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Fecal pollution can explain antibiotic resistance
gene abundances in anthropogenically impacted
environments

Antti Karkman 1'2'3, Katariina Parndnen? & D.G.Joakim Larsson® 2

Discharge of treated sewage leads to release of antibiotic resistant bacteria, resistance genes
and antibiotic residues to the environment. However, it is unclear whether increased abun-
dance of antibiotic resistance genes in sewage and sewage-impacted environments is due to
on-site selection pressure by residual antibiotics, or is simply a result of fecal contamination
with resistant bacteria. Here we analyze relative resistance gene abundance and accom-
panying extent of fecal pollution in publicly available metagenomic data, using crAssphage
sequences as a marker of human fecal contamination (crAssphage is a bacteriophage that is
exceptionally abundant in, and specific to, human feces). We find that the presence of
resistance genes can largely be explained by fecal pollution, with no clear signs of selection in
the environment, with the exception of environments polluted by very high levels of anti-
biotics from manufacturing, where selection is evident. Our results demonstrate the necessity
to take into account fecal pollution levels to avoid making erroneous assumptions regarding
environmental selection of antibiotic resistance.
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rowing concern over the threat posed by antibiotic

resistant bacteria to human health has turned attention

also to the environmental dimensions of the problem.
Only fairly recently, the role of the environment as a source and
dissemination route for antibiotic resistance has been acknowl-
edged!3. Treated effluent from wastewater treatment plants
(WWTPs) is one of the most important point sources of resistant
bacteria and resistance genes release to the environment*>. Along
with gut microbes, which contain a wide array of resistance
determinants®, antibiotics consumed by humans and animals are
released into the environment in urine and fecal material con-
tained in treated wastewaters and sludge applied to land.

Untreated sewage contains bacteria from human, animal, and
environmental origin and a mixture of sub-therapeutic con-
centrations of antibiotics and other co-selective agents*. For
these reasons WWTPs have been considered hotspots for
antibiotic resistance emergence and dissemination®’. While
WWTPs are generally quite effective in removing antibiotic
resistant bacteria (ARB) and resistance genes (ARGs) from the
raw sewage3-1! they are important point sources for ARBs and
ARGs to the environment due to the large volumes released.
The receiving environments form another possible hotspot for
antibiotic resistance dissemination when bacteria originating
from sewage and fecal material come in contact with environ-
mental bacteriaZ.

Although a distance-decay-effect can be found from point
sources, there has been limited efforts to separate between
enrichment of ARGs as a result of simple dissemination versus
on-site selection!?13, It has been speculated that ARGs could be
selected in the receiving environment by antibiotics and other co-
selective agents originating from the WWTP, contributing to
further dissemination of ARGs to environmental bacteria®14-16,
However, there are experimental studies (using complex micro-
bial communities) suggesting that the concentrations of selective
agents in a sewage-impacted environment might not be sufficient
to cause selection!”!18 despite that competition experiments with
two strains occasionally suggest otherwise (reviewed in ref. 1°). If
there is selection for antibiotic resistance either in WWTPs or
receiving environments, it could promote the emergence of novel
resistance mechanisms and the dissemination of existing ARGs. A
selection pressure would favor evolution of novel resistance
mechanisms and the maintenance of recently transferred ARGs in
the new host2.

To determine the resistance levels in WWTPs and receiving
environments several methods have been used including
selective culturing of indicator bacteria, quantitative PCR
(qPCR) of ARGs and metagenomics®~11:20:21. The class 1
integron (CL1) integrase gene has often been used as a proxy
for anthropogenic impact and total ARG abundance with good
resolution?2. However, as CL1s can contain a wide array of
ARGs and, thus, can be subjected to selection themselves, they
are not an independent measure which can be used to distin-
guish between environmental selection or simple dissemination
of ARGs from fecal matter. Fecal pollution levels have rarely
been incorporated in the determination of possible selection or
dissemination of ARGs. Detecting fecal marker bacteria using
metagenomics is often difficult due to the low abundance of
common marker bacteria in the whole community?3. A robust
marker for fecal pollution provides the means for distinguishing
between on-site selection and dissemination of the genes versus
accumulation and to observe decrease in ARGs which is due to
dilution of fecal pollution in the receiving environments. If
ARG abundance shows a strong and positive correlation with a
fecal marker, it would indicate that the ARG abundance could
be explained by fecal contamination alone without involving
environmental selection as an explanation, while if ARG

abundance is not well correlated with the fecal marker, it would
suggest that other processes, like selection and/or HGT, is
explaining elevated ARG abundances in addition to or instead
of fecal contamination. Therefore, taking fecal pollution into
account in models of ARB and ARG pollution from sewage
would help in determining the critical control points for anti-
biotic resistance selection by enabling distinguishing between
mere accumulation and selection.

Recently, crAssphage, a bacteriophage was identified from
human fecal metagenomes24. The phage, which infects Bacter-
oides intestinalis*>, is highly abundant in the human intestine, as
~1.7% of human fecal metagenome reads align to it, and it is six
times more abundant in public metagenomes compared to all the
other known phages together* while being rare in feces from
other animals?®. It also performs equally well or better than
traditional fecal markers in qPCR assays?’28. Given its high
abundance, it can be used in metagenomic studies for estimating
the human fecal pollution levels in the environment2%-30,
crAssphage has been observed to correlate with ARGs in storm
drain outfalls’! and thus, could be a good candidate for esti-
mating the effect of fecal pollution in ARG dynamics. Moreover,
it is not physically linked to resistance genes like integrons are
and hence likely not co-selected with ARGs. Still, the environ-
mental ecology of crAssphage is not fully understood and we do
not know whether it can replicate also outside the gut environ-
ment. Another fecal Bacteroides phage, $B124-14, has been used
for microbial source tracking but unlike crAssphage, it is also
abundant in porcine and bovine gut®?, therefore making it pos-
sibly a good candidate for estimating the combined effect of
human and production animal fecal pollution.

In this study, we analyze a selected set of public metagenomes
from sewage-polluted environments and, in addition, nearly 500
metagenomes from MG-RAST. We show that in practically all
the studied environments, the ARG, CL1, and MGE abundances
correlate with fecal pollution levels with no evident signs of
selection or dissemination of the resistance genes, except in
sediments polluted with wastewater from drug manufacturing
containing exceptionally high levels of antibiotics33-34. Using fecal
samples from ref. 3° and the Integrative Human Microbiome
project (iIHMP)3°, we confirm the independence of mobile ARGs
and the crAssphage in feces. The latter is crucial to be detect
possible selection in environmental samples. Taken together, this
approach can help in disentangling environmental on-site selec-
tion and/or horizontal dissemination of ARGs from passive dis-
semination/enrichment by fecal pollution.

Results and Discussion

Fecal pollution and ARG patterns in sewage polluted envir-
onments. Concerns about the elevated levels of antibiotic resis-
tant bacteria and resistance genes in the receiving environments
of treated sewage have been raised in  several
publications>1416:37.38 - However, relying solely on abundance
data, it is difficult to determine whether the increase is explained
by selection and dissemination of ARGs from bacteria originating
from the WWTP to environmental microbiota or by the con-
tinuous input of fecal bacteria. To elucidate this question, we
analyzed mobile antibiotic resistance genes in metagenomes from
environments with anthropogenic impact from sewage discharge
and correlated the total abundance of the mobile ARGs with a
human fecal pollution marker, crAssphage, abundance. Our
results show that the observed ARG abundances strongly corre-
late with crAssphage, meaning that the fecal pollution levels
largely explain the observed abundances and there are no clear
signs of wide scale selection or dissemination of antibiotic resis-
tance in the affected environments.
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Fig. 1 Abundance of antibiotic resistance genes, intlT gene and crAssphage in human fecal metagenomes. Mobile antibiotic resistance gene abundance in
relation to crAssphage (a) and int/T gene (b) abundance in studied human fecal metagenomes from3° and Integrative Human Microbiome Project G(HMP).
We found no correlation between the total mobile ARG abundance and crAssphage abundance in human fecal metagenomes confirming the independence
of the abundance of mobile ARGs from crAssphage abundance. In boxplots the lower hinge represents 25% quantile, upper hinge 75% quantile, and center
line the median. Notches are calculated with the formula median +1.58 x interquartile range/sqrt (n)

crAssphage and ARG dynamics in human fecal metagenomes.
To determine the independence of crAssphage and mobile ARGs
in human feces, we analyzed fecal metagenomes from 74 Chinese,
234 European®, and 141 subjects from the USA (HMP) (Sup-
plementary Data 1) for ARG and crAssphage abundance. The
screening of fecal metagenomes proved that crAssphage had a
potential for revealing selection dynamics in receiving environ-
ments by correlating ARG abundance with the phage abundance
in environments with human fecal pollution. We did not find any
correlation between the ARG and crAssphage abundance in fecal
metagenomes of the studied populations (linear regression, F =
25.51, adj. R*=0.21, p>0.05, Fig. 1a, Supplementary Data 2),
confirming that ARG abundance is independent from crAssphage
abundance. On the other hand, the correlation between total
ARG abundance and intl1 gene abundance was significant when
taking in to account the different base levels of ARG abundance
in the populations (linear regression, F=20.55, adj. R?>=0.29,
p <0.05, Fig. 1b, Supplementary Data 2) showing the expected
dependence between ARGs and CLls.

We observed that the crAssphage abundance was similar in all
cohorts, even though the abundance varied dramatically between
individual subjects (Fig. la). The uniform abundance of
crAssphage across the studied populations suggests that crAssph-
age could be used as a fecal pollution marker globally, which is in
line with previous observations®?. However, it should be noted
that in another study, crAssphage was reported to be less
abundant in sewage from Asia and Africa compared to Europe
and US3C. In our analysis, the total relative ARG abundances were
similar in US and European subjects, while the Chinese subjects
had higher relative abundance of resistance genes in their fecal
metagenomes (Analysis of variance, Tukey post-hoc test, adj. p <
0.05 for both, Fig. 1b). The higher ARG levels in Chinese subjects
compared to Europeans, using the same samples which were
analyzed in here, has been reported earlier?®. Differences on
the ARG levels on population level might originate from the
historical amount of antibiotics used regionally as well as the
degree of transmission control. However, even with differences on
the initial crAssphage to ARG ratio in different populations,
deviations from this relationship in the receiving environment
will reveal possible selection hotspots.

Industrially polluted sediment is a hotspot for ARG selection.
To determine the relationship between ARG abundance and fecal
pollution in environments with anthropogenic impact, we selec-
ted metagenomic studies from literature where sequence data was
available (Supplementary Data 1). In all environments, except in
environments polluted directly by wastewater from the manu-
facturing of antibiotics (see below), the total ARG abundance
positively correlated with the crAssphage abundance, showing
that in these environments the ARG abundance could largely be
explained by the extent of fecal pollution (linear regression, F =
32.51, adj. R2 =0.75, p < 0.05, Fig. 2, Supplementary Data 2). The
highest ARG abundances were detected in industrially polluted
Indian sediments and in hospital and WWTP effluents from UK
and Singapore. Lower levels of ARGs were detected in sediments
and river water downstream of a hospital as well as WWTP
effluent discharge points, in line with the diluted fecal material
quantified with crAssphage abundance (Supplementary Data 2).

Antibiotic resistance genes conferring resistance to different
classes of antibiotics followed the same trend in all datasets
(Supplementary Figure 1, Supplementary Data 4), with the
exception for quinolones in two datasets. The deviations,
however, were explained by a single gene, 0gxB, coding for part
of an RND efflux pump with very broad substrate specificity*(.
Also, the counterpart of the mobilized RND system, ogxA did not
follow the pattern of ogxB. This suggests that the elevated
presence of reads matching oqxB in some samples reflects a
taxonomic change towards bacteria carrying the gene chromo-
somally, and not likely as a consequence of quinolone exposure
and selection by quinolones.

Overall, the strong and consistent correlation between
crAssphage and ARGs (also across antibiotic classes) suggests
the observed enriched ARG abundance is primarily due to fecal
contamination rather than selection of the ARGs in the down-
stream environments. Similarly, the ARG richness, total abun-
dance of MGEs and intII gene abundance could also be explained
by fecal pollution levels (Supplementary Figure 2).

Indian sediments polluted with exceptionally high levels of
antibiotics from drug manufacturing®>#! provided a clear
exception to the general trend. Here, ARG levels were very high,
at the same time crAssphage was not detected in most of these
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Fig. 2 Correlation between ARG abundance and crAssphage abundance in environments with pollution from WWTPs, hospitals, or drug manufacturing.
The environments effected by drug manufacturing are polluted with exceptionally high levels of antibiotics, and the analyses show clear selection for
antibiotic resistance as the ARG abundance cannot be explained by fecal pollution. ARG abundance and crAssphage abundance were normalized with total
nucleotide count in the metagenomes. For samples where we did not detect crAssphage (indicated by triangles), half of the detection limit (corresponding
to one read mapping to crAssphage) was used and normalized to the total nucleotide count

samples indicating that they contained very little human fecal
material. These and other sediments from the same industrially
polluted area contain the highest levels of antibiotics ever
measured in the environment?3. The exceptionally high abun-
dance of ARGs and together with very few or no crAssphage
reads observed in the metagenomes provides strong support for
the hypothesis that direct selection for resistance rather than fecal
contamination explains the abundance of ARGs in the polluted
sediments. It should be noted that the DNA in these samples was
amplified using RepliG prior to sequencing, which could favor
small circular plasmids and thereby inflate the counts for genes
carried by these3*. However, even by removing the most
abundant ARGs, the pattern was still consistent (Supplementary
Figure 3).

ARG abundance is largely explained by fecal matter, not
selection. To expand our analysis beyond the selected studies of
polluted environments, we analyzed 484 publicly available
metagenomes from MG-RAST, previously analyzed for ARGs in
Pal et al. (2016) including environments with human fecal pol-
lution. We were able to detect crAssphage only in samples taken
from the Mississippi river (USA), WWTPs, activated sludge with
high ammonia content, Beijing air and from laboratory mice.
Fecal pollution correlated with the observed ARG abundance in
the river water, Beijing air and in wastewaters (excluding acti-
vated sludge with high ammonia content) (Fig. 3). The strong
correlation of ARGs and crAssphage in the large-scale analysis of
metagenomes with varying levels of fecal contamination is in line
with our results in the selected anthropogenically polluted sites,
confirming that also in these environments the mobile ARG
abundance could be explained with fecal pollution and no
apparent signs of large-scale selection or horizontal gene dis-
semination could be detected (Fig. 3, Supplementary Data 2).
Interestingly, this was true also for Beijing smog samples, hosting

a particular high diversity of ARGs*2. The activated sludge
samples with high ammonia concentrations were from a labora-
tory experiment*3 and conclusions about possible selection dur-
ing wastewater treatment in these samples should not be drawn.

A sometimes high abundance of crAssphage and consistently
high abundances of ARGs were found from mice gut metagen-
omes in MG-RAST. All of these mice were from murine model
experiments and were not given antibiotics*4-46. It is known that
laboratory mice gut microbiota bear some similarities to human
gut microbiota?” and differs from the gut microbiota of wild
mice?$4%, which could explain these findings. As in human feces,
the crAssphage abundance in mice feces was not linked to the
total ARG abundance.

The samples with elevated resistance levels where we could not
detect crAssphage were either animal fecal metagenomes or
environments polluted with animal feces (Supplementary Fig-
ure 4). Since crAssphage is reported to be rather specific to
human feces, we accordingly could not find a correlation with
ARG abundance in these environments. To further verify the
lower abundance of crAssphage in other animals compared to
humans we analyzed 12 chicken gut®%, 100 pig gut>!, and 42 cow
rumen®? metagenomes and did not detect crAssphage, in
agreement with the results of others?426-29:30_ Hence, crAssphage
is very specific for detecting anthropogenic pollution. To
disentangle selection from fecal pollution in environments
polluted with animal feces, additional markers for animal feces
would be needed. We therefore determined the abundance of
¢$B124-14 phage in the MG-RAST metagenomes. We found it to
be less abundant than crAssphage in human impacted environ-
ments and not to perform well with other pollution sources such
as animal feces either. Overall $B124-14 was detected in fewer
metagenomes than crAssphage (Supplementary Data 3). The
lower abundance of $B124-14 in the studied metagenomes
suggests it is not suitable to be used for tracking fecal pollution in
metagenomic data sets. However, a qPCR-based approach with
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Fig. 3 The correlation between crAssphage abundance and total ARG
abundance in MG-RAST metagenomes where crAssphage was detected.
Only in the mice gut and sludge with high ammonia concentration we could
not see a correlation (discussed in main text). Original MG-RAST feature
annotations were revised manually using the project and sample
descriptions due to the misleading information in original annotations.
Original annotations can be seen in Supplementary Data 1

lower detection limit could give better results. Due to the low
detection frequency, we did not use $B124-14 in this study to
detect possible selection hotspots.

Predicting antibiotic resistance gene abundance with crAssphage.
From the abundance of crAssphage, we were able to predict
antibiotic resistance gene abundances with good accuracy (linear
regression, F=34.76, adj. R2=0.54, p<0.05) in the environ-
ments with anthropogenic impact in MG-RAST using a linear
model constructed from the selected metagenomes from polluted
environments (Beijing air, river water, & WWTP) (Supplemen-
tary Figure 5). However, due to the different base levels of
resistance genes in the point source (sewage), the baseline
(intercept) of ARG abundance cannot be predicted with high
accuracy. It has been shown that different parts of the world have
different resistance burden3, which is seen also in fecal samples
analyzed in this study (Fig. 1). Furthermore, different environ-
ments might have different levels of fecal pollution from domestic
animals, which could explain some of the varying background
levels of resistance when compared to the crAssphage abundance.
However, when the baseline level of an environment is estimated,
the model using crAssphage performs well in predicting the ARG
abundance.

Antibiotic resistance gene dynamics in wastewater treatment
plants. As noted earlier, WWTPs could potentially serve as
hotspots for antibiotic resistance selection and horizontal gene
transfer. To determine correlation between ARG abundance and
fecal pollution in WWTPs during the treatment process, we
analyzed metagenomes from three Swedish WWTPs® and two
WWTPs in Wisconsin, USA>3. These studies were selected since
the sequence data was publicly available and accompanied by
comprehensive metadata. The results show clearly the ARG
abundance decreases from raw sewage to the treated sewage in
parallel with a similar decrease in fecal material during the
treatment process (Fig. 4). In sludge, the ARG abundance seems
to be even lower than expected based on the crAssphage
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Fig. 4 ARG and crAssphage abundance in two US and three Swedish
wastewater treatment plants showing similar correlation with different base
level of resistance. Smoothing curves based on linear model separately for
each plant are shown in gray with 95% confidence intervals

abundance (Supplementary Figure 6). These results speak against
WWTPs being hotspots with a strong antibiotic resistance
selection acting as a driver for horizontal gene transfer>” and
show that at least in the studied treatment plants the treatment
process eliminates ARGs along with fecal pollution with high
efficiency. Although differential survival and growth of bacterial
taxa during the treatment process carrying ARGs or crAssphage
can add to noise in the analysis, we could see clear correlation
between fecal pollution and ARG abundance along the treatment
process indicating that there is no evident selection for resistance.
The same was concluded in the Swedish WWTP study even
though the authors found tetracycline and ciprofloxacin con-
centrations slightly above predicted selective concentrations in
the influents8. A very recent culture-based study of over 4000 E.
coli isolates from influent and effluent from Scandinavias s largest
WWTP also found no support for within-species selection in the
treatment plant>*. Yet other studies have shown a reduction of
ARGs during the treatment process®!!l. Our results connect the
reduction of ARGs to elimination of fecal material from sewage
during the process. In all of the five treatment plants studied here,
the correlation between crAssphage and ARG abundance was
similar (Fig. 4). A linear model between ARG abundance and
crAssphage detection confirmed that the correlation was sig-
nificant and similar in both countries and all WWTPs (linear
regression, F = 71.26, adj. R% = 0.59, p < 0.05). Only the intercepts
differed between the WWTPs in Sweden and USA indicating that
the proportion of ARGs to crAssphage in the sewage entering the
plant was different in the two countries, but the ARG removal
efficiencies of the treatment processes were on par for all treat-
ment plants.

One would perhaps expect a similar ARG to crAssphage ratio
in Swedish and US sewage influents, given the overall comparable
resistance gene abundance in gut metagenomes of Swedish and
US subjects®. Explanations behind the differences found might
be technical and come from sample handling or be related to the
sources of sewage entering the plant but unfortunately, we cannot
asses that with the data available. The ARGs per metagenomic
read were, on average, slightly higher and crAssphage more
common in the US populations (refer to Fig. 1 to see differences
in ARG abundances in different countries). This suggest that one
should probably restrict comparisons of ARG to crAssphage
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ratios to samples that are contaminated by the same population of
people and prepared using similar protocols, as we have done in
this study.

Estimated resistance risk correlates with fecal pollution. A
computational pipeline estimating the potential of ARGs being
associated with MGEs and mobilized to pathogens (resistome
risk) was published recently®®. We analyzed the same samples
that were used for benchmarking the pipeline and found that the
resistance risks as estimated by the authors®® followed fecal pol-
lution levels in each environment having human fecal pollution.
The correlation was even stronger between the resistance risk and
the total count of mobile ARGs than between resistance risk and
fecal pollution in all environments (Supplementary Figure 7). Our
analysis show that in one of the hospital samples there was ele-
vated levels of ARGs compared to the fecal content (Supple-
mentary Figure 7). However, their overall contribution to the
resistance load at WWTPs has been shown to be small*’. So, to
fine-tune the risk assessment, we would propose to include the
fecal content in to the analysis to be able to determine possible
selection or dissemination scenarios (risks for evolution of
resistance) with better precision, as opposed to situations where
there mainly is a risk for transmission of already resistant
pathogens?S.

Estimating the risk associated with environmental antibiotic
resistance is far from simple. Besides the total amount of ARGs, it
clear that association of resistance genes with MGEs and
pathogens elevates the risk caused to human health>®. However,
detecting a resistance gene in the environment does not
necessarily mean a risk for human health. Certainly, there is a
higher probability of transfer when there are more transferrable
genes and recipient cells together and when the genes are already
on mobile genetic elements ready to be transferred to pathogens.
However, selection plays a critical role in the processes required
for the transferred gene to persist in the new host or a newly
emerged gene to disseminate®0. Using proxies for fecal pollution
such as crAssphage enables detecting possible selection hotspots
where the detected ARG abundances cannot be solely explained
with human fecal contamination and thus, can help in assessing
risks associated with elevated levels of ARGs in the environment.

In conclusion, our results provide a framework to help
disentangling dissemination of resistant human fecal bacteria
from the possible selection and horizontal gene transfer of
resistance genes in the environment. We were able to detect true
hotspots for antibiotic resistance gene selection in sediments
receiving exceptionally high levels of antibiotics from industry. In
addition, we show that in all other studied environments
receiving anthropogenic waste, there was no clear evidence of
wide scale selection. On the contrary, the ARG abundance
correlated strongly with fecal pollution, which does not support
the prevailing speculations that major selection for antibiotic
resistance occurs in WWTPs or effluent receiving environments.
It should be noted that antibiotic concentrations were not
measured in most studies. Knowing the concentrations of
antibiotics in these environments would have provided an even
deeper insight on the selection dynamics. A lack of apparent
selection in these environments would mean that the emergence
of new resistance determinants is less likely and the transferred
resistance genes are not likely to be fixated on new hosts due to
selection pressure. In the heavily polluted Indian sediments new
resistance determinants are possibly more persistent and
disseminate more efficiently in the population due to the
competitive advantage they give to the receiving strains.

It should be noted that selection occurring on small scale,
which does not affect the entire population, or selection of limited

types of resistance genes would probably not be detected using
this method. Furthermore, rare horizontal transfer events will
definitely be missed and more precise methods are needed.
Reported increases in relative proportion of individual ARGs in
certain environments exposed to sewage/low levels of antibiotics
could reflect such small-scale selection. However, community-
based analyses, including qPCR or metagenomics, do not provide
evidence for within-species selection. Hence, increases of
individual ARGs would more easily be explained by simple
changes in species composition, caused by other factors than the
exposure to antibiotics. A lack of consistency with regards to the
type of antibiotics the enriched ARGs provide resistance to,
provides further support to the latter explanation8.

Another important source of antibiotic resistance determinants
is animal husbandry, which uses more antibiotics than are
prescribed to humans. In the US animal manure exceeds the
human sewage sludge by ~100-fold®!. As crAssphage is abundant
only in human fecal material it cannot be used to estimate fecal
content of environments receiving animal manure and feces.
However, it is likely that similar phages that are specific to
different production animals could be identified and used in a
similar fashion. Discovering more markers for fecal pollution
would advance the field of studying antibiotic resistance in the
environment. We argue that the use of crAssphage, or similar
fecal pollution markers, should be incorporated broadly in studies
determining the persistence, fate and possible selection of
resistance genes originating from fecal pollution, which is likely
the main source of resistance genes of environmental ARG
pollution.

In terms of ranking risk in resistomes, we argue that the total
count of ARGs or their genetic context does not give the whole
picture of the actual risks. Without a way to estimate the extent of
selection pressure in the environment, the total count of ARGs or
the association of an ARG to mobile element adds only a few
pieces to the entire puzzle of disentangling the risks related to
resistance genes, especially when in most cases the genes are
eventually diluted to near zero concentrations following the
diminishing fecal pollution. Real-time PCR primers for detecting
crAssphage are already available?”-28, so the use of metagenomics
is not necessary, making the analysis quick, easy and affordable.
When collecting data, we encountered many studies where
sequencing data was not available, even though sometimes
presented as available for download in public repositories. This is
unfortunate, as all this data would have been valuable in this
study. Re-analyzing these samples using markers for fecal
pollution would expand our knowledge on resistance gene
dynamics is diverse environments. To conclude, we argue that
including a proxy for fecal pollution in future studies would
enable a more comprehensive understanding of the antibiotic
resistance dynamics in the receiving environments, providing
more reliable estimates of the risk scenarios and perhaps most
importantly, discovering true environmental hotspots for selec-
tion and dissemination of antibiotic resistance.

Methods

Data collection. The crAssphage (NC_024711.1) and $B124-14 (HE608841.1)
genomes were downloaded from GenBank and indexed for mapping using
bowtie2-build®2.

Metagenomic studies on human impacted environments were searched from
the literature and six studies where the sequencing data was available were selected
and downloaded from either SRA or ENA!3:33:34,38,63-66_ The studies included
samples from river and lake sediments, WWTP and hospital effluents and river
water. Two wastewater treatment plant studies with comprehensive metadata were
used to determine the impact of wastewater treatment on the ARG abundance and
fecal content®%3. Accession numbers for all metagenomic data can be found from
Supplementary Data 1. Many data sets from peer-reviewed studies that were
candidates for being included in this study were unfortunately not made publicly
available.
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A set of 484 metagenomes from MG-RAST, excluding metagenomes from
different human body sites, analyzed in*2, were used for the study. The
metagenomes included soil, freshwater, marine, animal, wastewater, agricultural,
and air samples. Full list of accessions and annotations are available in
Supplementary Data 1.

To study the abundance of crAssphage and its association to the total ARG
abundance in human gut metagenome samples, 74 Chinese and 234 European
subjects were used from a previous study>”. In addition, gut metagenomes from
141 US subjects were downloaded from the HMP portal (https://portal.hmpdacc.
org/). Accessions and download links for HMP subjects can be found from
Supplementary Data 1.

To determine the abundance of crAssphage in animal gut metagenomes, 12
chicken metagenomes®’, 100 pig metagenomes (a subset from a larger study)°!,
and 42 cow rumen metagenomes°> were downloaded from SRA. Accession
numbers are given in Supplementary Data 1.

crAssphage and ARG annotation. Metagenomic reads were mapped against the
crAssphage genome using bowtie262 and the crAssphage genome coverage was
calculated using Samtools®”. Only read pairs mapping in proper pairs were cal-
culated in case of paired-end sequencing. For single end metagenomes, the mapped
reads were filtered with quality value 10 using Samtools. The genome coverage was
used as a measure for crAssphage abundance in the sample. ResFinder, a database
of mobile, acquired antibiotic resistance genes®® was translated from nucleotide
sequences into amino acid sequences using Biopython. The longest ORF for each
gene was selected to represent the gene in the database as some genes included
upstream and/or downstream regions. MGE database®® (available from: https://
github.com/KatariinaParnanen/MobileGeneticElementDatabase) was used for
MGE annotation by first removing all plasmid marker sequences. All remaining
entries were translated to amino acid sequence as described earlier. ARGs and
MGEs were annotated against the translated ResFinder/MGE database using
DIAMOND blastx’? with the following parameters: minimum identity 90%,
minimum match length 20 AA. The parameters were chosen to be less conservative
in order to identify also genes not stretching over the whole read. It should be
noted that this approach can result in false-positives. In case of paired-end
sequencing, matches on the second read were counted only if there was no match
on the first read. Both crAssphage abundance and antibiotic resistance gene
abundance were normalized with the total base pair count in the metagenome.
Mapping against ¢pB124-14 was done exactly as with crAssphage.

Statistical analyses. Both normalized crAssphage abundance and normalized
total ARG abundance were logl10 transformed and linear regression was done using
the Im function in R v.3.271. The ARG abundances in the MG-RAST metagenomes
were predicted from the crAssphage abundance based on the linear model based on
the selected studies using the function predict in R. Figures were drawn in R using
the base graphic package and ggplot2 package v.2.2.172. Smoothing curves using a
linear model were drawn with function geom_smooth in ggplot2. Statistical com-
parison of mobile antibiotic resistance gene abundance between European, Chinese
and US subjects was done using the aov function in R. A post-hoc test was done
using the TukeyHSD function in R.

Code availability. All scripts and R code for the data analysis and statistics can be
found at https://github.com/karkman/crassphage_project.

Data availability
The sequence data analyzed in this study are available in public repositories with
the accession codes given in Supplementary Data 1.

Received: 20 June 2018 Accepted: 5 December 2018
Published online: 08 January 2019

References

1. Wright, G. D. Antibiotic resistance in the environment: a link to the clinic?
Curr. Opin. Microbiol. 13, 589-594 (2010).

2. Bengtsson-Palme, J., Kristiansson, E. & Larsson, D. G. J. Environmental
factors influencing the development and spread of antibiotic resistance. FEMS
Microbiol. Rev. 42, 68-80 (2018).

3. Berendonk, T. U. et al. Tackling antibiotic resistance: the environmental
framework. Nat. Rev. Microbiol. 13, 310-317 (2015).

4. Karkman, A, Do, T. T., Walsh, F. & Virta, M. P. ]. Antibiotic-resistance genes
in waste water. Trends Microbiol. 26, 220-228 (2018).

5. Rizzo, L. et al. Urban wastewater treatment plants as hotspots for antibiotic
resistant bacteria and genes spread into the environment: a review. Sci. Total
Environ. 447, 345-360 (2013).

6. van Schaik, W. The human gut resistome. Philos. Trans. R. Soc. B Biol. Sci.
370, 20140087-20140087 (2015).

10.

12.

13.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Guo, J., Li, J., Chen, H., Bond, P. L. & Yuan, Z. Metagenomic analysis reveals
wastewater treatment plants as hotspots of antibiotic resistance genes and
mobile genetic elements. Water Res. 123, 468-478 (2017).

Bengtsson-Palme, J. et al. Elucidating selection processes for antibiotic
resistance in sewage treatment plants using metagenomics. Sci. Total Environ.
572, 697-712 (2016).

Karkman, A. et al. High-throughput quantification of antibiotic resistance
genes from an urban wastewater treatment plant. FEMS Microbiol. Ecol. 92,
fiw014 (2016).

Yang, Y., Li, B,, Zou, S., Fang, H. H. P. & Zhang, T. Fate of antibiotic
resistance genes in sewage treatment plant revealed by metagenomic
approach. Water Res. 62, 97-106 (2014).

Laht, M. et al. Abundances of tetracycline, sulphonamide and beta-lactam
antibiotic resistance genes in conventional wastewater treatment plants
(WWTPs) with different waste load. PLoS ONE 9, €103705 (2014).
Czekalski, N., Gascén Diez, E. & Biirgmann, H. Wastewater as a point source
of antibiotic-resistance genes in the sediment of a freshwater lake. ISME J. 8,
1381-1390 (2014).

Chu, B. T. T. et al. Metagenomics reveals the impact of wastewater treatment
plants on the dispersal of microorganisms and genes in aquatic sediments.
Appl. Environ. Microbiol. 84, e02168-17 (2017).

Eckert, E. M., Di Cesare, A., Coci, M. & Corno, G. Persistence of antibiotic
resistance genes in large subalpine lakes: the role of anthropogenic pollution
and ecological interactions. Hydrobiologia 824, 93-108 (2018).

Li, L. et al. Estimating the transfer range of plasmids encoding antimicrobial
resistance in a wastewater treatment plant microbial community. Environ. Sci.
Technol. Lett. 5, 260-265 (2018).

Martinez, J. L. Environmental pollution by antibiotics and by antibiotic
resistance determinants. Environ. Pollut. 157, 2893-2902 (2009).
Lundstrém, S. V. et al. Minimal selective concentrations of tetracycline in
complex aquatic bacterial biofilms. Sci. Total Environ. 553, 587-595 (2016).
Kraupner, N. et al. Selective concentration for ciprofloxacin resistance in
Escherichia coli grown in complex aquatic bacterial biofilms. Environ. Int.
116, 255-268 (2018).

Andersson, D. I. & Hughes, D. Microbiological effects of sublethal levels of
antibiotics. Nat. Rev. Microbiol. 12, 465-478 (2014).

Harris, S., Morris, C., Morris, D., Cormican, M. & Cummins, E. Antimicrobial
resistant Escherichia coli in the municipal wastewater system: effect of hospital
effluent and environmental fate. Sci. Total Environ. 468-469, 1078-1085 (2014).
Sidrach-Cardona, R., Hijosa-Valsero, M., Marti, E., Balcdzar, J. L. & Becares, E.
Prevalence of antibiotic-resistant fecal bacteria in a river impacted by both an
antibiotic production plant and urban treated discharges. Sci. Total Environ.
488-489, 220-227 (2014).

Gillings, M. R. et al. Using the class 1 integron-integrase gene as a proxy for
anthropogenic pollution. ISME J. 9, 1269-1279 (2015).

Bengtsson-Palme, J., Larsson, D. G. J. & Kristiansson, E. Using metagenomics
to investigate human and environmental resistomes. J. Antimicrob.
Chemother. 72, 2690-2703 (2017).

Dutilh, B. E. et al. A highly abundant bacteriophage discovered in the
unknown sequences of human faecal metagenomes. Nat. Commun. 5, 4498
(2014).

Shkoporov, A. N. et al. ®CrAss001 represents the most abundant
bacteriophage family in the human gut and infects Bacteroides intestinalis.
Nat. Commun. 9, 4781 (2018).

Garcia-Aljaro, C., Ballesté, E., Muniesa, M. & Jofre, J. Determination of
crAssphage in water samples and applicability for tracking human faecal
pollution. Microb. Biotechnol. 10, 1775-1780 (2017).

Stachler, E. et al. Quantitative CrAssphage PCR assays for human fecal
pollution measurement. Environ. Sci. Technol. 51, 9146-9154 (2017).
Stachler, E., Akyon, B., de Carvalho, N. A,, Ference, C. & Bibby, K. Correlation
of crAssphage qPCR markers with culturable and molecular indicators of
human fecal pollution in an impacted urban watershed. Environ. Sci. Technol.
52, 7505-7512 (2018).

Ahmed, W. et al. Evaluation of the novel crAssphage marker for sewage
pollution tracking in storm drain outfalls in Tampa, Florida. Water Res. 131,
142-150 (2018).

Stachler, E. & Bibby, K. Metagenomic evaluation of the highly abundant
human gut bacteriophage CrAssphage for source tracking of human fecal
pollution. Environ. Sci. Technol. Lett. 1, 405-409 (2014).

Ahmed, W. et al. Precipitation influences pathogenic bacteria and antibiotic
resistance gene abundance in storm drain outfalls in coastal sub-tropical
waters. Environ. Int. 116, 308-318 (2018).

Ogilvie, L. A. et al. Resolution of habitat-associated ecogenomic signatures in
bacteriophage genomes and application to microbial source tracking. ISME J.
12, 942-958 (2018).

Kristiansson, E. et al. Pyrosequencing of antibiotic-contaminated river
sediments reveals high levels of resistance and gene transfer elements. PLoS
ONE 6, e17038 (2011).

| (2019)10:80 | https://doi.org/10.1038/s41467-018-07992-3 | www.nature.com/naturecommunications 7


https://portal.hmpdacc.org/
https://portal.hmpdacc.org/
https://github.com/KatariinaParnanen/MobileGeneticElementDatabase
https://github.com/KatariinaParnanen/MobileGeneticElementDatabase
https://github.com/karkman/crassphage_project
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Bengtsson-Palme, J., Boulund, F., Fick, J., Kristiansson, E. & Larsson, D. G. J.
Shotgun metagenomics reveals a wide array of antibiotic resistance genes and
mobile elements in a polluted lake in India. Front. Microbiol. 5, 648 (2014).
Hu, Y. et al. Metagenome-wide analysis of antibiotic resistance genes in a large
cohort of human gut microbiota. Nat. Commun. 4, 2151 (2013).

Integrative HMP (iHMP) Research Network Consortium. The integrative
human microbiome project: dynamic analysis of microbiome-host omics
profiles during periods of human health and disease. Cell. Host. Microbe 16,
276-289 (2014).

Martinez, J. L. Antibiotics and antibiotic resistance genes in natural
environments. Science 321, 365-367 (2008).

Rowe, W. P. M. et al. Overexpression of antibiotic resistance genes in hospital
effluents over time. J. Antimicrob. Chemother. 72, 1617-1623 (2017).

Cinek, O. et al. Quantitative CrAssphage real-time PCR assay derived from
data of multiple geographically distant populations. J. Med. Virol. 90, 767-771
(2018).

Hansen, L. H., Jensen, L. B., Serensen, H. I. & Sorensen, S. J. Substrate
specificity of the OqxAB multidrug resistance pump in Escherichia coli and
selected enteric bacteria. J. Antimicrob. Chemother. 60, 145-147 (2007).
Larsson, D. G. J., de Pedro, C. & Paxeus, N. Effluent from drug manufactures
contains extremely high levels of pharmaceuticals. J. Hazard. Mater. 148,
751-755 (2007).

Pal, C., Bengtsson-Palme, J., Kristiansson, E. & Larsson, D. G. J. The structure
and diversity of human, animal and environmental resistomes. Microbiome 4,
54 (2016).

Crovadore, J. et al. Metatranscriptomic and metagenomic description of the
bacterial nitrogen metabolism in waste water wet oxidation effluents. Heliyon
3, 00427 (2017).

Everard, A. et al. Microbiome of prebiotic-treated mice reveals novel targets
involved in host response during obesity. ISME J. 8, 2116-2130 (2014).
Langille, M. G. et al. Microbial shifts in the aging mouse gut. Microbiome 2, 50
(2014).

Rooks, M. G. et al. Gut microbiome composition and function in experimental
colitis during active disease and treatment-induced remission. ISME J. 8,
1403-1417 (2014).

Nguyen, T. L. A., Vieira-Silva, S., Liston, A. & Raes, ]. How informative is the
mouse for human gut microbiota research? Dis. Model Mech. 8, 1-16 (2015).
Kreisinger, J., Cizkova, D., Vohanka, J. & Pidlek, J. Gastrointestinal microbiota
of wild and inbred individuals of two house mouse subspecies assessed using
high-throughput parallel pyrosequencing. Mol. Ecol. 23, 5048-5060 (2014).
Rosshart, S. P. et al. Wild mouse gut microbiota promotes host fitness and
improves disease resistance. Cell 171, 1015-1028.e13 (2017).

Xiong, W. et al. Antibiotic-mediated changes in the fecal microbiome of
broiler chickens define the incidence of antibiotic resistance genes.
Microbiome 6, 34 (2018).

Xiao, L. et al. A reference gene catalogue of the pig gut microbiome. Nat.
Microbiol 1, 16161 (2016).

Stewart, R. D. et al. Assembly of 913 microbial genomes from metagenomic
sequencing of the cow rumen. Nat. Commun. 9, 870 (2018).

Petrovich, M. et al. Antibiotic resistance genes show enhanced mobilization
through suspended growth and biofilm-based wastewater treatment processes.
FEMS Microbiol. Ecol. 94, fiy041 (2018).

Flach, C., Genheden, M., Fick, J. & Larsson, D. G. J. A comprehensive
screening of Escherichia coli isolates from Scandinavia’s largest sewage
treatment plant indicates no selection for antibiotic resistance. Environ. Sci.
Technol. 52, 11419-11428 (2018).

Feng, J. et al. Antibiotic resistome in a large-scale healthy human gut
microbiota deciphered by metagenomic and network analyses: antibiotic
resistome. Environ. Microbiol. 20, 355-368 (2018).

Oh, M. et al. MetaCompare: a computational pipeline for prioritizing
environmental resistome risk. FEMS Microbiol. Ecol. 94, fiy079 (2018).
Buelow, E. et al. Limited influence of hospital wastewater on the microbiome
and resistome of wastewater in a community sewerage system. FEMS
Microbiol. Ecol. 94, fiy087 (2018).

Larsson, D. G. J. et al. Critical knowledge gaps and research needs related to
the environmental dimensions of antibiotic resistance. Environ. Int. 117,
132-138 (2018).

Martinez, J. L., Coque, T. M. & Baquero, F. What is a resistance gene? Ranking
risk in resistomes. Nat. Rev. Microbiol. 13, 116-123 (2014).
Bengtsson-Palme, J. & Larsson, D. G. J. Antibiotic resistance genes in the
environment: prioritizing risks. Nat. Rev. Microbiol. 13, 396-396 (2015).
Gerba, C. P. & Smith, J. E. Sources of pathogenic microorganisms and their
fate during land application of wastes. J. Environ. Qual. 34, 42-48 (2005).

62. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357-359 (2012).

63. Lekunberri, I, Balcazar, J. L. & Borrego, C. M. Metagenomic exploration
reveals a marked change in the river resistome and mobilome after treated
wastewater discharges. Environ. Pollut. 234, 538-542 (2018).

64. Marathe, N. P. et al. Untreated urban waste contaminates Indian river
sediments with resistance genes to last resort antibiotics. Water Res. 124,
388-397 (2017).

65. Ng, C. et al. Characterization of metagenomes in urban aquatic compartments
reveals high prevalence of clinically relevant antibiotic resistance genes in
wastewaters. Front. Microbiol. 8, 2200 (2017).

66. Rowe, W. et al. Comparative metagenomics reveals a diverse range of
antimicrobial resistance genes in effluents entering a river catchment. Water
Sci. Technol. 73, 1541-1549 (2016).

67. Li, H. et al. The sequence alignment/map format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).

68. Zankari, E. et al. Identification of acquired antimicrobial resistance genes.

J. Antimicrob. Chemother. 67, 2640-2644 (2012).

69. Parndnen, K. et al. Maternal gut and breast milk microbiota affect infant gut
antibiotic resistome and mobile genetic elements. Nat. Commun. 9, 3891
(2018).

70. Buchfink, B., Xie, C. & Huson, D. H. Fast and sensitive protein alignment
using DIAMOND. Nat. Methods 12, 59-60 (2015).

71. R. Core Team. R: A Language and Environment for Statistical Computing.
(R Foundation for Statistical Computing, 2016).

72. Wickham, H. ggplot2: Elegant Graphics for Data Analysis. (Springer-Verlag,
New York, 2009).

Acknowledgements

This research was funded by the Swedish Research Councils VR (2015-02492) and
FORMAS (942-2015-750) to D.G.J.L. and the Adlerbert Research Foundation to A.K.
The Centre for Antibiotic Resistance Research at University of Gothenburg (www.care.
gu.se) also supported the project.

Author contributions

AK. and D.GJ.L. designed the study. A.K. did all the bioinformatic analyses. A.K.,
D.GJ.L,, and K.P. interpreted the results. A.K. drafted the manuscript with input from
K.P. and D.G.J.L. All authors contributed to manuscript revisions and have read and
approved the final version of the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-07992-3.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
=Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:80 | https://doi.org/10.1038/541467-018-07992-3 | www.nature.com/naturecommunications


http://www.care.gu.se
http://www.care.gu.se
https://doi.org/10.1038/s41467-018-07992-3
https://doi.org/10.1038/s41467-018-07992-3
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Fecal pollution can explain antibiotic resistance gene abundances in anthropogenically impacted environments
	Results and Discussion
	Fecal pollution and ARG patterns in sewage polluted environments
	crAssphage and ARG dynamics in human fecal metagenomes
	Industrially polluted sediment is a hotspot for ARG selection
	ARG abundance is largely explained by fecal matter, not selection
	Predicting antibiotic resistance gene abundance with crAssphage
	Antibiotic resistance gene dynamics in wastewater treatment plants
	Estimated resistance risk correlates with fecal pollution

	Methods
	Data collection
	crAssphage and ARG annotation
	Statistical analyses
	Code availability

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Supplementary information
	ACKNOWLEDGEMENTS




