Towner, 1996), Pseu-
domonas (Vance et al., 2004), Aeromonas (Merino et al., 1995),
Pantoea (Cruz et al., 2007), Leclercia (Adapa et al., 2019), and SCGC-
AAA027-K21 (Coenye, 2014); and, five MAGs were taxonomically
assigned to pathogen-associated families, including Burkholder-
iaceae (Rieraruiz et al., 2014) and Sphingomonadaceae (Glaeser and
K€ampfer, 2014). In total, 81.8% (27 out of 33) of identified dominant
pathogenic PARB were related to known pathogenic taxa, reflecting
acceptable reliability of the approach in identifying potential
pathogens. The 6 PARB MAGs which didn’t fall into the known
pathogenic taxa may be novel potential pathogenic genomes,
which might reflect the advantage of MAG-based approach in
identifying novel pathogens compared to the conventional micro-
bial risk assessment approaches.

Second, intragenomic ARGs-VFGs coexistence patterns in the
dominant Pseudomonas MAGs (20 out of the 71 PARB; 16, 3 and 1
Pseudomonas MAGs were recovered from AA, MA, and UA,
respectively) were explored and compared with the most closely
related (ANI-based estimation by fastANI (Jain et al., 2018);
Fig. 4. Density and taxa of dominant PARB. The 33 dominant MAGs were selected based on
season. Note: MA: mountainous area; UA: urban area; AA: agricultural area. ANI clustering
Table S5) complete Pseudomonas genomes in the NCBI RefSeq
database (downloaded on 16 July 2019), and all complete Pseudo-
monas genomes (502 in total). The proportion of intragenomic
ARGs-VFGs coexistence patterns at the type level was calculated by
their pairwise relationships in individual genomes, and statistically
analyzed within the three datasets, respectively. Using the 502
complete Pseudomonas genomes as the control, the 20 Pseudo-
monas PARB were very similar to those in the closely related
Pseudomonas genomes, with some specific patterns (e.g., higher
percentage of MultidrugdMotility, BacitracindOffensive VFGs,
BacitracindMotility, and BacitracindDefensive VFGs; lower per-
centage of MultidrugdNonspecific VFGs) (Fig. 5a). These results
demonstrated acceptable reliability of the approach in clustering
contigs belonging to the same individual genome into the same
MAG. Compared to the conventional microbiological risk assess-
ment methods, our approach first introduced intragenomic coex-
istence analysis into microbiological risk assessment.
3.2.3. Risk assessment based on PARB
The MAG-based approach enabled microbiological risk assess-

ment from three new aspects.
First, total density of the identified PARB could be used for

microbiological risk assessment, as shown in Fig. 3.
Second, the MAG-based approach enabled more-accurate

genome-resolved microbiological risk assessment. The MAG-
based approach clustered many more contigs belonging to an in-
dividual genome into one MAG, and recovered a high-quality draft
genome, which guaranteed higher accuracy of taxonomic classifi-
cation. The draft genomes of the identified PARB also helped on
futuremicrobial risk assessments, e.g., future studies could focus on
development of qPCR-based microbial risk assessment tools that
target the Pseudomonas or Aeromonas that were identified in this
work.

Third, the MAG-based approach enabled analysis of intra-
genomic ARGs-VFGs coexistence patterns, which could serve as a
novel index to characterize local PARB. Taking samples from the
Chaobai River as an example, distinctive intragenomic ARGs-VFGs
coexistence patterns preference were not only observed in the
dominant PARB genus Pseudomonas (Fig. 5a) but also in genera of
Aeromonas (8 in total) and Acinetobacter (7 in total) (Fig. S5), sug-
gesting that ARGs-VFGs coexistence patterns might be shaped by
both the environment and genomic context. Based on the risk
ranking of ARGs and VFGs, the risk ranking of intragenomic ARGs-
VFGs coexistence patterns and their bacterial hosts becomes
available, which further helps to identify high-risk PARB. In
the following criteria: above 0.05% abundance, existed in at least 20% of samples in any
shows genome similarity among PARB (far left).



Fig. 5. Intragenomic ARGs-VFGs coexistence patterns at type level. (a) Intragenomic ARGs-VFGs coexistence probability at type level within 20 Pseudomonas MAGs, most closely
related (ANI-based estimation using fastANI) complete Pseudomonas genomes (20 in total; Table S5) in the NCBI RefSeq database (downloaded on 16 July 2019), and all complete
Pseudomonas genomes (502 in total). Coexistence patterns above 1% were shown.; (b) Network analysis on intragenomic ARGs-VFGs coexistence patterns at type level based on 71
PARB. Network analysis data were visualized by Cytoscape (v3.7.1). Reseda rectangle represents ARG types, pale-yellow oval represents VFG types. Width of edges are in proportion
to the coexistence probability between two nodes. Coexistence patterns above 1% were shown.
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addition, coexistence pattern analysis could be conducted on the
whole PARB community, thus characterizing the overall response to
local anthropogenic activities. The ARGs-VFGs coexistence patterns
based on the 71 PARB showed that BacitracindOffensive VFGs and
MultidrugdMotility were the top two correlation patterns (Fig. 5b),
consistent with results of the 20 Pseudomonas PARB (Fig. 5a).

3.2.4. Comparison with existing methods for microbiological risk
assessment

Existing methods for microbiological risk assessment mainly
include qPCR-based and amplicon next-generation sequencing.
QPCR demonstrates highest sensitivity, and thus enables the
detection of ultra-low-level target genes; it is also the most time-
efficient method. However, it relies heavily on specific primers for
detection of target genes, which restricts its application in the
identification of novel target genes; it also only provides informa-
tion at the genetic level, with genomic context of the target genes
missing. Amplicon next-generation sequencing was used to quan-
tify bacterial 16S rRNA genes, fungal rRNA internal transcribed
spacer (ITS), and other marker genes, exhibit higher throughput
than q-PCR and only rely on few universal primers. These merits
enable its application in high-throughput detection and quantifi-
cation of known pathogens via various marker genes, but genomic
context of the target gene is also missing. By comparison, the MAG-
based approach provides genome-resolved information of target
genes, thus enabling identification of novel target genomes and
further genome-based analysis, which fills the existing gap for
identification of potential PARB in the environment.

There are several limitations of the MAG-based approach. 1) Our
pipeline enables PARB-based risk assessment and exploration on
environmental selection for PARBs. It focuses on health-related
microbes, but can’t provide more comprehensive risk assessment
compared to the conventional microbial risk assessment ap-
proaches (e.g. qPCR and amplicon next-generation sequencing).
Hence it is not likely a practical approach for microbial risk
assessment on its own; 2) Due to the short-read length of the
second-generation high-throughput sequencing technology, as-
sembly is necessary to obtain longer sequences (contigs). However,
some frequent repetitive sequences in genomes and plasmids are
difficult to assemble (Ashton et al., 2014), hence MAG-based
approach prevented recovery of all/complete plasmids or other
MGEs, upon which VFGs and ARGs can co-occur. Therefore, the
MAG-based approach cannot capture the complete risk as hosts
which are virulent and resistant due to carriage of e.g. a plasmid
carrying these genes will not be characterized. However, with the
development of new sequencing technology (e.g., PacBio and Ox-
ford Nanopore), which provides much longer read lengths (up to
~50 k bp for PacBio and 1M bp for Oxford Nanopore), reads could
be directly used to recover target genomes, which will substantially
decrease this limitation of the MAG-based approach.

4. Conclusions

Conventional microbial risk assessment approaches, such as
qPCR and amplicon next-generation sequencing can’t provide
genomic information of potential pathogens. To address this issue,
we developed a MAG-based approach to identify and quantify
microbial genomes carrying ARGs and VFGs, and further verified its
reliability. Taking an anthropogenically disturbed river as the study
object, we used this approach to identify and quantify potential
PARB for microbiological risk assessment.

Our study reached three main conclusions. First, the MAG-based
approach exhibited acceptable reliability at identifying potential
PARB in the environment, and thus could be used to identify and
quantify health-related strains for microbiological risk assessment.
Second, the MAG-based approach enabled the analysis of intra-
genomic ARGs-VFGs coexistence patterns, which could serve as a
novel index to characterize local influence. Third, intragenomic
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ARGs-VFGs coexistence seemed more likely to occur in anthropo-
genically disturbed regions, and ARGs-VFGs coexistence patterns
were probably shaped by both the environment and genomic
context. Although our approach depends on bioinformatics skills
and high-performance computing resources, the fast growing in
computing capacity together with integrated and user-friendly
pipeline will facilitate its application in both academic research
and the routine environmental monitoring in the future. Overall,
we demonstrated that the proposed MAG-based approach is
applicable for aquatic microbiological risk assessment.
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