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Freshwater ecosystems are important sources of drinking water and provide
natural settings for the proliferation and dissemination of bacteria and antibiotic resistance genes (ARGs). However, the biogeographical patterns of ARGs in natural freshwaters
and their relationships with the bacterial community at large scales are largely understudied. This is of speciﬁc importance because data on ARGs in environments with low
anthropogenic impact is still very limited. We characterized the biogeographical patterns
of bacterial communities and their ARG proﬁles in 24 reservoirs across southeast China
using 16S rRNA gene high-throughput sequencing and high-throughput-quantitative
PCR, respectively. We found that the composition of both bacterial communities and
ARG proﬁles exhibited a signiﬁcant distance-decay pattern. However, ARG proﬁles displayed larger differences among different water bodies than bacterial communities, and
the relationship between bacterial communities and ARG proﬁles was weak. The biogeographical patterns of bacterial communities were simultaneously driven by stochastic and
deterministic processes, while ARG proﬁles were not explained by stochastic processes,
indicating a decoupling of bacterial community composition and ARG proﬁles in inland
waters under relatively low-human-impact at a large scale. Overall, this study provides an
overview of the biogeographical patterns and driving mechanisms of bacterial community and ARG proﬁles and could offer guidance and reference for the control of ARGs in
drinking water sources.
IMPORTANCE Antibiotic resistance has been a serious global threat to environmental
and human health. The “One Health” concept further emphasizes the importance of
monitoring the large-scale dissemination of ARGs. However, knowledge about the
geographical patterns and driving mechanisms of bacterial communities and ARGs in
natural freshwater environments is limited. This study uncovered the distinct biogeographical patterns of bacterial communities and ARG proﬁles in inland waters of
southeast China under low-anthropogenic impact at a large scale. This study improved
our understanding of ARG distribution in inland waters with emphasis on drinking
water supply reservoirs, therefore providing the much-needed baseline information for
future monitoring and risk assessment of ARGs in drinking water resources.
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A

ntibiotic-resistant bacteria (ARB) and antibiotic resistance genes (ARGs) are ancient
and common in the environment (1). However, human activities have accelerated
their evolution, proliferation, and dissemination in and across different ecosystems
(2, 3). ARGs can be transferred between environmental bacteria and human pathogens
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by horizontal gene transfer through mobile genetic elements (MGEs) (4). Recently,
both ARB and ARGs have been regarded as emerging pollutants because they can
threaten environmental and human health worldwide (5, 6). More recently, numerous
studies have reported abundant ARGs in wastewater, sediment, soil, and air environments (7–11). Pollution with multiresistant ARB and mobile ARGs that are coupled with
additional resistance to various pollutants (including antibiotic residues, biocides, and
heavy metals) on the same MGE has made aquatic ecosystems crucial hot spots for the
acquisition and dissemination of both ARB and ARGs in human-dominated regions
(12–14).
Aquatic ecosystems provide a range of ecosystem services, including food, water, and
energy, which are closely related to human survival, development, and health (15–17).
However, freshwater bodies often serve as both receiving wastewater efﬂuents and drinking water sources. They may hence harbor diverse ARGs which might in turn be transferred to pathogenic bacteria (18, 19). Currently, an increasing number of studies have
documented the global distribution of ARGs in wastewater (4, 20), but little is known
about the geographical patterns and driving mechanisms of ARGs in natural freshwater
environments at regional and continental scales (3, 21). Recently, the “One Health” concept, which was suggested as an important perspective to address problems associated
with antibiotic resistance, emphasizes the necessity of monitoring the large-scale dissemination of ARGs locally, regionally, globally, and across human, animal, and environmental
spheres (22). Hence, monitoring and assessment of the distribution, spread, and drivers of
ARG diversity and abundance in inland waters on a large scale could provide a reference
for designing policy and intervention strategies to combat antibiotic resistance.
Previous studies have demonstrated that the spatial distribution of freshwater microbial communities exhibited a distance-decay pattern, which means that the community similarity between samples decreases with increasing geographical distance (23).
Their taxonomic composition differs across different geographical regions. Further, certain functional trait proﬁles exhibited a consistent pattern where taxonomic composition
correlated with geographical variables (24), while other studies reported that the distribution of bacterial taxonomy and function is governed by different processes and mechanisms (25, 26). However, very few studies have explored biogeographical patterns of
bacterial taxonomic community composition in connection with ARG proﬁles in the environments under relatively low anthropogenic impact such as natural freshwater (3).
In this study, we investigated the distribution patterns of bacterial taxonomic community composition and ARG proﬁles in inland waters of southeast China along a distance gradient of 1800 km (Fig. S1). We characterized the bacterial communities and
ARG proﬁles in 24 reservoirs (Table S1) using high-throughput sequencing and highthroughput quantitative PCR (HT-qPCR), respectively. Nineteen of these reservoirs
were important drinking water sources for residents. The aims of this study were to (i)
compare the biogeographical patterns of bacterial communities and ARG proﬁles; (ii)
elucidate the driving mechanisms and processes underlying these biogeographical
patterns; (iii) determine the relationship between spatial distribution patterns between
bacterial communities and ARG proﬁles. Our study could provide a reference baseline
on ARG abundance at a large scale and, hence, guidance for future risk assessment
and control strategies for ARGs in inland natural waters.
RESULTS
Biogeographical pattern of ARG proﬁles and bacterial communities. Different
biogeographical patterns of bacterial communities and ARG proﬁles were identiﬁed
based on Bray-Curtis similarity. The dominant phyla across all the 24 reservoirs were
Actinobacteria, Proteobacteria, and Cyanobacteria (Fig. 1A). In contrast, the composition of ARG proﬁles showed a remarkable variation between water bodies. Multidrug
resistance genes were the main ARGs identiﬁed in most reservoirs, but some water
bodies were dominated by aminoglycoside, beta-lactam, and macrolide-lincosamidestreptogramin B (MLSB) resistance genes (Fig. 1B). Principal coordinate analysis (PCoA)
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FIG 1 Composition of bacterial communities and ARG proﬁles in 24 reservoirs, southeast China. Relative
abundances of (A) bacteria at the phylum level (Others, bacterial phyla at relative abundance below 3%) and
(B) ARGs at the class level. The dominant phyla were Actinobacteria (dark blue), Cyanobacteria (yellow), and
Proteobacteria (brown). The dominant ARG classes were beta-lactams (orange), MLSB (yellow), and multidrug
(dark blue). Principal coordinates analysis (PCoA) of (C) bacterial communities and (D) ARG proﬁles based on
Bray-Curtis similarity calculated at OTU and gene-level showing their distribution patterns. Statistics r and P
values were calculated by analysis of similarity (ANOSIM), higher r values indicate a stronger difference
between groups. Ellipses represent 95% conﬁdence intervals of group distributions. ZJ: Zhejiang province; FJ:
Fujian province; GD: Guangdong province; GX: Guangxi province; HN: Hainan province.

analysis indicated different distribution patterns between bacterial communities (Fig. 1C)
and ARG proﬁles (Fig. 1D). The difference in bacterial community compositions among
ﬁve provinces (groups) was higher than that of ARG proﬁles (Global R: 0.643 for OTUs and
0.382 for ARGs), indicating a stronger geographical distribution pattern of the bacterial
community. Further, the Bray-Curtis similarity of bacterial communities was signiﬁcantly
and negatively correlated with geographical distance (r = 20.444, P , 0.01). Still, the
ARGs-distance relationship was much weaker than that observed for bacterial community
composition (r = 20.183, P , 0.01), suggesting that bacterial communities exhibited a
stronger distance-decay pattern than ARG proﬁles (Fig. 2A and B). Further, the similarity of
bacterial communities was higher than that of ARG proﬁles, as depicted by the frequency distribution of Bray-Curtis similarity (Fig. 2C and D). Taken together, these
results indicate distinct biogeographical patterns of bacterial communities and ARG
proﬁles and demonstrate that ARG proﬁles are more variable than bacterial community compositions. Thus, the biogeographical distribution patterns of bacterial
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taxonomic composition were decoupled from antibiotic resistance traits in these
freshwater water bodies.
Across the 24 sampled reservoirs, a total of 165 (out of 285 tested) unique ARGs and 8
(out of 10 tested) MGEs were successfully ampliﬁed in at least one sample. Unsurprisingly,
cIntI (a clinically associated class 1 integron-integrase gene) was not detected in any of the
freshwater reservoirs perhaps indicating a low anthropogenic impact on these water bodies
(Fig. S2). The absolute abundance of ARGs ranged from 2.22  106 to 4.47  108 copies/liter,
while the absolute abundance of MGEs ranged from 3.56  105 to 2.61  108 copies/liter
(Table S2). ARGs were detected in all samples, whereas MGEs were not detected in the
Shanmei and Qingshuijiang reservoirs (Fig. S2). Although the samples in this study were
taken covering a large latitudinal distance, the absolute, as well as the relative abundance of
total ARGs and MGEs, were not signiﬁcantly correlated with latitude. However, the richness
of ARGs signiﬁcantly decreased with increasing latitude (r = 20.615, P , 0.001) (Fig. S3).
Further, these genes differed signiﬁcantly among different water bodies. The most prevalent
gene (sul2) occurred in 15 water bodies (Fig. S4), while 53 genes were detected only at a single sample site. Few ARGs were shared among provinces or even among water bodies in
the same province, while more unique genes were detected in these samples (Fig. S5).
Regarding community diversity, 4971 unique bacterial operational taxonomic units
(OTUs) across the 24 sites were obtained with the bacterial richness varying between
1908 and 3114 OTUs across the 24 sampling water bodies. The absolute abundance of
the 16S rRNA gene ranged from 6.07  108 to 1.01  1010 copies/liter, while the
Shannon-Wiener index of bacterial communities varied from 4.41 to 5.95 (Fig. S3).
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FIG 2 Bray-Curtis similarities of bacterial communities and ARG proﬁles. Spearman’s rank correlation
between geographical distance and similarity of (A) bacterial communities, or (B) ARG proﬁles. The
frequency distributions of Bray-Curtis similarities of bacterial communities (C) and ARG proﬁles (D). CV
indicates the variation coefﬁcient of the similarity, and SE indicates standard error.
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FIG 3 The assembly mechanisms of bacterial communities and ARG proﬁles. The ﬁt of the neutral
community model for (A) bacterial communities and (B) ARG proﬁles. Red lines represent the best ﬁt
for the neutral model. Nm indicates metacommunity size times immigration, and R2 indicates the ﬁt
to the neutral model. Note that the negative R2 value indicates no ﬁt to the neutral model.
Redundancy analysis (RDA) shows the relationship between environmental factors (including latitude
and longitude) and bacterial communities (C), and the relationship between environmental factors
and ARGs (D). NO2-N, nitrite nitrogen. Only factors with signiﬁcant correlation are shown. **, P , 0.01.

However, the abundance, richness, and Shannon-Wiener index of bacterial communities
did not show any signiﬁcant relationship with latitude (Fig. S3).
Assembly processes of ARG proﬁles and bacterial communities. We used the
neutral community model (NCM) to evaluate the importance of stochastic processes underlying the distribution of bacterial communities and ARG proﬁles. The NCM explained 46.6%
of spatial variation in bacterial community composition, but ARG proﬁles did not ﬁt the
NCM (the negative value of R2 meant no ﬁt), indicating that stochastic or neutral processes
did not play an important role in shaping the spatial distribution of ARG proﬁles (Fig. 3A
and B). Redundancy analysis (RDA) further revealed that among 21 environmental variables
analyzed, only longitude and latitude were signiﬁcantly correlated with the composition of
the bacterial community, while longitude, latitude, and nitrite nitrogen exhibited a signiﬁcant correlation with the composition of ARG proﬁles (Fig. 3C and D). In addition, both longitude and latitude were negatively related to the richness of ARGs (Fig. S6). The a-diversity of
the bacterial community was signiﬁcantly correlated with water depth, nitrite nitrogen, total
phosphorus, and oxidation-reduction potential (ORP), while the normalized abundance of
ARGs was signiﬁcantly correlated with ORP (Fig. S6). This indicates that the biogeographical
patterns of bacterial communities and ARG proﬁles were driven by different ecological processes and mechanisms. The stochastic and deterministic processes simultaneously drove
bacterial community assembly, while deterministic processes (e.g., effects of the local environmental conditions) mainly inﬂuenced the assembly of ARG proﬁles.
Relationship between ARG proﬁles and bacterial communities. Co-occurrence
patterns of bacterial taxa and ARG subtypes were established between 326 OTUs and
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77 ARGs by network analysis and revealed that genes conferring resistance to aminoglycosides, beta-lactams, tetracyclines, and multidrug were signiﬁcantly correlated
with bacterial taxa (Fig. S7). The network consisted of 403 nodes and 449 edges (i.e.,
strong and signiﬁcant correlations), the correlations were all positive and signiﬁcant
with coefﬁcient values r . 0.8. The frequently connected nodes in the network were
ARGs, especially genes encoding resistance to tetracyclines, vancomycin, multidrug,
and aminoglycosides, which were deﬁned as “hubs” of the module. Bacterial taxa
belonging to the phylum Proteobacteria established linkages with most ARGs, followed by Bacteroidetes and Cyanobacteria (Fig. 4).
However, the similarities of bacterial community and ARG proﬁle did not show a
signiﬁcant correlation (r = 0.084, P = 0.063), and the Procrustes test also indicated
that bacterial community and ARG proﬁle were not signiﬁcantly correlated (r = 0.254,
P = 0.442) (Fig. S8). Mantel test further revealed that only aminoglycoside, beta-lactam,
chloramphenicol, MLSB, and tetracycline resistance genes were weakly and signiﬁcantly
related to Chloroﬂexi, Cyanobacteria, Proteobacteria, Actinobacteria, Cyanobacteria/
Patescibacteria, respectively (Table S3).
Co-occurrence pattern of ARGs and MGEs. The absolute abundance of ARGs was
positively correlated with the absolute abundance of MGEs (r = 0.523, P , 0.05), and the
normalized abundance of ARGs was positively related to that of MGEs (r = 0.516,
P , 0.05), elucidating an overall signiﬁcant correlation between ARGs and MGEs
(Fig. S6). The absolute abundance of the intI1 gene was positively related to that of multidrug resistance genes, while the normalized abundance of the intI1 gene did not show
a signiﬁcant relationship with any ARGs (Table S4 and S5). The co-occurrence patterns
between ARGs and MGE marker genes indicated that both IS613 and tnpA-03 genes
were signiﬁcantly correlated with more resistance genes, while the intI1 gene did not
show any signiﬁcant relationship with resistance genes (Table S6).
DISCUSSION
Distinct biogeographical patterns of ARG proﬁles and bacterial communities.
We investigated the biogeographical patterns of bacterial communities and ARG proﬁles in 24 inland water bodies in 5 provinces of China, including 19 drinking water supply reservoirs. The results indicate that the composition of bacterial communities and
ARG proﬁles signiﬁcantly correlated with latitude and longitude, and they showed a
signiﬁcant distance-decay relationship. Further, the richness of ARGs signiﬁcantly
decreased with increasing latitude (r = 20.615, P = 0.001), indicating the composition
and richness of ARG proﬁles exhibited a biogeographical pattern. However, neither
Month YYYY Volume XX Issue XX

10.1128/spectrum.00406-22

6

Downloaded from https://journals.asm.org/journal/spectrum on 10 July 2022 by 124.16.166.126.

FIG 4 The number of edges (connections) in the co-occurrence network of bacterial OTUs and ARG
subtypes. Only connections with a strong (Spearman’s correlation coefﬁcient jrj $ 0.8) and signiﬁcant
(P , 0.01) correlation are presented in the network.
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absolute nor normalized relative abundance of ARG proﬁles exhibited any biogeographical pattern. Similar to our results, previous studies in other environments reported that
the abundance of ARGs did not show clear spatial patterns in wastewater treatment
plants and estuaries (20, 27). Spatial distribution patterns of ARG abundance might
rather be driven by the widespread use of diverse antibiotics, which exerted long-term
selection or coselection pressure on ARGs in polluted environments. This indicates that
ARG abundance is majorly driven by complex factors from local wastewaters (28, 29). In
addition, according to previous studies which explored the abundance of ARGs using
the same HT-qPCR approach, the richness (8–39) and abundance (2.22  106 to
4.47  108 copies/liter) of ARGs in the water bodies of this study was lower than that in
river-reservoirs (81 to 213, 1.9  109 to 2.6  1011 copies/liter), urban rivers (100 to 159,
3.61  1010 to 3.02  1011 copies/liter) and peri-urban river systems (46 to 154,
1.35  108 to 1.16  109 copies/liter) (30–32). This may be because the major water
bodies of this study serve as sources of drinking water and were protected by local governments and thus exposed to much less impact through human activities compared to
rivers in previous studies. The richness and abundance of ARGs in rural water bodies
investigated by Liu et al. (3) were similar to the results of our study. Hence, this study
provides a baseline and reference for the abundance and richness of ARGs in Chinese
drinking water sources. Bacterial communities and ARG proﬁles exhibited distinct biogeographical patterns in the inland freshwaters of southeast China. The composition of
bacterial communities showed high similarity among samples and those obtained from
the same province clustered together, while the similarity of ARG proﬁles was relatively
low and ARGs were signiﬁcantly different among the sampled water bodies. These
results suggest that bacteria may be dispersal-limited, while the distribution of antibiotic
resistance genes may be shaped by more complex mechanisms. Similar to our results,
Han et al. (33) reported the signiﬁcantly higher distance-decay relationships of bacterial
communities compared to those of ARGs in drinking water samples across a large geographical scale. These results indicate that spatial factors contributed more to bacterial
community assembly, while ARG proﬁles were simultaneously shaped by local and regional environmental factors. Previous studies reported the differences in ARG proﬁles in
global lake sediments and estuaries and suggested variations in observed ARGs were
most likely related to the local clinical patterns of antibiotic prescriptions and human
activities, including fecal pollution (27, 34, 35). Consistent with previous works (36, 37),
the sulfonamide resistance gene sul2 and aminoglycoside gene aadA1 were frequently
detected in our samples (Fig. S4). This is unsurprising as sulfonamides are the ﬁrst antibiotic applied in the clinic, and aminoglycosides are also widely used in clinical settings
since their discovery (38). The most frequently detected ARG class of multidrug resistance genes commonly referred to as genes in the current ARG database provide resistance to more than one class of antibiotics and encode general efﬂux pumps that provide
low-level resistance to several antibiotics. They normally have additionally other general
functions, such as efﬂux of metal cations, and they are most commonly not genes of
high clinical relevance (13). Contrary to those ARG speciﬁc to a single antibiotic class usually causes high-level resistance up to clinically relevant antibiotic concentrations.
Consequently, it is not surprising, that multidrug resistance efﬂux systems are the most
found in low anthropogenic impact areas, while more specialized high-level resistance
genes would be expected to dominate in highly anthropogenic impact environments
areas (39–41).
Here, most of these high-level ARGs were detected only once in this study, and the
dominant ARG classes exhibited signiﬁcant differences between different water bodies.
The distinct ARGs detected in inland waters at a large scale suggested that the monitoring of ARGs should be conducted according to local environmental conditions in
different geographical regions. The observed great variation in ARG proﬁles, suggests
that ARG proﬁles had unique patterns in different water bodies.
Different assembly processes of ARG proﬁles and bacterial communities. Bacterial
communities and ARG proﬁles in inland waters followed different assembly mechanisms
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in this study. Stochastic and deterministic processes are two types of processes that
affect the assembly of communities. The stochastic processes are neutral-based processes, including random changes in species birth, death, immigration, speciation, and
limited dispersal, whereas the deterministic processes are niche-based processes, including the inﬂuence of abiotic and biotic factors on the community (42). The biogeographical patterns of bacterial communities were simultaneously driven by stochastic and
deterministic processes, while the stochastic process did not contribute to the spatial
distribution of ARG proﬁles (Fig. 3). The neutral theory claims that the assembly of microbial communities is governed by a stochastic process such as immigration, birth-death,
and dispersal, while the niche theory highlights the importance of deterministic processes, including environmental variables and species interactions (42–44). A previous
study has demonstrated the role of environmental factors, geographical distance, and
neutral processes in shaping bacterial community composition in inland waters (45). In
addition, previous studies in environments with less anthropogenic impact highlight
that the temporal dynamics of ARG proﬁles ﬁtted well to the neutral model, indicating
they could be partly explained by stochastic processes (10, 46). However, our results suggested that the spatial distribution of ARG proﬁles did not ﬁt the neutral model, most
likely due to the different local environmental conditions and lack of human impact on
the water bodies. Longitude, latitude, and nitrite nitrogen showed a signiﬁcant correlation with ARG proﬁles (Fig. 3), with longitude and latitude being negatively correlated
with the richness of ARGs (Fig. S6). Recent studies reported the contribution of spatial
factors to the biogeographical patterns of ARGs (3), and nutrients have effects on the
temporal variation of ARGs (46). The different assembly mechanisms of the biogeographical patterns of bacterial communities and ARG proﬁles can partly explain their distinct
distribution patterns, but a large proportion of variation in ARG proﬁles remains not well
explained. This might be due to some factors not being considered which relate to regional differences, including the concentration of antibiotic and heavy metal residues,
local antibiotic usage, and other anthropogenic factors (e.g., human health and socioeconomic factors) (4, 29). Therefore, the key drivers and mechanisms of the biogeographical patterns of ARG proﬁles warrant further study.
Weak correlation between ARG proﬁles and bacterial communities. Our data
indicate that the bacterial community composition in the 24 freshwater bodies had
only little effect on the distribution of ARG proﬁles. Recently, Ju et al. (11) found that
the antibiotic resistomes in wastewaters were strongly shaped by bacterial communities, and Luo et al. (47) reported similar distribution patterns of bacterial communities
and ARG proﬁles in full-scale biogas reactors. Zhou et al. (32) investigated the distribution of bacterial communities and ARG proﬁles in urban river systems which contained
diverse pollutants at high concentrations. They also suggested that bacterial communities signiﬁcantly correlated with ARG proﬁles and explained most of the variation in
ARG composition. Consistent with our study, previous studies documented the inconsistent patterns and weak correlations between bacterial community composition and
ARG proﬁles in drinking water and Chinese estuaries (27, 48). These results may be
attributed to the low levels of pollution with selective agents and low-intensity human
activities in the reservoir watersheds of this study. In general, antibiotic pollution directly
selects for ARGs at low, environmentally relevant concentrations (49, 50). Additionally,
other pollutants such as nonantibiotic pharmaceutical residues, heavy metal ions, or biocides have been shown to coselect for ARGs or to promote horizontal gene transfer of
ARGs encoded on MGEs (51–54). Because most reservoirs in this study are sources of
drinking water and are protected by local government regulations, the absence of these
pollutants results in low selection pressure on the resistomes, and bacterial species without ARGs can survive in the diverse niches within these environments with high ﬁtness.
MGEs can transfer ARGs between different bacterial species, usually coexist with
ARGs, and play a key role in their dissemination (30, 31). In this study, the absolute
abundance of MGEs and ARGs showed a signiﬁcant and positive correlation (Fig. S6
and Table S4), indicating that, even in environments with relatively low human impact,
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MGEs might play a key role in the distribution of ARGs (3). Further, the absolute abundance of intI1 showed a signiﬁcant and positive correlation with the absolute abundance of multidrug resistance genes. However, compared to other studies, intI1 only
played a minor role as an explanatory variable for the abundance of other classes of resistance genes and was not even detected in all samples. This coincides with the fact
that drinking water reservoirs experience low-intensity human impact because intI1 is
regularly proposed to be an indicator of anthropogenic pollution (55). The low levels
of intI1 conﬁrm the low impact of anthropogenic pollution on the drinking water sources in this study. However, other MGEs, less connected to anthropogenic pollution,
were proven to still play an important role in explaining the spatial distribution patterns of ARGs (56).
This study uncovered the distinct biogeographical patterns of bacterial communities and ARG proﬁles in inland waters of southeast China under low-human impact at
a large scale. The composition of ARG proﬁles showed a greater difference among samples than bacterial community composition, while the bacterial and ARG absolute
abundances did not exhibit any strongly spatial pattern along latitude or longitude.
The ARGs were signiﬁcantly different among samples, indicating the impact of local
factors on ARGs or complex dynamics of ARGs. We further found the biogeographical
patterns of bacterial communities were simultaneously driven by stochastic and deterministic processes, whereas the geographical pattern of ARG proﬁles could not be
explained by stochastic processes. A weak correlation between bacterial community
composition and ARG proﬁles was identiﬁed. This study improved our understanding
of ARG distribution in inland waters with emphasis on drinking water supply reservoirs
at a large scale, therefore providing baseline information needed for future monitoring
and risk assessment of ARGs in drinking water sources.

Study sites and sampling. Water samples were collected from the epilimnion (surface waters) in 24
reservoirs across 5 provinces of southeast China (Fig. S1 and Table S1) during July and August in 2018.
The sampling procedures can be found in a previous study (3). Normally, sampling sites were located at
the center of each reservoir to ensure that samples were as representative and as comparable as possible. At these locations, the maximum distance from the inﬂow and outﬂow of the reservoirs is gained.
The latitude of these reservoirs ranged from 18 to 30° N, across approximately 1800 km. Water samples
were taken using a sterile 5-liter polypropylene bottle. All samples were kept in the dark and ﬁltered
within 2 h of sampling. Water samples were preﬁltered through a 200 m m mesh and then ﬁltered
through a 0.22 m m polycarbonate ﬁlter (47 mm diameter, Millipore, Billerica, MA, USA) using a vacuum
ﬁltration system. To collect sufﬁcient bacterial biomass, we normalized the ﬁltration time of each sample
to about 40 min. The total ﬁltrated water volume ranged from 200 mL for hypereutrophic waters to
750 mL for oligotrophic waters. Filters were then placed in sterilized tubes and stored at 280°C until
DNA extraction.
Water depth and transparency of sampling sites were measured as described in our previous study
(23). Water temperature, pH, dissolved oxygen, chlorophyll-a, turbidity, electrical conductivity, salinity,
and ORP were measured in situ with a Hydrolab DS5 multiparameter water quality analyzer (Hach
Company, Loveland, CO, USA). Suspended solids, total carbon, total organic carbon, total nitrogen, ammonium nitrogen, nitrate nitrogen, nitrite nitrogen, total phosphorus, and phosphate phosphorus were
measured according to standard methods (57).
DNA extraction and quantitative PCR. Total DNA from the water samples was extracted from ﬁlters
using the FastDNA SPIN kit (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s protocol. DNA quality and concentration were assessed using a NanoDrop 1000 spectrophotometer (Thermo
Scientiﬁc, Waltham, MA, USA).
In total, 296 genes were analyzed by HT-qPCR using the Wafergen SmartChip real-time quantitative
PCR platform (Wafergen Biosystems, Fremont, CA, USA). These included the 16S rRNA gene, 285 resistance genes, 8 transposase genes, the class I integron-integrase gene (intI1), and the clinical class 1 integron-integrase gene (cIntI) (10). Detailed information regarding the primer sets and PCR protocols were
described in our previous study (Table S1 in Guo et al. [10]). For each sample, three technical replicates
were performed and a nontemplate negative-control was also included for each of the HT-qPCR assays.
For quality control any wells with multiple melting peaks and/or ampliﬁcation efﬁciency ,1.8 or .2.2
were discarded. Further, the HT-qPCR threshold cycle (Ct) of 31 was used as the detection limit, and only
samples with three replicates that simultaneously reached a Ct ,31 were regarded as positive.
The absolute copy number of the 16S rRNA gene was quantiﬁed by real-time quantitative PCR
(qPCR) using a Lightcycler 480 instrument (Roche, Basel, Switzerland). To calculate the absolute abundance of the 16S rRNA gene, we used a six-point calibration curve from a 10-fold dilution of a standard
plasmid containing a cloned and sequenced 16S rRNA fragment with the highest concentration starting
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at 3  1010 copies/liter. PCRs were performed in triplicates with three negative controls following our
previous study (46). Only standard curves with an ampliﬁcation efﬁciency of 90% to 110% and R2 $ 0.99
and single melting peaks were accepted. Similarly, the ampliﬁcation efﬁciency of all samples was
assessed to rule out any potential PCR inhibition and for all samples, the ampliﬁcation efﬁciency was
between 90% and 110%.
The relative copy number of the 16S rRNA gene from HT-qPCR was signiﬁcantly correlated
with the absolute copy number from qPCR. Therefore, the relative copy number of ARGs and MGEs
generated from HT-qPCR was transformed to absolute abundance according to equation (58):
ARGHT qPCR ðor MGEHT qPCR Þ=16SHT qPCR ¼ ARGabsolute ðor MGEabsolute Þ=16SqPCR :
High-throughput sequencing. Sequencing of the 16S rRNA gene, to characterize the bacterial communities, was performed at Novogene Bioinformatics Technology (Beijing, China) on the Illumina
HiSeq2500 (PE250) platform using the PCR primer set (341F-forward: CCTAYGGGRBGCASCAG, 806Rreverse: GGACTACNVGGGTWTCTAAT) (59, 60) targeting the V3–V4 region (61). Amplicons were barcoded (at 59 ends of the primers) during the ampliﬁcation step. Thereafter, PCR products were puriﬁed.
Then sequencing was performed according to the Novogene Bioinformatics Technology standardized
protocol, which includes a no template control to account for potential reagent contamination in each
run. No reagent contamination was detected in our samples.
After sequenced raw reads were merged in MOTHUR v1.39.0 (62) using the make.contigs() command
in MOTHUR with pdiffs = 5, bdiffs = 1 was used to obtain merged fasta and quality ﬁles. Sequence quality control and OTU calling were performed in the USEARCH environment (63). First, dereplication was
performed using the vsearch command (minuniquesize = 8) to keep exclusively high-quality sequences,
thereafter the unoise3 algorithm was used with the default setting (minsize = 8) to obtain OTUs from
those sequences at a 97% similarity level (64). OTU representative sequences were then classiﬁed using
USEARCH (sintax) against the SILVA 132 database (65). All eukaryotic, chloroplast, archaeal, mitochondrial, chimeras, and unknown sequences were excluded. After this step the number of cleaned and
high-quality sequences across all samples ranged from 115,984 to 286,812, hence we normalized the
sequencing depth to 115,984 sequences for each sample. These sequences were clustered into 4971
OTUs.
Statistics. The data of bacterial community composition, ARG proﬁles, and environmental variables
(except pH) were log-transformed before analyses to improve normality. The Shannon-Wiener index and
Bray-Curtis similarity were calculated at the OTU level using R v3.6.1 with the vegan package (66). PCoA
and analysis of similarity (ANOSIM) were carried out to explore compositional differences in Bray-Curtis
similarity between samples. To compare the number of detected genes, we constructed a Venn diagram
using the “Venn-Diagram” package in the R environment (67).
In addition, we calculated the pairwise Spearman’s correlations at the OTU level with the picante
package to reveal the relationship between bacterial taxa and ARGs (68). The correlation coefﬁcients
j r j $ 0.8 between bacterial taxa and ARGs, j r j $ 0.6 between MGEs and ARGs, and P , 0.01 were considered statistically signiﬁcant, and network information was constructed using the Gephi v8.2. The
Procrustes test was performed at the OTU level within the vegan package to test the correlation
between bacterial communities and ARG proﬁles. Mantel tests were calculated at the OTU level using R
v3.6.1 with the vegan package to reveal Spearman’s correlations between bacterial OTUs and ARG
classes.
The neutral community model was calculated at the OTU level to test the importance of stochastic
processes in shaping the assembly of bacterial communities and resistomes (21, 44), with the Hmisc,
stats4, and minpack.lm packages in R v3.6.1 (67). We performed RDA at the OTU level with the vegan
package to explore the relationship between environmental factors and the compositions of bacterial
communities and ARG proﬁles, respectively. We used forward selection to choose signiﬁcant environmental factors (P , 0.05) before the RDA.
Data availability. The raw data for the 16S rRNA gene has been deposited in the National Omics
Data Encyclopedia database under the Project ID: OEP001334. These raw sequences were also stored in
the NCBI sequence read archive (SRA) database under the BioProject number PRJNA694227.
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