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Abstract

Background

The dissemination of antibiotic resistance genes (ARGs) from anthropogenic
activities into the environment poses an emerging public health threat. Water
constitutes a major vehicle for transport of both biological material and chemical
substances. The present study focused on putative antibiotic resistance and
integrase genes present in the microbiome of agricultural, urban influenced and
protected watersheds in southwestern British Columbia, Canada. A
metagenomics approach and high throughput quantitative PCR (HT gPCR) were
used to screen for elements of resistance including ARGs and integron-
associated integrase genes (intl). Sequencing of bacterial genomic DNA was
used to characterize the resistome of microbial communities present in
watersheds over a one-year period.

Results

Data mining using CARD and Integrall databases enabled the identification of
putative antibiotic resistance genes present in watershed samples. Antibiotic
resistance genes presence in samples from various watershed locations was low
relative to the microbial population (<1 %). Analysis of the metagenomic
sequences detected a total of 78 ARGs and int/1 across all watershed locations.
The relative abundance and richness of antibiotic resistance genes was found to
be highest in agriculture impacted watersheds compared to protected and urban
watersheds. Gene copy numbers (GCNs) from a subset of 21 different elements

of antibiotic resistance were further estimated using HT gqPCR. Most GCNs of
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ARGs were found to be variable over time. A downstream transport pattern was
observed in the impacted watersheds (urban and agricultural) during dry months.
Urban and agriculture impacted sites had a higher GCNs of ARGs compared to
protected sites. Similar to other reports, this study found a strong association
between int/1 and ARGs (e.g., sul1), an association which may be used as a
proxy for anthropogenic activities. Chemical analysis of water samples for three
major groups of antibiotics was negative. However, the high richness and GCNs
of ARGs in impacted sites suggest effects of effluents on microbial communities
are occurring even at low concentrations of antimicrobials in the water column.
Conclusion

Antibiotic resistance and integrase genes in a year-long metagenomic study
showed that ARGs were driven mainly by environmental factors from
anthropogenized sites in agriculture and urban watersheds. Environmental
factors accounted for almost 40% of the variability observed in watershed

locations.

Introduction

Antibiotic resistance is recognized as a major emerging health threat worldwide.
While not a new phenomenon, factors such as the increasing global population
growth, overuse of antibiotics, and limited development of new drugs have
increased the risks of morbidity and mortality as well as the costs associated with

the treatment of bacterial diseases [1, 2].

Globally, the annual consumption of antibiotics is estimated to be 70 billion
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standard units/year for human use [3] and 63,151 + 1,560 tons/year for livestock

[4]. Within the next 15 years, usage is expected to increase by 30 % and 67 %
for human and veterinary purposes, respectively [5]. Currently, mortality rates
attributable to antimicrobial resistance represents 700,000 deaths annually [6].
Some reports estimate this rate will increase to 10 million deaths/year by 2050,
with antimicrobial resistance becoming the leading cause of death world-wide [6].
While this estimate is being debated [7], an exponential trend will undoubtedly
continue as a consequence of the use and misuse of antibiotics associated with

clinical and agricultural use.

It is estimated that between 75 % and 90 % of antibiotics are poorly absorbed by
either humans or animal hosts, and excreted unaltered in feces or urine [8-10].
Thus spillage of antibiotics and their metabolites into the environment is
widespread with contamination hotspots including hospital sewage discharges,
health care facility and community wastewater treatment plants (WWTPs),
pharmaceutical industry facilities, and confined animal feeding facilities [11, 12].
Impacted terrestrial and aquatic ecosystems such as soil, rivers, streams,
watersheds, groundwater and sediments, are the recipients of both antibiotic
residues and antibiotic-resistant bacteria [12, 13]. While some antibiotics may
degrade quickly, others accumulate in soil or sediments and remain for a longer
period of time [14, 15]. Surface water remains the main vehicle of dissemination
of these residues, antibiotic resistant bacteria and antibiotic resistance gene

elements into the environment [16, 17].
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Microbial acquisition of genes involved in antibiotic resistance mechanisms is a
result of a variety of gene transfer systems or elements such as conjugative
plasmids, transposons, and integrons [18, 19]. Regardless of the gene donor,
these horizontal gene transfer elements enable genes to move from one bacterial
cell to another and from one genomic system to another [18]. The role of
elements such as phages and integrons in the spread of resistance appears to
be significant in freshwater ecosystems [20] and has been well documented
using culture-independent approaches [21-24]. In this context, several
metagenomic studies have been conducted in aquatic ecosystems analyzing the
resistome of microbial communities from sediments, WWTPs and effluents [25-
28]. Only a few, however, have focused on antibiotic resistance genes or
elements of resistance in surface water or watersheds [29, 30]. Watersheds are
the primary source of drinking water and represent a pivotal route affected by
land-use and anthropogenic activities flowing into other larger aquatic
ecosystems such as rivers, basins and seas. These water bodies likely contain
antibiotic residues or metabolites, and thus microorganisms in watersheds may
carry antibiotic resistance genes that play a key role in the emergence of
antibiotic resistance in human pathogens. In the present study, we collected raw
surface water samples from 3 watersheds in southwestern British Columbia,
Canada over a one-year period. Each watershed was characterized by different
land-use (agricultural, urban and protected sites). Sequence-based
metagenomics and high-throughput quantitative PCR were used to characterize

and quantify elements of resistance in these water samples. Understanding the
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interplay between land use, watersheds and the dissemination of antibiotic
resistance genes or genetic elements associated to resistance may help avert

future impacts to public health and to the environment.

Results and Discussion

Water samples from seven sampling sites located in three watersheds of differing
land-use in southwestern British Columbia were collected over the course of one
year. Bacterial metagenomics generated 36 Gb for this dataset. CARD and
Integrall databases were selected over other classification methods due to
underestimation (ARG-annot and VFDB) and overestimation (SEED subsystems)
of the other databases (Additional file 1: Table S1). A total of 3.95 million contigs
(= 200 bp) were assembled and analyzed using CARD and Integrall. CARD
identified 12,044 hits from 6,640 contigs as elements of resistance with grouping
into 78 unique antibiotic resistance gene types conferring resistance to at least
one antibiotic. Integrall database identified 6,711 hits with 149 contigs associated

to intl1.

Main classes of antibiotics and mechanisms of antibiotic resistance in

watersheds

CARD identified a large proportion (~90 %) of the contigs as housekeeping

function-associated genes such as elongation factors (55.4 %), DNA-directed
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RNA polymerase (23.8 %) and DNA topoisomerases/gyrases (10.6 %)
(Additional file 2: Figure S1a). Although these functions can be targeted by
antibiotics such as elfamycin, daptomycin/rifampin and fluoroquinolones
(Additional file 3: Figure S1b), respectively, the identification of these genes is
not an indication of resistance; the universality of these structural genes has
been widely documented in a variety of environments [26, 31-33]. A small
percentage (~10 %) of genes was found to encode resistance to at least one
antibiotic through a protein or were involved in multidrug resistance/efflux
systems. Within this group, genes involved in multiple drug resistance (MDR)
made up at least ~39 % of transport of efflux pumps in the protected downstream
site (PDS) (Fig. 1a). This proportion is in agreement with previous estimates of
bacterial genes involved in mechanisms of transport, and mainly genes encoding
efflux pumps [34]. In this context, major mechanisms of efflux pumps included:
resistance-nodulation-division ranging from 5 % (PDS) to 51 % (protected
upstream, PUP); multidrug efflux system proteins with values between 5 % and
30 % in PDS and urban polluted (UPL), respectively; and genes associated with

transport at <5 % across all sites (Fig. 1b).

In the agriculture impacted watershed study sites, relative abundance of ARGs
affiliated with aminoglycosides (agricultural polluted, APL: 27.6 % and agricultural
downstream, ADS: 19.7 %) and sulfonamides (APL: 16.8 % and ADS, 16.1 %)
were high compared to the urban and protected sampling sites. Moreover,
abundance of genes associated to chloramphenicol/phenicol resistance groups

observed in the urban influenced sites were at least 3 fold higher than agricultural
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or protected sites (Fig. 1a). Although agricultural upstream watershed sampling
site (AUP), is located upstream of agricultural activity, it should be noted that
there is low density residential land-use in this area and may have had an effect
on the relative abundance of ARGs related to chloramphenicol/phenicols.
Moreover, genes conferring resistance to tetracyclines were observed in both the
agricultural and urban impacted watersheds. A high relative abundance of these
genes was observed in urban downstream or UDS (18.6 %). We hypothesize
that this elevated value may be due to water from the UPL site traveling 1.1 km
through parkland and some area with urban development (non-point source
contamination) before merging into the UDS site. Except for AUP and PDS, no
major differences were observed across watersheds for ARGs encoding for 3-
lactamases (Fig. 1a and 1b). In protected sites, genes associated to vancomycin
and ethambutol resistance made up 2.4 % and 51.4 % of the resistome in PUP
and PDS, respectively. Given the occurrence of these genes in protected sites,
these values may be related to naturally occurring bacteria harboring component
system regulators such as embB-embC, and vanR-vanS. Other gene groups
associated with resistance to bacitracin, polymyxin, and regulatory component
systems of heavy metals such as copper, iron-sulfur and tellurite ions, were
observed in agricultural sites and PDS. These results confirm the prevalence of
antibiotic resistance determinants to these major classes of antibiotics (B-
lactams, phenicols, aminoglycosides, and tetracyclines) in anthropogenic-

influenced environments [25, 26, 35, 36].
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Diversity and distribution of antibiotic resistance genes in watersheds.

From the bacterial DNA metagenomes, CARD and Integrall database identified a
total of 78 ARGs and one intl1 gene associated with the different watersheds.
Figure 2 shows the distribution of ARGs and intl in the watershed locations. A
total of 68 out of 79 genes (including intl) were observed in agriculture influenced
watersheds. A large number of these ARGs were observed in APL (n=38) and
ADS (n=29), while less richness of ARGs genes was found in AUP (n=11) (Fig.
2a). In AUP, ARGs with high relative abundance included mdtB (17.6 %), acrD
(11.8 %), mexB (17.6 %), and mexY (14.7 %). In APL, int/1 made up a large
proportion of the elements of resistance (34.7 %) (Fig. 2a). Other representative
ARGs in APL included sul1 (11.6 %), aadA1 (6.7 %), mexY (5.9 %), mexB and
ampC with 5.0 % each, and sul2 (2.0 %). In ADS, sul1 (21.2 %) was the ARG
with high relative abundance, while the int/ genes could not be detected using a
metagenomics approach. These findings are consistent with previous studies
reporting prevalence of sul71 and sul genes in agriculture impacted environments
[37, 38]. Other abundant genes in ADS included mexB (7.0 %) and mexY (8.5
%), aadA1 (6.1 %) and strB (6.6 %). Overall, we observed a wide range of
aminoglycosides resistance genes in both agriculture impacted sites, APL (n=20)
and ADS (n=18) (Fig. 2a). Although detected in low relative ratios, tet(W) was
found in agriculture impacted watersheds (APL and ADS) with average values of

1.3 %. Groups such as intl and sul genes were prevalent in both APL and ADS.
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Urban sites were less diverse in ARGs compared to APL and ADS. In UPL and
UDS, a total of 9 and 11 ARGs were observed, respectively. From the
sequencing data, we observed that urban sites shared at least 8 ARGs between
them. On average, genes such as mexB (17.9 %), mdtF (4.9 %), mexB (15.7 %)
and mexY (14.3 %) made up the majority of ARGs in UPL and UDS (Fig. 2b).
Moreover, intl genes were detected in different proportions in UPL (13.8 %) and
UDS (1.5 %). Similar to the agriculture impacted sites, UPL had a high relative
abundance of int/1, which may be an indication of the prevalence of these genes
in anthropogenic impacted environments [22, 39, 40]. Moreover, tetracycline
resistance genes were identified in UDS and UPL watersheds: tet(32) (7.6 %),
tet(O) (10.6 %), tet(Q) (7.6 %), tet(W) (6.0 %), and otrC (1.72 %) (Fig. 2b). More
generally, in urban sites we observed determinants of antibiotic resistance such
as intl, sul, and tet genes, which have been reported to be associated with

wastewater and surface water receiving such effluents [41, 42].

When compared to agricultural and urban locations, a low diversity of ARGs was
observed in protected watersheds. A total of 10 types of ARGs were found in
protected watersheds, and distributed into 8 and 4 types for PUP and PDS,
respectively. In PUP, mdtB and mexB made 25 % and 30 % of ARGs, while in
PDS, embB and embC comprised 85.7 % of the ARGs (Fig. 2c). Integrase genes
were not detected in any of these watershed locations using a metagenomics
approach. Genes such acrD and mdtB were observed in both sites with average
values of 5 % and 7.5 %, respectively. The diversity of B-lactamases such as

blara, blae, and blapxa was observed in small percentages ranging from 2.4 to
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5.0 % even in the protected watershed sites. This is consistent with reports
where carbapenemase genes have been detected in remote areas without
human activity and is thought to be associated with pathogenic organisms
harboring these genes [43]. Similar to UPL, vanRS, a two component regulatory
system was detected in PUP. The presence of this system may be associated
with members of Nocardiaceae or other Gram-positive bacteria present in soll
[44, 45]. Although phylogenetic information is associated with most of these
genes in the databases, it is difficult to assign a particular genus or family to a
particular gene. Thus, the information described here focused on the elements of
resistance. Overall, agriculture impacted sites were found to have greater
richness of ARGs compared to urban and protected locations. Our
metagenomics approach detected int/1, a potential indicator of gene cassettes in
only the impacted sites, while intI2 nor intl3 were detected in of the study sites.
To quantify these elements of resistance in watersheds further, we
complemented the information generated from the bacterial metagenomics study

with high throughput qPCR (HT qPCR) analysis.

Detection and quantitation of antibiotic resistance genes in watershed

locations

To confirm and quantify ARG prevalence in the study watersheds, primer and
probes were designed for 60 elements of resistance, based on results from the

metagenomics study. Although only class 1 of int/ genes was detected by
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metagenomics, we incorporated two other main classes of integrase genes (int/2
and int/3) that have been reported in the literature [46]. Samples collected from
the same locations, but not part of this study, were used to validate gPCR assays
for the ARGs. The primers were first checked for sensitivity and specificity by
SYBR green-based PCR (data not shown). TagMan probes (Life Technologies,
Carlsbad, CA) were then designed and validated for the primers which showed
suitable sensitivity and specificity (data not shown). Assays with cycle threshold
values greater than 35 were not included in the HT qPCR run using the BioMark
system (Fluidigm Corporation, South San Francisco, CA). The final gPCR panel
included a total of 18 ARG, 3 classes of intl, and 16S rRNA gene primers and
probes (Additional file 1: Table S2) which were run on DNA templates from the
different watershed study sites. A heat map of antibiotic resistance genes
normalized by bacterial counts (as estimated by the 16S rRNA gene) shows the
relative abundance and distribution of each gene in watershed locations over
time (Fig. 3). Most of the ARGs were estimated to be present in an order of
magnitude of 1 x 10 (Fig. 3). These findings are in agreement with other studies
conducted in agriculture and urban influenced environments [21, 29, 47]. Genes
such as mdtF, soxR, tet(32), tet(W) had ratios of up to 3.8 x 10 were found in
agriculture impacted sites and UDS. We hypothesize that these values are
related to agricultural discharges and in the UDS site, runoff from storm water
could explain the high ratio of tetracycline resistance genes. These gene ratios
were also high in agriculture impacted sites. When ratios were compared across

study sites, genes with more distinctive pattern were observed. For instance,
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genes such as aacA1, aadA1, strA, strB, sul1, sul2 showed high ratios in the
agriculture impacted sites, while relative concentrations as high as 3.2 x 10™ and
1.5 x 10 were observed for tet(32) and tet(Q), respectively in the urban
impacted watersheds. Gene tet(W) was prevalent in both urban and agriculture
impacted sites compared to protected watersheds. We also observed that the
intl1 gene was present over the whole year and in all sites (April 2012-April
2013). Class 1 integrase genes had ratios ranging from 3.4 to 3.7 x 102 in ADS
and APL, respectively, while those for AUP had a ~5.8 x 10™ relative
concentration. Ratios detected in agriculture impacted sites were relatively high
compared to urban impacted (1.1-1.9 x 10) and protected watersheds (1.6-7.7 x
107%). Class 2 integrase genes were detected in agricultural sites (1.6-1.9 x 10®)
and to a lesser degree in urban sites ranging from 7.0 x 10° (UPL) to 1.4 x 10
(UDS), while in protected sites, intl2 was only detected once in PUP, at a low
relative concentration (8.0 x 10°°). Although intermittently observed in the
protected watershed locations, integrase class 3 was detected in all watershed
locations. On average concentrations of int/3 were one order of magnitude higher
in downstream sites of impacted watersheds (ADS and UDS) compared to the
other sites. Some gene patterns in terms of seasonality were observed between
the dry (time points 1-7, corresponding to spring and summer) and rainy season
(time points 8-13, corresponding to fall and winter) (Fig. 3); more time series
studies across seasons are needed to confirm this observation. The prevalence
of certain elements of resistance over time may serve as proxies of

anthropogenic impacts, as proposed by other studies [48-50]. In this context and
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to elucidate differences over time of ARGs and int/ in watershed sites, we
conducted repeated measures analysis in terms of sample volume and total

extracted bacterial biomass.

Repeated measures analysis in watershed locations

Absolute numbers generated from standard curves in the HT qPCR platform
were normalized per ml of sample (volume) and ng of water DNA (biomass) as
described by Ritalahti et al. [51]. Due to the multicopy nature of the 16S rRNA
gene, a factor of 4.3 was used to normalize bacterial counts [52]. Figures 4 and
S2 (Additional file 4) depict gene copy numbers per ml of water sample and ng
DNA, respectively, for all watershed study sites. Repeated measures analysis
revealed striking differences between watershed sites in terms of 16S rRNA
gene, ARGs and intl genes. Copy numbers of the 16S rRNA gene in orders of
magnitude of 10° (volume) were detected and found to change over time within
the watersheds. When comparing sites, we observed average quantities of the
16S rRNA gene with 7.34 x 10° GCN/ml sample in PDS, followed by ADS and
APL locations with 5.67 x 10° and 4.17 x 10° GCN/ml of sample, respectively. It
is probable that values observed in agriculture impacted watersheds are
associated with farm discharges. We propose that the high GCN in PDS may be

due to biofilms in the pipe where study samples were collected [53].
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Repeated measures analysis did not show significant differences (p>0.05) for
GCNs of acrD, mdtF and soxR over time (Fig. 4). In addition to these genes and
when normalized per ng of DNA, means of embC, and emrY were not found to
be significantly different (p=0.5996) over time in the study sites (Additional file 4:
Figure S2). Since the GCNs per volume for these two genes were 1 to 2 orders
of magnitude higher than GCNs per ng of DNA water, we suggest that the
significant decrease of organisms harboring these genes made any difference

undetectable over time.

In the agriculture impacted sites, significantly higher GCNs of aacA1, aadA1,
embB, emrY, mtrA, strA, strB, sul1, sul2, intl classes 1-3 were detected over time
compared to the protected watersheds (Fig. 4). Genes such as emrY, tet(32),
tet(Q), tet(W) were more abundant in both the agriculture and urban impacted
sites compared to the protected and upstream sites. During this yearlong study,
integrase classes 1, 2 and 3 appeared to be predominant in APL and ADS.
Moreover, the means of intl genes differed (p<0.0001) over time per watershed
location. In agricultural sites, int/ class 1, 2 and 3 genes were detected in at least
one order of magnitude higher than in urban or protected watersheds, with
values ranging from 10%-10°, 10%-10*, and 10%-10°> GCNs/ml of sample for intl1, 2
and 3, respectively. Integrase class 1 genes were detected in all sites, GCNs
were lower in the protected watersheds compared to the agriculture and urban
influenced watersheds. Integrase class 2 was mostly observed in APL and ADS
over time, while that int/3 was detected in higher GCNs in agricultural and urban

sites. It was observed that in some sampling events int/2 (T1) or intl3 (T10-T12)
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were detected in PDS, but in significantly lower GCNs compared to the impacted
sites. We observed that most of these significant changes in absolute GCNs per
ml of water occurred around T7 (October), which is the beginning of the local
rainy season. For instance, higher GCNs of blayyp were observed in urban
influenced watersheds from T1 to T7 (Fig. 4). A slight decline in GCNs of blajvp
was detected and persisted over time once the rainy season started (T8-T13).
Although AUP is not directly impacted by agriculture activities, the presence of
some residences near the sampling site may have some influence in the blap
gene patterns observed. Moreover, vanR was detected intermittently in urban
impacted sites during the T1-T6 period (Fig. 4), while after T7, GCNs of this gene
increased significantly in agriculture impacted sites. It has been shown that vanR,
a regulatory structural gene that could also be part of a mobile van operon [54],
may be carried by Rhodococcus equii and Enterococcus spp. [45, 55], bacteria
commonly found in soil and able to cause pneumonia in grazing animals [56].
These bacteria also may reside in the human gastrointestinal tract, with a
potential for causing urinary tract infections, bacteremia and endocarditis in some
circumstances [55]. It is also possible that GCNs of vanR reflects farm facility

discharges or sewage infrastructure seepage in surrounding urban site areas.

An analysis of GCNs expressed per ng DNA (Additional file 4: Figure S2)
revealed seasonal downstream transport of ARGs in the sampling sites. We
observed these intermittent changes occurred at different times of the year. From
T1 through T8 (April-November 2012), high GCNs of aacA1, sul1, sul2, intl1 and

intI2 were detected in ADS compared to APL (Additional file 4: Figure S2). During
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the same time period (T1-T8), high GCNs per ng DNA of bla(IMP), tet(32), and
tet(Q) were observed in UDS compared to UPL (Additional file 4: Figure S2).
Moreover, a downstream transport of genes such as aadA1, strA, strB and tet(W)
was observed in both agricultural and urban downstream locations (Additional file
4: Figure S2). Overall, low GCNs of ARGs were detected during T4 and T5 in all
watershed locations (Fig. 4 and Additional file 4: Figure S2), the driest months
(July and August) of the year in southwestern British Columbia. This pattern of
seasonal variation was similar for most ARGs described (Additional file 4: Figure
S2). After T8 and with the onset of the rainy season, higher GCNs were
observed. No transport patterns, however, were observed downstream from the
impacted sites. Seasonal changes have been documented in other freshwater

ecosystems studies [57].

Exploratory factor analysis of watershed microbiomes

An exploratory factor analysis was conducted using the ratios of antibiotic
resistance genes to the 16S rRNA gene, and with physicochemical and biological
parameters from each study watershed. Both orthogonal and oblique rotations
were conducted with the data. Figure 5 depicts an oblique parsimax rotation that
best fits all variables assessed in this study. Factor 1 or “anthropogenic
stressors” accounted for 38.7 % of the observed variability, while that factor 2 or
“aerobic conditions” accounted for 37.4 %. Four clusters can visually be identified

(Fig. 5): APL and ADS; AUP and UPL; UDS; PUP; and PDS. Integrase genes
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class 1, sul1, sul2, strA, strB, aacA1, aadA1, tet(W), and embB seemed to be
driven by anthropogenic stressors in agriculture impacted sites (APL and ADS),
UDS and to a lesser extent UPL. Moreover, land-use nutrients such as
phosphate, nitrate, nitrite and ammonia [58-60] were observed within the same
quadrant as these ARGs. In additional models, where metadata were excluded
from the analysis or where only nutrients associated to land-use were
incorporated into the model, int/1 and sul1 clustered within the same quadrant as
anthropogenic perturbations (data not shown). Furthermore, a significant positive
correlation (r=0.8078, p<0.0001) was detected between these two genes
(Additional file 5: Figure S3). This finding is in agreement with previous studies
linking intl1 and sul1 to anthropogenic activities in freshwater ecosystems [48,
61, 62]. Note that loading of traditional markers of water quality (total coliform
and E. coli) also fell within the same quadrant as agricultural impacted sites.
While the presence of these indicator organisms does not necessarily indicate
the presence of harmful bacteria in water, their counts in APL and ADS may be
heavily associated with agricultural run-off, effluents from human septic systems
or from farm discharges as well as from non-point source fecal contamination

such as wildlife or human recreational activities [63, 64].

On the other hand, ratios of emrY, mdtF, tet(Q), soxR appeared to be related to
aerobic conditions as observed in AUP, UPL and PUP (Fig. 5). Significant
positive correlations (p<0.0284) were detected between this group of genes and
dissolved oxygen (DO). These genes, associated primarily with aerobic and

facultative anaerobic bacteria [65-67], may explain their higher relative


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

abundance in the watersheds with higher DO levels. Whereas int/2 was positively
correlated with DO (r=0.4214, p<0.0001) but rarely detected in non-impacted
sites (Fig. 4), we hypothesize that their relative abundance in watersheds aligns
with the presence of aerobic bacterial hosts of integron genes rather than
anthropogenic stressors or other environmental factors. Furthermore, integrase
class 2 and emrY, mdtF, tet(Q), soxR were positively correlated among them
(p=0.0103). It is possible that aerobic environments favor the ratio of these genes

compared to the overall genes in a microbial community.

When comparing ratios of acrD, embC, tet(32), intl3, they were not affected by
environmental stressors or aerobic conditions (Additional file 6: Figure S4a and
Additional file 7: S4b). Instead, natural factors may influence their occurrence in
the studied watersheds. For instance, tet(32), previously documented in only
anaerobic bacteria from clinical samples previously only documented in
anaerobe bacteria from clinical samples [68, 69] has recently been reported to be
widespread in human, animal and environmental resistomes [70]. Another
example is the wide distribution of the lesser known integrase gene, intl3, in
natural environments [71, 72]. The dynamics of vanR and mirA genes, part of
two-component systems conferring resistance to vancomycin and multiple
antibiotics, respectively seemed also to be governed by the natural occurrence of
bacteria [73, 74]. It is important to mention that the presence of biofilms in PDS
may have also had an effect on the microbial community structure and thus of
the naturally occurring ARGs. The role of biofilms as reservoirs of ARGs has

been documented as has their influence on increasing resistance of bacteria to
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antibiotics 10-1000 times compared to free-living bacteria [75-77]. Finally, the
ratio of blajyp seems as well to be aligned with the natural occurrence of bacteria
in watersheds. This metallo-B-lactamase gene conferring resistance to
carbapenems was positively correlated (p<0.0233) with parameters such
chlorophyll a and water flow rate (Figures 5, Additional file 5: Figure S3,
Additional file 6: Figure S4a and Additional file 7: S4b). Although, an inverse
relationship between chlorophyll a and water flow rate has been widely reported
in freshwater ecosystems [78-82], this condition only applied in the more
impaired watersheds (APL, ADS, UPL and UDS). In this study, we observed a
positive correlation between both parameters in lesser-impacted environments
such as AUP or non-impacted watersheds such as PUP. No association could be
determined in PDS, perhaps due to the influence of pipe-associated biofilms on
this site. Another correlation (p=0.0001) was observed between temperature and
chlorophyll a, but this factor did not seem to have a major effect (p= 0.2733) on
the population density harboring the blaye gene. It should be noted that absolute
GCNs of blayp in urban, AUP and protected watersheds were detected in at
least one order of magnitude higher than APL or ADS (Fig. 4 and Additional file
4: Figure S2). Additional analysis of phylogenetic information associated to blap
genes (data not showed) suggested that species of Pseudomonas spp. are the
most probable bacterial host for this gene. Members of this genus are important
phytopathogens and are also opportunistic agents of human infections [83]. They
have been reported in low nutrient or oligotrophic environments, urban

environments, colonizing biofilms and plumbing structures [84]. These
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observations may explain the relative abundance of blayp in non-agriculture

impacted sites.

The model described in this study included only three of the major factors that
may explain the overall variability of ARGs in watershed locations. Besides poor
land-use practices, additional factors that may have influenced the pattern of
bacterial community and ARGs in watersheds, such as seasonal conditions,
water flow (i.e. flow in ADS is regulated by gated dams located 8.7 km further
downstream), indirect human interventions (i.e. water collected in UDS passes

through a 9.2 km pipeline) [57, 85].

Analysis of antibiotic residues in freshwater samples

To further understand the impact of antibiotics on the aquatic environment, we
screened for antibiotic residues using a subset of water samples (described in
Methods section). The selection of antibiotic metabolites to screen for was
derived from the metagenomics supported with information on the most
commonly antibiotics employed for agricultural and human purposes in Canada
[86-88]. Information from antibiotics used on farms was not available for this
study area [89] compared to other studies [25, 90, 91]. Detection limits for the
analytical methods used were relatively low for each antibiotic as follows:
ampicillin (0.020 ug/L), sulfamethoxazole (0.0050 ug/L), chlortetracycline (0.025

pg/L), doxycycline (0.050 ug/L), oxytetracycline (0.010 ug/L) and tetracycline
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(0.025 pg/L). On analysis, none of the 3 groups of antibiotics were detectable in
the subset of water samples. For various reasons, it is probable that the amounts
of antimicrobials used in this part of Canada are a smaller fraction of those used
in other countries (i.e. China) [92, 93]. Other factors such as a rapid degradation
(including environmentally relevant conditions) [94-97], formation of metabolites
(even at a higher concentration than the parent molecule) [98-101], and
distribution (into sediments rather than the water column) [102-105], may have
been resulted in these antibiotics not being detected. On the other hand, it is
known that low concentrations of antibiotics or their metabolites have been
associated with selectivity for antibiotic resistant bacteria [106, 107]. The
observation of high richness of ARGs in the agriculture impacted sites compared
to the urban (~1:7 ratio) and protected (~1:11 ratio) sites suggests that the ARGs
were more likely derived from bacteria from the effluents rather than the de novo
acquisition of resistance in the naturally occurring bacteria in the water. Finding
greater GCNs of ARGs quantified in agriculture and urban impacted sites

compared to non-impacted watershed locations, also supports this.

Conclusions

The total number of sequences associated with ARGs from bacterial reads were
low in aquatic environments (<1 %). The metagenomics approach identified a
total of 78 different ARGs and one integrase class type 1 across all sampling

sites. Agriculture impacted sites contained a higher richness of ARGs compared
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to the urban or protected environments. Nineteen genes were further screened
to quantify GCNs of 1 ARG in the study sites. We also included integrase gene
classes 2 and 3 due to their relevance in mobile genetic elements and ARGs.
Using HT gPCR, we detected higher GCNs of ARGs in agriculture and urban
impacted sites. A downstream transport pattern was identified for most of the
ARGs during the dry season, while these differences became undetectable with
the onset of higher precipitation in the study area. Genes such as aacA1, aadA1,
StrA, strB, sul1, sul2 and intl2 were more prevalent in agricultural sites, while that
tet(32) and tet(Q) had a higher prevalence in the urban sites. Genes tet(W) and
intl1 were prevalent in both urban and agricultural settings. Moreover, an
exploratory factor analysis found that there were three major contributors/drivers
of ARGs in the watershed locations of this study: anthropogenic stressors (38.7
%), aerobic conditions (37.4 %) as well as natural occurrence (23.9 %). The
inability to detect the antibiotics in the water suggests that the ARGs come from
organisms from the effluents from the impacted sites. This is consistent with the
resilience/stability of the antibiotic resistant organisms even after they enter the
environment. Although the occurrence of ARGs in these sites was low compared
to the bacterial population, high richness and copy numbers in agricultural sites
and to a lesser extent in urban sites, demonstrates the influence of

anthropogenic activities on the aquatic environment.

Abbreviations

ARGs: antibiotic resistance genes
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GCNs: Gene copy numbers

HT qPCR: high throughput quantitative polymerase chain reaction
AUP: Agricultural upstream watershed sampling site

APL: Agricultural polluted watershed sampling site

ADS: Agricultural downstream watershed sampling site

UPL.: Urban polluted watershed sampling site

UDS: urban downstream watershed sampling site

PUP: Protected upstream watershed sampling site

PDS: Protected downstream watershed sampling site

Methods

Sample collection

Forty liter samples were collected in sterile plastic carboys from three different
British Columbia watersheds. A case-control design was used to characterize
spatial and temporal distribution of representative antibiotic resistance and
integrase genes in watersheds. Sampling within each site was conducted in 2-3
locations (upstream, at the ‘polluted’ site and downstream). Each sampling study
site represented different land-use: agriculture (Agricultural Upstream or AUP,
Agricultural Polluted or APL, and Agricultural Downstream or ADS); urban (Urban
Polluted or UPL, and urban downstream or UDS); and non-impacted (Protected
Upstream or PUP, and Protected Downstream or PDS). Descriptions of these
sampling sites are detailed in Uyaguari et al. [53]. A total of 89 samples were

collected within a one year period (April 2012-April 2013). Samples were pre-
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filtered in situ using a 105-um spectra/mesh polypropylene filter (SpectrumLabs,
Rancho Dominguez, CA), kept on ice, and then transported to the British
Columbia Centre for Disease Control Public Health Laboratory for processing
and storage at 4 °C (within 2-3 h). One 250-ml sample was collected in brown
sterile bottles without prefiltration step transported to the laboratory, and stored at
-80 °C for further analysis of antibiotics.

Metadata

Water quality parameters were measured in situ using a YSI Professional Plus
handheld multiparameter instrument (YSI Inc., Yellow Springs, OH). Physico-
chemical parameters of watersheds included: temperature (°C), dissolved
oxygen (mg/L), specific conductivity (uS/Cm), total dissolved solids (mg/L),
salinity (PSU), pressure (mmHg), and pH. Turbidity (NTU) was measured using a
VWR turbidity meter model No. 66120-200 (VWR, Radnor, PA). Water flow data
(m*/s) was determined in situ using a Swoffer 3000 current meter (Swoffer
Instruments, Seattle, WA). Total coliform and Escherichia coli counts were
determined using the Colilert-24 testing procedure (IDEXX Laboratories,
Westbrook, ME). Laboratory analysis included dissolved chloride (mg/L) and
Ammonia (mg/L) using automated colourimetry (SM-4500-CI-G) and
spectrophotometry (SM-4500NH3G). Other nutrients such as chlorophyll a [108],

orthophosphates [109], nitrites and nitrates [110] were also analyzed.

Filtration and DNA extraction

The bacterial fraction of the water samples was captured by passing water

through a 1 um to remove protists and larger cells and 0.22-uym 142 mm Supor-
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200 membrane disc filters (Pall Corporation, Ann Harbor, MI) to capture bacterial
cells, as described by Uyaguari-Diaz et al. [53, 111]. Bacterial-sized cells
captured on the Supor-200 membrane disc filters were washed with 1X
phosphate buffered saline (PBS) and 0.01 % Tween (pH 7.4). Mechanical
procedures involving shaking, and centrifugation were used to remove and
further concentrate cells (3,300 x g, 15 min at 4 °C). Cell aliquots of 300 ul were
stored at -80 °C for further DNA extraction. DNA was extracted from multiple
concentrated cell aliquots using the PowerLyzer PowerSoil DNA kit (MoBio,
Carlsbad, CA) by following the manufacturer’s instructions. DNA was precipitated
using 10 % 3M sodium acetate and 2X 100 % ethanol, and 5 pl of 5 pg/ul linear
acrylamide, washed with 1 ml of 70 % ice-cold ethanol, and eluted in 34 pl of 10
mM Tris solution. DNA concentration and purity was assessed with Qubit
fluorometer (Life Technologies, Carlsbad, CA) and NanoDrop spectrophotometer

(NanoDrop technologies, Inc., Wilmington, DE), respectively.

Metagenomic sequencing

To characterize microbial communities and subsequently identify antibiotic
resistance elements in watersheds samples, libraries were prepared using
Nextera XT DNA Sample Preparation kit (lllumina, Inc., San Diego, Ca).
Sequencing libraries were generated using 1 ng of DNA, according to the
protocol described by the manufacturer’s instructions with a gel size selection
modification [111]. Metagenomic sequencing was performed on a MiSeq platform
(lumina, Inc., San Diego, CA) using a MiSeq reagent kit V2 2x 250 bp paired-

end output. Raw bacterial reads are available as part of a large-scale Watershed
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Metagenomics project, BioProject ID: 287840.

(http://www.ncbi.nlm.nih.gov/bioproject/287840).

Bioinformatics workflow

Trimmomatic version 0.32 [112] was used to remove adapters using the
sequences packaged with the A5-Miseq assembly pipeline [113], discard low
quality and short sequences (<75 nt). Sequences were then assembled using
PandaSeq [114], unassembled pairs were also retained. De novo assembly was
conducted on the assembled and unassembled pairs using MEGAHIT [115] and
any contig shorter than 200 nt was discarded. Nucleotide sequences were
aligned against the comprehensive antibiotic resistance database (CARD) [116]
(available from http://arpcard.mcmaster.ca) and Integrall (available from http:

http://integrall.bio.ua.pt) [117] using BLAST [118].

Probe and primer design

Fully annotated genes from CARD encoding resistance to known antibiotics were
used to design primer and probes for gPCR using Primer3Plus software [119].
Specific primers for int/1-3 genes were selected from the literature [46]. Genes
encoding for putative proteins such as elongation factors, alginates, or other
hypothetical proteins were not considered for part of this analysis. Additional file
1: Table S2 summarizes primers and probes used in this study. All probes used a

5’ 6-FAM dye with an internal ZEN quencher and 3’ lowa Black fluorescent
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quencher (Life Technologies, Carlsbad, CA).
Standard curves

Genomic DNA from either agricultural or urban impacted watersheds was used
as template to generate amplicons for each antibiotic resistance gene (Additional
file 1: Table S2). Non-template controls used nuclease free-water (Promega
Corporation, Fitchburg, WI). DNA from purified strains of E. coli ATCC 25922,
and E. coli strains JVC1076, JVC1170, and JM109 (generous gift from Davies,
Miao, and Villanueva, The University of British Columbia) were used as
amplification controls for 16S rRNA gene, intl1, intl2, and intI3 genes,
respectively. PCR conditions were conducted as follows: 94 °C for 5 min,
followed by 35 cycles of 94 °C for 30 s, 55 °C (50 °C) for 45s, 72 °C for 1 min
and a final extension at 72 °C for 10 min. Amplicons were visualized on a 1.5 %
agarose gel. PCR amplicons were purified with a QIAQuick PCR Purification Kit
(Qiagen, Maryland, MD) according to the manufacturer’s instructions. The
purified amplicons were ligated into pCR2.1-TOPO cloning vectors (Invitrogen,
Carlsbad, CA) and transformed into One Shot E. coli DH5 a-T1R competent cells
following the manufacturer’s protocol. Transformants were grown overnight at 37
°C in lysogeny broth with 50 ug/ml of kanamycin. Plasmids were extracted and
purified using PureLink Quick Plasmid Miniprep Kit (Life Technologies, Carlsbad,
CA), and quantified using a Qubit dsDNA high sensitivity kit on a Qubit 3.0
fluorometer (Life Technologies, Carlsbad, CA). Plasmids for each antibiotic
resistance gene and integrase gene class were end-sequenced using an ABI

3130xI Genetic Analyzer (Life Technologies, Carlsbad, CA) with M13 forward
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primer (-20) (5-GTAAAACGACGGCCAG-3’) and M13 reverse primer (5'-
CAGGAAACAGCTATGACC-3') using BigDye Terminator version 3.1 cycle
sequencing kit (Applied Biosystems, Warrington, UK). The resultant set of DNA
sequences for each antibiotic resistance gene and integrase classes were

searched against the GenBank database using BLASTX with default settings.

Plasmid DNA harboring amplicon gene standards were linearized by digestion
with the BamHI endonuclease (Life Technologies, Carlsbad, CA). Serial dilutions
(n=6) of the linearized plasmids were multiplexed and used as templates to
generate standard curves. Additional bioinformatics analysis screened for
potential primer collision cases against Blast nt database using up to 1000 nt as
maximum collision distance (Additional file 8). Estimates of bacteria, antibiotic
resistance and integrase gene quantities in watershed sites were determined
using 16S rRNA, ARGs and intl/ gene fragments, respectively (Additional file 1:
Table S2). Gene copy numbers per ml of sample were calculated as previously

described by Ritalahti et al. [51].

High-throughput multiplex quantitative polymerase chain reaction.

DNA extracts from watershed samples were diluted 10-fold and 1.25 pl of DNA
from each sample was pre-amplified with low concentrated primer pairs (0.2 uM)
corresponding to all assays (Additional file 1: Table S2) in a 5 ul reaction volume
using TagMan Preamp Master Mix (Life Technologies, Carlsbad, CA) according
to the BioMark protocol (Fluidigm Corporation, South San Francisco, CA).

Unincorporated primers were removed using ExoSAP-IT High-Throughput PCR
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Product Clean Up (MJS BioLynx Inc., Brockville, ON) and samples were diluted

1:5 in DNA Suspension Buffer (TEKnova, Hollister, CA).

The pre-amplified products were run on the BioMark system (Fluidigm
Corporation, South San Francisco, CA) using 96.96 dynamic arrays. Five pl of
10x assay mix (9 uM primers and 2 uM probes) were loaded to assay inlet, while
5 ul of sample mix (2x TagMan Mastermix (Life Technologies, Carlsbad, CA),
20x GE Sample Loading Reagent, nuclease-free water and 2.25 pl of pre-
amplified DNA were loaded to each sample inlet of the array following
manufacturer's recommendations. After mixing the assays and samples into the
chip by an IFC controller HX (Fluidigm Corporation, South San Francisco, CA).
Quantitative PCR was performed with the following conditions: 50 °C for 2 min,
95 °C for 10 min, followed by 40 cycles of 95 °C for 15s and 60 °C for 1 min.
Samples were run in quadruplicates for all six standards, 89 environmental

samples and one no-template control.

Analysis of antibiotic residues in water

A subset of water samples stored at -80 °C were sent for analysis of antibiotic
residues to a commercial laboratory. This subset included 13 water samples from
APL and one sample of the other sites (AUP, ADS, UPL, UDS, PUP and PDS).
Selection of antibiotic residues for testing was based on the major groups of
antibiotic resistance genes found through the CARD database and included:
ampicillin (B-lactam group); sulfamethoxazole (sulfonamide group); and

chlortetracycline, doxycycline, oxytetracycline and tetracycline (tetracycline
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group). Residues of ampicillin and sulfamethoxazole were analyzed by LC/MS
following the methods described in EPA 549.2 [120], while the tetracycline group

was tested by LC/MS-MS following a modified EPA 549.2 method [120].

Data analysis

Gene copy numbers and metadata were transformed using log1o function for
analysis. Analysis of repeated measures was conducted on the qPCR data for
ARGs and intl to detect differences among watershed sites over time. Replicate
values of each antibiotic resistance and integrase genes per site were averaged
and these values introduced into the model. Tukey’s test was used to determine
time effect among the different sites. Spearman’s rank correlation analysis was
also conducted among ARGs, intl and water quality parameters. Factor analysis
employed a parsimax oblique rotation that included metadata and the ratio of
each ARG normalized by the 16S rRNA gene (as estimated by HT qPCR
platform) measured in watershed locations. Statistical analyses were performed
using Statistical Analysis System (SAS, version 9.4 for Windows). A p-value of

0.05 was assumed for all tests as a minimum level of significance.

Authors’ Contributions

MUD conceived, designed, performed the experiments and wrote the manuscript.
MAC led the bioinformatics analyses and designed the experiments. ZL designed
and performed the experiments. KC, MC, SL, WB performed the experiments.
MN performed size selection of sequencing libraries. DD and WH provided
additional bioinformatics analyses. KM, JIR, PT and NP designed the

experiments, contributed analysis tools, guided the analyses and aided in


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

interpretations. All authors contributed to final revisions of the manuscript.

Conflict of Interest Statement

MN holds shares of Coastal Genomics, a privately owned British Columbia
company offering the Ranger Technology used in this study. The authors declare
that the research was conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict of interest.

Funding
This work was funded by Genome BC and Genome Canada grant (LSARP-

165WAT). MUD was supported by a Mitacs Accelerate Fellowship.

Acknowledgements

The authors would like to thank Belinda Wong, Frankie Tsang and staff members
at the BCCDC Public Health Laboratory, Environmental Microbiology Laboratory
for their support. We also thank Brian Auk, Mark McCabe and staff in the
Molecular Microbiology and Genomics Program at the BCCDC Public Health
Laboratory for their sequencing expertise. We would like to thank Jared R.
Slobodan (Coastal Genomics) for his assistance with gel size selection. Thanks
to Dr. Robert Balshaw (UBC), David Andrade Laborde (Ryder System, Inc.) and
Guillermo Banos Cruz (University of Guayaquil) for providing statistical advice.
Finally, we would like to acknowledge Drs. Julian Davies, Vivian Miao and lvan
Villanueva at The University of British Columbia for providing integrase control

strains.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

References

1. Colomer-Lluch M, Jofre J, Muniesa M. Antibiotic resistance genes in the
bacteriophage DNA fraction of environmental samples. PLoS One.
2011;6(3):e17549.

2. Spellberg B, Guidos R, Gilbert D, Bradley J, Boucher HW, Scheld WM, et
al. The epidemic of antibiotic-resistant infections: a call to action for the medical
community from the Infectious Diseases Society of America. Clin Infect Dis.
2008;46(2):155-64.

3. Van Boeckel TP, Gandra S, Ashok A, Caudron Q, Grenfell BT, Levin SA,
et al. Global antibiotic consumption 2000 to 2010: an analysis of national
pharmaceutical sales data. Lancet Infect Dis. 2014;14(8):742-50.

4. Van Boeckel TP, Brower C, Gilbert M, Grenfell BT, Levin SA, Robinson
TP, et al. Global trends in antimicrobial use in food animals. Proc Natl Acad Sci U
S A. 2015;112(18):5649-54.

5. Gelbrand H, Miller-Petrie M, Pant S, Gandra S, Levinson J, Barter D, et al.
The State of the World’s Antibiotics 2015. Wound Heal South Afr. 2015;8(2):30-4.
6. O’Neill J. Antimicrobial resistance: tackling a crisis for the health and
wealth of nations. London: Rev Antimicrob Resist. 2014. Available at: https://amr-
review.org/sites/default/files/AMR%20Review%20Paper%?20-
%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%200f

%Z20nations_1.pdf. Accessed: January 19, 2017.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

7. de Kraker MEA, Stewardson AJ, Harbarth S. Will 10 Million People Die a
Year due to Antimicrobial Resistance by 20507. PLOS Med.
2016;13(11):e1002184.

8. Bdckelmann U, Dérries H-H, Ayuso-Gabella MN, Salgot de Margay M,
Tandoi V, Levantesis C, et al. Quantitative PCR monitoring of antibiotic
resistance genes and bacterial pathogens in three European artificial
groundwater recharge systems. Appl Environ Microbiol. 2009;75(1):154-63.

9. Karthikeyan KG, Meyer MT. Occurrence of antibiotics in wastewater
treatment facilities in Wisconsin, USA. Sci Total Environ. 2006;361(1-3):196-207.
10. Sarmah AK, Meyer MT, Boxall AB. A global perspective on the use, sales,
exposure pathways, occurrence, fate and effects of veterinary antibiotics (VAs) in
the environment. Chemosphere. 2006;65(5):725-59.

11.  Berendonk TU, Manaia CM, Merlin C, Fatta-Kassinos D, Cytryn E, Walsh
F, et al. Tackling antibiotic resistance: the environmental framework. Nat Rev
Microbiol. 2015;13(5):310-7.

12.  Pruden, A., Pei R, Storteboom H, Carlson KH. Antibiotic resistance genes
as emerging contaminants: studies in northern Colorado. Environ Sci Technol.
2006;40(23):7445-50.

13. Baquero F, Martinez JL, Canton R. Antibiotics and antibiotic resistance in
water environments. Curr Opin Biotechnol. 2008;19(3):260-5.

14. ShiH, Yang, Liu M, Yan C, Yue H, Zhou J. Occurrence and distribution
of antibiotics in the surface sediments of the Yangtze Estuary and nearby coastal

areas. Mar Pollut Bull. 2014;83(1):317-23.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

15. Xiong W, Sun Y, Ding X, Wang M, Zeng Z. Selective pressure of
antibiotics on ARGs and bacterial communities in manure-polluted freshwater-
sediment microcosms. Front Microbiol. 2015;6:194.

16. Heberer T. Occurrence, fate, and removal of pharmaceutical residues in
the aquatic environment: a review of recent research data. Toxicol Lett. 2002;
131(1-2):5-17.

17.  Marti E, Variatza E, Balcazar JL. The role of aquatic ecosystems as
reservoirs of antibiotic resistance. Trends Microbiol. 2014;22(1):36-41.

18. Bennett PM. Plasmid encoded antibiotic resistance: acquisition and
transfer of antibiotic resistance genes in bacteria. Br J Pharmacol. 2008;153
(Suppl 1):S347-57.

19.  Garriss G, Waldor MK, Burrus V. Mobile antibiotic resistance encoding
elements promote their own diversity. PLoS Genet. 2009;5(12):e1000775.

20. Lupo A, Coyne S, Berendonk TU. Origin and evolution of antibiotic
resistance: the common mechanisms of emergence and spread in water bodies.
Front Microbiol. 2012;3:18.

21.  Marti E, Jofre J, Balcazar JL. Prevalence of antibiotic resistance genes
and bacterial community composition in a river influenced by a wastewater
treatment plant. PLoS One. 2013;8(10):e78906.

22.  Stalder T, Barraud O, Jové T, Casellas M, Gaschet M, Dagot C, et al.
Quantitative and qualitative impact of hospital effluent on dissemination of the

integron pool. ISME J. 2014;8(4):768-77.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

23. Xiong W, SunY, Ding X, Zhang Y, Zeng Z. Antibiotic resistance genes
occurrence and bacterial community composition in the Liuxi River. Front Environ
Sci. 2014;2:61

24. Xiong W, SunY, Zhang T, Ding X, Li Y, Zeng Z. Antibiotics, Antibiotic
Resistance Genes, and Bacterial Community Composition in Fresh Water
Aquaculture Environment in China. Microb Ecol. 2015;70(2):425-32.

25.  Zhu Y-G, Johnson TA, Su J-Q, Qiao M, Guo G-X, Stedfeld RD, et al.
Diverse and abundant antibiotic resistance genes in Chinese swine farms. Proc
Natl Acad Sci U S A. 2013;110(9):3435-40.

26. Baumlisberger M, Youssar L, Schilhabel MB, Jonas D. Influence of a non-
hospital medical care facility on antimicrobial resistance in wastewater. PLoS
One. 2015;10(3):e0122635.

27.  Uyaguari MI, Fichot EB, Scott GI, Norman RS. Characterization and
quantitation of a novel beta-lactamase gene found in a wastewater treatment
facility and the surrounding coastal ecosystem. Appl Environ Microbiol. 2011;
77(23):8226-33.

28. Gomez-Alvarez V, Revetta RP, Santo Domingo JW. Metagenomic
analyses of drinking water receiving different disinfection treatments. Appl
Environ Microbiol. 2012;78(17):6095-102.

29. LiB,YangY,Mal,JuF, GuoF, Tiedje JM, et al. Metagenomic and
network analysis reveal wide distribution and co-occurrence of environmental

antibiotic resistance genes. ISME J. 2015;9(11):2490-502.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

30. Staley C, Gould TJ, Wang P, Phillips J, Cotner JB, Sadowsky MJ. High-
throughput functional screening reveals low frequency of antibiotic resistance
genes in DNA recovered from the Upper Mississippi River. J Water Health.
2015;13(3):693-703.

31. Mal, LiB, Zhang T. Abundant rifampin resistance genes and significant
correlations of antibiotic resistance genes and plasmids in various environments
revealed by metagenomic analysis. Appl Microbiol Biotechnol. 2014;98(11):5195-
204.

32. YuK, Zhang T. Metagenomic and metatranscriptomic analysis of microbial
community structure and gene expression of activated sludge. PLoS One. 2012;
7(5):e38183.

33. Chen LX, Hu M, Huang LN, Hua ZS, Kuang JL, Li SJ, et al. Comparative
metagenomic and metatranscriptomic analyses of microbial communities in acid
mine drainage. ISME J. 2015;9(7):1579-92.

34. Webber MA, Piddock LJ. The importance of efflux pumps in bacterial
antibiotic resistance. J Antimicrob Chemother. 2003;51(1):9-11.

35.  Wichmann F, Udikovic-Kolica N, Andrew S, Handelsman J. Diverse
antibiotic resistance genes in dairy cow manure. MBio. 2014;5(2):e01017.

36. Szczepanowski R, Linke B, Krahn |, Gartemann KH, Gutzkow T, Eichler
W, et al. Detection of 140 clinically relevant antibiotic-resistance genes in the
plasmid metagenome of wastewater treatment plant bacteria showing reduced

susceptibility to selected antibiotics. Microbiology. 2009;155(Pt 7):2306-19.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

37. Byrne-Bailey KG, Gaze WH, Kay P, Boxall ABA, Hawkey PM, Wellington
EMH. Prevalence of sulfonamide resistance genes in bacterial isolates from
manured agricultural soils and pig slurry in the United Kingdom. Antimicrob
Agents Chemother. 2009;53(2):696-702.

38. WangN, Yang X, Jiao S, Zhang J, Ye B, Gao S. Sulfonamide-resistant
bacteria and their resistance genes in soils fertilized with manures from Jiangsu
Province, Southeastern China. PLoS One. 2014;9(11):e112626.

39. Stokes HW, Gillings MR. Gene flow, mobile genetic elements and the
recruitment of antibiotic resistance genes into Gram-negative pathogens. FEMS
Microbiol Rev. 2011;35(5):790-819.

40. Stalder T, Barraud O, Casellas M, Dagot C, Ploy MC. Integron
involvement in environmental spread of antibiotic resistance. Front Microbiol.
2012;3:119.

41. Makowska N, Koczura R, Mokracka J. Class 1 integrase, sulfonamide and
tetracycline resistance genes in wastewater treatment plant and surface water.
Chemosphere. 2016;144:1665-73.

42. Zhang XX, Zhang T, Zhang M, Fang HH, Cheng SP. Characterization and
quantification of class 1 integrons and associated gene cassettes in sewage
treatment plants. Appl Microbiol Biotechnol. 2009;82(6):1169-77.

43.  Allen HK, Moe LA, Rodbumrer J, Gaarder A, Handelsman J. Functional
metagenomics reveals diverse beta-lactamases in a remote Alaskan soil. ISME

J. 2009:3(2):243-51.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

44. Guardabassi L, Perichon B, van Heijenoort J, Blanot D, Courvalin P.
Glycopeptide resistance vanA operons in Paenibacillus strains isolated from soil.
Antimicrob Agents Chemother. 2005;49(10):4227-33.

45.  Gudeta DD, Moodley A, Bortolaia V, Guardabassi L. vanO, a new
glycopeptide resistance operon in environmental Rhodococcus equi isolates.
Antimicrob Agents Chemother. 2014;58(3):1768-70.

46. Barraud O, Baclet MC, Denis F, Ploy MC. Quantitative multiplex real-time
PCR for detecting class 1, 2 and 3 integrons. J Antimicrob Chemother. 2010;
65(8):1642-5.

47. Sui Q, Zhang J, Chen M, Tong J, Wang R, Wei Y. Distribution of antibiotic
resistance genes (ARGs) in anaerobic digestion and land application of swine
wastewater. Environ Pollut. 2016;213:751-9.

48. Gillings MR, Gaze WH, Pruden A, Smalla K, Tiedje JM, Zhu YG. Using the
class 1 integron-integrase gene as a proxy for anthropogenic pollution. ISME J.
2015;9(6):1269-79.

49. Chen B, Liang X, Huang X, Zhang T, Li X. Differentiating anthropogenic
impacts on ARGs in the Pearl River Estuary by using suitable gene indicators.
Water Res. 2013;47(8):2811-20.

50. HelY, LiuYS, SuHC, Zhao JL, Liu SS, Chen J, et al. Dissemination of
antibiotic resistance genes in representative broiler feedlots environments:
identification of indicator ARGs and correlations with environmental variables.

Environ Sci Technol. 2014;48(22):13120-9.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

51. Ritalahti KM, Amos BK, Sung Y, Wu Q, Koenigsberg SS, Loffler FE.
Quantitative PCR targeting 16S rRNA and reductive dehalogenase genes
simultaneously monitors multiple Dehalococcoides strains. Appl Environ
Microbiol. 2006;72(4):2765-74.

52. Lee ZM, Bussema C 3rd, Schmidt TM. rrnDB: documenting the number of
rRNA and tRNA genes in bacteria and archaea. Nucleic Acids Res. 2009;
37(Database issue):D489-93.

53. Uyaguari-Diaz MI, Chan M, Chaban BL, Croxen MA, Finke JF, Hill JE, et
al. A comprehensive method for amplicon-based and metagenomic
characterization of viruses, bacteria, and eukaryotes in freshwater samples.
Microbiome. 2016;4(1):20.

54. HuY, Yang X, LiJ, Lv N, LiuF, Wu J, et al. The bacterial mobile
resistome transfer network connecting the animal and human microbiomes. Appl
Environ Microbiol. 2016;82(22):6672-81.

55. Gold HS. Vancomycin-resistant enterococci: mechanisms and clinical
observations. Clin Infect Dis. 2001;33(2):210-9.

56. Makrai L, Kobayashi A, Matsuoka M, Sasaki Y, Kakuda T, Dénes B, et al.
Isolation and characterisation of Rhodococcus equi from submaxillary lymph
nodes of wild boars (Sus scrofa). Vet Microbiol. 2008;131(3-4):318-23.

57. Knapp CW, Lima L, Olivares-Rieumont S, Bowen E, Werner D, Graham
DW. Seasonal variations in antibiotic resistance gene transport in the

Almendares River, Havana, Cuba. Front Microbiol. 2012;3:396.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

58. Barnes RT, Raymond PA. Land-use controls on sources and processing
of nitrate in small watersheds: insights from dual isotopic analysis. Ecol Appl.
2010;20(7):1961-78.

59.  Fraterrigo JM, Downing JA. The Influence of Land Use on Lake Nutrients
Varies with Watershed Transport Capacity. Ecosystems. 2008;11(7):1021-34.
60. Soranno PA, Cheruvelil KS, Wagner T, Webster KE, Bremigan MT.
Effects of Land Use on Lake Nutrients: The Importance of Scale, Hydrologic
Connectivity, and Region. PLoS One. 2015;10(8):e0135454.

61. Pruden A, Arabi M, Storteboom HN. Correlation between upstream human
activities and riverine antibiotic resistance genes. Environ Sci Technol.
2012;46(21):11541-9.

62. Wang FH, Qiao M, Lv ZE, Guo GX, Jia Y, Su YH, et al. Impact of
reclaimed water irrigation on antibiotic resistance in public parks, Beijing, China.
Environ Pollut. 2014;184:247-53.

63. Walters SP, Thebo AL, Boehm AB. Impact of urbanization and agriculture
on the occurrence of bacterial pathogens and stx genes in coastal waterbodies of
central California. Water Res. 2011;45(4):1752-62.

64. Harmel RD, Karthikeyan R, Gentry T, Srinivasan R. Effects of agricultural
management, land use, and watershed scale on E. coli concentrations in runoff
and streamflow. Trans ASABE. 2010;53(6):1833-41.

65. LiXZ, Plesiat P, Nikaido H. The challenge of efflux-mediated antibiotic

resistance in Gram-negative bacteria. Clin Microbiol Rev. 2015;28(2):337-418.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

66. Aires JR, Nikaido H. Aminoglycosides are captured from both periplasm
and cytoplasm by the AcrD multidrug efflux transporter of Escherichia coli. J
Bacteriol. 2005;187(6):1923-9.

67. Roberts MC, Schwarz S. Tetracycline and chloramphenicol resistance
mechanisms. In: Mayers DL, editor. Antimicrobial drug resistance: Mechanisms
of Drug Resistance. Chapter 15. Humana Press: Totowa, NJ; 2009. p. 183-93.
68. Melville CM, Scott KP, Mercer DK, Flint HJ. Novel tetracycline resistance
gene, tet(32), in the Clostridium-related human colonic anaerobe K10 and its
transmission in vitro to the rumen anaerobe Butyrivibrio fibrisolvens. Antimicrob
Agents Chemother. 2001;45(11):3246-9.

69. Warburton P, Roberts AP, Allan E, Seville L, Lancaster H, Mullany P.
Characterization of tet(32) genes from the oral metagenome. Antimicrob Agents
Chemother. 2009;53(1):273-6.

70. Pal C, Bengtsson-Palme J, Kristiansson E, Larsson DG. The structure and
diversity of human, animal and environmental resistomes. Microbiome. 2016;
4(1):54.

71.  Barkovskii AL, Green C, Hurley D. The occurrence, spatial and temporal
distribution, and environmental routes of tetracycline resistance and integrase
genes in Crassostrea virginica beds. Mar Pollut Bull. 2010;60(12):2215-24.

72.  Uyaguari MI, Scott GI, Norman RS. Abundance of class 1-3 integrons in
South Carolina estuarine ecosystems under high and low levels of anthropogenic

influence. Mar Pollut Bull. 2013;76(1-2):77-84.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

73.  Schwartz T, Kohnen W, Jansen B, Obst U. Detection of antibiotic-resistant
bacteria and their resistance genes in wastewater, surface water, and drinking
water biofilms. FEMS Microbiol Ecol. 2003;43(3):325-35.

74.  Harriff MJ, Wu M, Kent ML, Bermudez LE. Species of environmental
mycobacteria differ in their abilities to grow in human, mouse, and carp
macrophages and with regard to the presence of mycobacterial virulence genes,
as observed by DNA microarray hybridization. Appl Environ Microbiol.
2008;74(1):275-85.

75. Balcazar JL, Subirats J, Borrego CM. The role of biofilms as
environmental reservoirs of antibiotic resistance. Front Microbiol. 2015;6:1216.
76.  Gilbert P, Maira-Litran T, McBain AJ, Rickard AH, Whyte FW. The
physiology and collective recalcitrance of microbial biofilm communities. Adv
Microb Physiol. 2002;46:202-56.

77.  Sabater S, Guasch H, Ricart M, Romani A, Vidal G, Klinder C, et al.
Monitoring the effect of chemicals on biological communities. The biofilm as an
interface. Anal Bioanal Chem. 2007;387(4):1425-34.

78.  Reynolds CS. Hydroecology of river plankton: the role of variability in
channel flow. Hydrol Process. 2000;14(16-17):3119-32.

79.  Salmaso N, Braioni MG. Factors controlling the seasonal development
and distribution of the phytoplankton community in the lowland course of a large

river in Northern Italy (River Adige). Aquatic Ecol. 2008;42(4):533-45.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

80. Lucas LV, Thompson JK, Brown LR. Why are diverse relationships
observed between phytoplankton biomass and transport time?. Limnol and
Oceanogr. 2009;54(1):381-90.

81. LiF, Zhang H, Zhu Y, Chen L, Zhao J. Spatial and Temporal Dynamics in
the Relationship of Phytoplankton Biomass and Limnological Variables in a Small
Avrtificial Lake. AIP Conf Proc. 2010;1251(1):29-32.

82. Desortova B, PunCochar P. Variability of phytoplankton biomass in a
lowland river: Response to climate conditions. Limnologica. 2011;41(3):160-6.
83.  Tripathy S, Kumar N, Mohanty S, Samanta M, Mandal RN, Maiti NK.
Characterisation of Pseudomonas aeruginosa isolated from freshwater culture
systems. Microbiol Res. 2007;162(4):391-6.

84. Mena KD, Gerba CP. Risk assessment of Pseudomonas aeruginosa in
water. Rev Environ Contam Toxicol. 2009;201:71-115.

85. Zhang H, Chen R, Li F, Chen L. Effect of flow rate on environmental
variables and phytoplankton dynamics: results from field enclosures. Chin J
Oceanol Limnol. 2015;33(2):430-8.

86. Agunos A, Léger D, Gow S, Carson C, Deckert A, Irwin R, et al.
Antimicrobial use monitoring in Canadian broiler flocks — Results from the
CIPARS Farm Surveillance Program (2014 update). Vancouver, BC, Canada:
Proceedings of the sixty-fifth Western poultry disease conference; 2016. p. 9-11.
87. Government of Canada. 2015. Canadian Integrated Program for
Antimicrobial Resistance Surveillance (CIPARS) Annual Report 2012. Chapter 3

— Antimicrobial use in animals. Public Health Agency of Canada, Guelph, ON. p.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

49. Available at: http://publications.gc.ca/collections/collection_2015/aspc-
phac/HP2-4-2012-3-eng.pdf. Accessed: January 19, 2017.

88.  Government of Canada. 2016. Canadian antimicrobial resistance
surveillance system-report 2016, Data to 2014. Public Health Agency of Canada,
Ottawa, ON. p. 118. Available at:
http://healthycanadians.gc.ca/publications/drugs-products-medicaments-
produits/antibiotic-resistance-antibiotique/alt/pub-eng.pdf

Access: January 19, 2017.

89.  Henrich N, Holmes B, Prystajecky N. Looking upstream: Findings from
focus groups on public perceptions of source water quality in British Columbia,
Canada. PLoS One. 2015;10(11):e0141533.

90. Zhao Q,WangY, Wang S, Wang Z, Du XD, Jiang H, et al. Prevalence
and abundance of florfenicol and linezolid resistance genes in soils adjacent to
swine feedlots. Sci Rep. 2016;6:32192.

91. LiL, SunJ, Liu B, Zhao D, Ma J, Deng H, et al. Quantification of
lincomycin resistance genes associated with lincomycin residues in waters and
soils adjacent to representative swine farms in China. Front Microbiol.
2013;4:364.

92. YinX,SongF, GongY, Tu X, Wang Y, Cao S, et al. A systematic review
of antibiotic utilization in China. J Antimicrob Chemother. 2013;68(11):2445-52.
93. Mao W, VuH, Xie Z, Chen W, Tang S. Systematic review on irrational use

of medicines in China and Vietnam. PLoS One. 2015;10(3):e0117710.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

94. Zhang, Xu J, Zhong Z, Guo C, LiL, He Y, et al. Degradation of
sulfonamides antibiotics in lake water and sediment. Environ Sci Pollut Res Int.
2013;20(4):2372-80.

95. LiY,Wang H, Liu X, Zhao G, Sun Y. Dissipation kinetics of
oxytetracycline, tetracycline, and chlortetracycline residues in soil. Environ Sci
Pollut Res Int. 2016;23(14):13822-31.

96. Sanderson H, Ingerslev F, Brain RA, Halling-Sarensen B, Bestari JK,
Wilson CJ, et al. Dissipation of oxytetracycline, chlortetracycline, tetracycline and
doxycycline using HPLC-UV and LC/MS/MS under aquatic semi-field microcosm
conditions. Chemosphere. 2005;60(5):619-29.

97. Seeborg T, Ingerslev F, Halling-Serensen B. Chemical stability of
chlortetracycline and chlortetracycline degradation products and epimers in soil
interstitial water. Chemosphere. 2004;57(10):1515-24.

98. Jiang H, Zhang D, Xiao S, Geng C, Zhang X. Occurrence and sources of
antibiotics and their metabolites in river water, WWTPs, and swine wastewater in
Jiulongjiang River basin, south China. Environ Sci Pollut Res Int.
2013;20(12):9075-83.

99. Halling-Sgrensen B, Sengelgv G, Tjgrnelund J.Toxicity of tetracyclines
and tetracycline degradation products to environmentally relevant bacteria,
including selected tetracycline-resistant bacteria. Arch Environ Contam Toxicol.
2002;42(3):263-71.

100. Bonvin F, Omlin J, Rutler R, Schweizer WB, Alaimo PJ, Strathmann TJ, et

al. Direct photolysis of human metabolites of the antibiotic sulfamethoxazole:


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

evidence for abiotic back-transformation. Environ Sci Technol. 2013;47(13):6746-
55.

101. Kolpin DW, Furlong ET, Meyer MT, Thurman EM, Zaugg SD, Barber LB,
et al. Pharmaceuticals, hormones, and other organic wastewater contaminants in
U.S. streams, 1999-2000: a national reconnaissance. Environ Sci Technol.
2002;36(6):1202-11.

102. Liang X, Chen B, Nie X, Shi Z, Huang X, Li X. The distribution and
partitioning of common antibiotics in water and sediment of the Pearl River
Estuary, South China. Chemosphere. 2013;92(11):1410-6.

103. Chen K, Zhou JL. Occurrence and behavior of antibiotics in water and
sediments from the Huangpu River, Shanghai, China. Chemosphere.
2014;95:604-12.

104. Xu J, Zhang Y, Zhou C, Guo C, Wang D, Du P, et al. Distribution, sources
and composition of antibiotics in sediment, overlying water and pore water from
Taihu Lake, China. Sci Total Environ. 2014;497-498:267-73.

105. LiW, ShiY, Gao L, Liu J, Cai Y. Occurrence of antibiotics in water,
sediments, aquatic plants, and animals from Baiyangdian Lake in North China.
Chemosphere. 2012;89(11):1307-15.

106. Gullberg E, Cao S, Berg O, llback C, Sandegren L, Hughes D, et al.
Selection of resistant bacteria at very low antibiotic concentrations. PLoS Pathog.
2011;7(7):e1002158.

107. Sandegren L., Selection of antibiotic resistance at very low antibiotic

concentrations. Ups J Med Sci. 2014;119(2):103-7.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

108. Welschmeyer NA. Fluorometric analysis of chlorophyll a in the presence of
chlorophyll b and pheopigments. Limnol Oceanogr. 1994;39(8):1985-92.

109. Murphy J, Riley JP. A modified single solution method for the
determination of phosphate in natural waters. Anal Chim Acta. 1962;27(0):31-36.
110. Wood ED, Armstrong FAJ, Richards FA. Determination of Nitrate in Sea
Water by Cadmium-Copper Reduction to Nitrite. J Mar Biol Assoc U.K. 1967;
47(1):23-31.

111. Uyaguari-Diaz MI, Slobodan JR, Nesbitt MJ, Croxen MA, Isaac-Renton J,
Prystajecky NA, et al. Automated gel size selection to improve the quality of next-
generation sequencing libraries prepared from environmental water samples. J
Vis Exp. 2015;(98):€52685.

112. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics. 2014;30(15):2114-20.

113. Coil D, Jospin G, Darling AE. A5-miseq: an updated pipeline to assemble
microbial genomes from lllumina MiSeq data. Bioinformatics. 2015;31(4):587-9.
114. Masella AP, Bartram AK, Truszkowski JM, Brown DG, Neufeld JD.
PANDAseq: paired-end assembler for illumina sequences. BMC Bioinformatics.
2012;13:31.

115. LiD, Liu CM, Luo R, Sadakane K, Lam TW. MEGAHIT: an ultra-fast
single-node solution for large and complex metagenomics assembly via succinct

de Bruijn graph. Bioinformatics. 2015;31(10):1674-6.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

116. McArthur AG, Waglechner N, Nizam F, Yan A, Azad MA, Baylay AJ, et al.
The comprehensive antibiotic resistance database. Antimicrob Agents
Chemother. 2013;57(7):3348-57.

117. Moura A, Soares M, Pereira C, Leitdo N, Henriques |, Correia A.
INTEGRALL: a database and search engine for integrons, integrases and gene
cassettes. Bioinformatics. 2009;25(8):1096-8.

118. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local
alignment search tool. J Mol Biol. 1990;215(3):403-10.

119. Untergasser A, Nijveen H, Rao X, Bisseling T, Geurts R, Leunissen JA.
Primer3Plus, an enhanced web interface to Primer3. Nucleic Acids Res.
2007;35(Web Server issue):W71-4.

120. EPA. Method 549.2. Determination of diquat and paraquat in drinking
water by liquid-solid extraction and high performance liquid chromatography with
ultraviolet detection. Revision 1.0. Cincinnati: U.S. Environmental Protection

Agency; 1997. p. 1-21.


https://doi.org/10.1101/104851
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/104851; this version posted February 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

Figure 1. Composition of antibiotic resistance gene categories assigned by
CARD in watershed locations: A) Group of antibiotic, and B) Mechanism of
action. AUP: agricultural upstream site; APL: agricultural polluted; ADS:
agricultural downstream; UPL: urban polluted; UDS: urban downstream; PUP:

protected upstream; PDS: protected downstream.
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Figure 2. Relative abundance of integrase and antibiotic resistace genes in A) agricultural, B)
urban DNA, and C) protected watershed locations. AUP: agricultural upstream site; APL:
agricultural polluted; ADS: agricultural downstream; UPL: urban polluted; UDS: urban

downstream; PUP: protected upstream; PDS: protected downstream.
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Figure 3. Heat map depicting the ratio of antibiotic resistance genes and 16S rRNA gene over
time (as estimated by high-throughput quantitative PCR platform) in watershed sites. AUP:
agricultural upstream site; APL: agricultural polluted; ADS: agricultural downstream; UPL: urban
polluted; UDS: urban downstream; PUP: protected upstream; PDS: protected downstream.

Months are represented by T1 through T13 that corresponding to the long-year study (April 2012-

April 2013).
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Figure 4. Absolute gene copy numbers of antibiotic resistance genes, integrase gene classes 1, 2,
and 3, and 16S rRNA gene per ml of environmental water sample over time in the different
locations. AUP: agricultural upstream site; APL: agricultural polluted; ADS: agricultural
downstream; UPL: urban polluted; UDS: urban downstream; PUP: protected upstream; PDS:
protected downstream. Red dotted lines represent means for a specific time point. Number on the
lower right represents p-value from the repeated measures analysis. Statistical significance was

set at the 0.05 level.
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Figure 5. Factor analysis of antibiotic resistance genes/16S rRNA gene and environmental
variables observed over time in watershed locations. AUP: agricultural upstream site; APL.:
agricultural polluted; ADS: agricultural downstream; UPL: urban polluted; UDS: urban
downstream; PUP: protected upstream; PDS: protected downstream. Factor 1 and Factor 2
represent environmental stressors and aerobic conditions, respectively. Abbreviations: AMR:
percentage of antibiotic resistance genes found in metagenomic sequences (based on CARD);
Chl a: chlorophyll a; CI': dissolved chloride; DO: dissolved oxygen; Eco: E. coli counts; GC:
percentage of guanine-cytosine content; NHs-N: ammonia; NO;: nitrites; NOs: nitrates; pH:
potential of hydrogen; POg4: orthophosphates; Sal: salinity; SPC: specific conductivity; TC: total
coliform counts; TDS: total dissolved solids; Temp: temperature; Turb: turbidity; WFR: water flow

rate.
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