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Abstract. Wastewater-based surveillance is increasingly recognized as an important approach to monitoring
population-level antimicrobial resistance (AMR). In this exploratory study, we examined the use of metagenomics to eval-
uate AMR using untreated wastewater samples routinely collected by the Niger national polio surveillance program.
Forty-eight stored samples from two seasons each year over 4 years (2016–2019) in three regions were selected for
inclusion in this study and processed using unbiased DNA deep sequencing. Normalized number of reads of genetic
determinants for different antibiotic classes were compared over time, by season, and by location. Correlations in resis-
tance were examined among classes. Changes in reads per million per year were demonstrated for several classes,
including decreases over time in resistance determinants for phenicols (–3.3, 95% CI: –8.7 to –0.1, P 5 0.029) and
increases over time for aminocoumarins (3.8, 95% CI: 0.0 to 11.4, P5 0.043), fluoroquinolones (6.8, 95% CI: 0.0 to 20.5,
P 5 0.048), and beta-lactams (0.85, 95% CI: 0.1 to 1.7, P 5 0.006). Sulfonamide resistance was higher in the post–rainy
season compared with the dry season (5.2-fold change, 95% CI: 3.4 to 7.9, P , 0.001). No differences were detected
when comparing other classes by season or by site for any antibiotic class. Positive correlations were identified in genetic
determinants of resistance among several antibiotic classes. These results demonstrate the potential utility of leveraging
existing wastewater sample collection in this setting for AMR surveillance.

INTRODUCTION

Antimicrobial resistance (AMR) surveillance is essential to
monitor trends and target interventions. Estimates suggest
that the burden of morbidity and mortality associated with
AMR is disproportionately borne by low- and middle-income
countries (LMICs), with west Africa estimated to face the
highest mortality associated with AMR.1 At the same time,
AMR data tends to be particularly sparse from LMICs,1,2

underscoring a need to support enhanced surveillance
capacity in these settings. Networks like the Global Antimi-
crobial Resistance Surveillance System (GLASS) aim to
address the need for increased global surveillance, although
much of the current focus is on individual-level surveillance
in healthcare settings,3,4 which may bias estimates and fail
to capture fully the population-based nature of AMR preva-
lence and spread.5–7 In addition, phenotypic methods are
typically used in these settings,3,4,6 restricting surveillance to
prespecified, culturable species.8

Metagenomic deep sequencing of wastewater has been
proposed as a complement to traditional surveillance
approaches.9 Wastewater is a known reservoir for AMR and a
potential incubator for selection of antimicrobial resistance
and horizontal gene transfer.7,10 Wastewater-based surveil-
lance has the potential to be an efficient, passive, and
population-based monitoring system, enabling non-intrusive
capture of community-level AMR.9 Evidence suggests that
wastewater surveillance of AMR is highly concordant with
human surveillance for both phenotypic and genotypic
approaches.11,12 The use of metagenomics for wastewater
surveillance is appealing because it circumvents the limita-
tions of the targeting required by both phenotypic approaches
and polymerase chain reaction (PCR).10 Increasingly, calls are

being made for increased use of high-throughput sequencing
with urban wastewater for monitoring in LMICs,9,13 with an
emphasis on the acceptability and economic feasibility of
thesemethods.
In this exploratory study, we examined the use of high-

throughput sequencing to monitor AMR from wastewater in
Niger by leveraging sample collection routinely conducted
by the national polio surveillance program. We aimed to
determine the following: 1) whether unbiased DNA deep
sequencing (DNA-seq) could be used with existing untreated
wastewater collection to monitor genetic determinants of
AMR over time, 2) whether this approach could detect differ-
ences in AMR gene abundance by location or season, and 3)
the presence of correlation in genetic determinants of AMR
across antibiotic classes.

MATERIALS AND METHODS

Study design and setting. This retrospective exploratory
study used wastewater samples collected throughout Niger
as part of a polio surveillance program. Samples were pro-
cessed with DNA-seq to examine relationships in genetic
determinants of antibiotic resistance by time, location, and
season and to explore the correlation across different clas-
ses of antibiotics.
In November 2015, the World Health Organization (WHO)

introduced environmental surveillance as part of the polio
eradication program in Niger. Eight sentinel sites from three
distinct geographic parts of the country were selected for
inclusion in the program, including four sites in the capital of
Niamey, two sites in the Maradi region, and two sites in the
Diffa region. The sites are located in densely population urban
areas with more than 100,000 inhabitants that have sewage
systems with a permanent flow to enable active poliovirus
detection. As of April 2016, these sites were fully functional,
collecting and sending two sewage samples twice each
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month to the national public health laboratory, the Center de
Recherche M�edicale et Sanitaire (CERMES). Two additional
sentinel sites from the region of Zinder were added in 2019.
Sample collection and management. At each site,

wastewater collections were conducted between 6:00 and
6:30 AM to ensure the wastewater streams were relatively
free from solid debris and detergents. The sample collectors
wore personal protective equipment, including laboratory
coats, tall boots, hand gloves, and face masks. Grab sam-
pling methods were used for collections. The sample collec-
tors used a clean bucket attached to a rope and immersed it
into the middle of flowing untreated wastewater. Once filled,
the bucket was brought back up and a funnel was used to
transfer 2 L of wastewater from the bucket into a clean poly-
styrene container with a double closure. The sample collec-
tor disinfected the container and placed the clean container
into a cooler equipped with frozen ice packs. The cooler was
then sealed with adhesive tape and immediately sent via
common transport bus to CERMES, where the specimens
were concentrated according to WHO guidelines.14

After transportation to CERMES, 500mL of wastewater
was centrifuged, at 1,500 3 g for 20minutes. The pellet was
stored at 4�C for later use. The supernatant pH was adjusted
to neutral (pH 7–7.5) using NaOH or HCl, accordingly.
Adjusted supernatant was mixed with 35mL of sodium chlo-
ride 5M, 287mL of polyethylene glycol 6000 at 29% (i.e.,
60g/L) and 39.5mL of Dextran T40 at 22%. The mixture was
kept in constant agitation for 1 hour at 4�C using a magnetic
stir plate then poured into the separating funnels, which
were left to stand overnight at 4�C to allow phase separation.
The concentrate was harvested by collecting the lower layer
and the interphase slowly drop-wise, and this concentrate

was mixed with the pellet. Then chloroform was added up to
20% of the total volume of concentrate plus pellet. A few
grams of glass beads were added to the mixture, then it was
shaken vigorously before centrifuging at 1,500 3 g for
20min. Final concentrate volume collected was between 10
and 15mL of the upper phase. Concentrate samples were
aliquoted in 5-mL cryotubes and stored at –80�C. Approxi-
mately 10mL of the final concentrate was sent to the WHO
regional polio laboratory for poliovirus detection process,14

and at least 4mL of same concentrate was stored locally.
For the present study, a total of 48 samples from those

stored locally were selected to represent a range of the avail-
able years, seasons, and locations. From each of the three
regions with collection since 2016 (Niamey, Maradi, Diffa),
samples from two sites were selected from two seasons in
each of the 4 years available at the time of the study (2016–
2019). Maradi and Diffa collections each took place at two
collection sites, and Niamey collections took place at four
sites, so the two Niamey sites with the greatest sample avail-
ability were selected for inclusion in this project. Seasons
were defined based on sample availability across time peri-
ods roughly corresponding to the dry season (March–April,
labeled “Spring” in results) and post–rainy season (October–
December, labeled “Fall” in results). The post–rainy season
was chosen based on the availability of samples in these
months and the mass distribution of sulfonamides as part of
seasonal malaria chemoprevention during the rainy season.
Samples were shipped to the University of California, San
Francisco at 2–8�C in October 2020 and stored at –80�C
until processing.
Sample processing and bioinformatics. All samples

were deidentified. Laboratory personnel were masked to
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FIGURE 1. Summary of yield by season and year from unbiased DNA deep sequencing of wastewater samples from Niger, 2016–2019. (A) The
total number of reads of genetic determinants of resistance per million reads for all classes for each season and year. (B) The relative abundance
(proportion of total reads) of genetic determinants of resistance for each antibiotic class.
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sample year and location. Samples were processed in a ran-
dom manner. DNA was extracted using the ZymoBioMICS
DNA/RNA Miniprep kit per manufacturer's recommendations
(Zymo Research, Irvine, CA). Ten microliters of extracted
DNA were prepared for sequencing on the Illumina sequenc-
ing platform using the NEBNext Ultra II DNA Library Prep Kit
(New England Biolabs, Ipswich, MA) and then amplified with
21 PCR cycles. Libraries were then pooled and sequenced
with the use of Illumina NovaSeq 6000 (Illumina, San Diego,
CA) with 150-nucleotide paired-end sequencing.
Sequencing reads were processed as previously

described.15 Briefly, host-reads were removed with the
remaining non–host reads filtered for quality. Those reads
passing quality filter were then aligned to the MEGARes ref-
erence antimicrobial database, version 1.0.1, using
Burrows–Wheeler Aligner with default settings. Matched
antimicrobial genetic resistance determinants grouped at
the class-level and subjected to further statistical analyses.
Statistical methods. Analyses were conducted using nor-

malized number of reads of genetic determinants for different
antibiotic classes. Linear regression was used to examine
normalized read number by continuous time, with a separate
model used for each class and permutation used to estimate
P values. DESeq2 was used to compare class-level normal-
ized read number by season with a Benjamini–Hochberg
adjustment using a false discovery rate of 5%.16,17 To com-
pare number of reads by site, we used analysis of variance for
each antibiotic class, with pairwise comparisons conducted
for any class with an omnibus test P value of , 0.05. Spear-
man correlation coefficients were estimated for the correla-
tion of genetic determinants of resistance for each pair of
antibiotic classes. Overall resistome structure and diversity
were examined by season and site using Manhattan dis-
tance with PERMANOVA and Shannon diversity index with
Kruskal–Wallis tests, respectively. Given the exploratory
nature of the research questions, adjustments for multiple
comparisons were not performed.

RESULTS

Figure 1 summarizes the yield from samples pooled by
season and year. Overall, reads of genetic determinants of
resistance to different antibiotic classes varied across each
set of samples, such that not all classes were detected in
each sample by site or season (Figure 1, Supplemental Table
1, Supplemental Figures 1–3). Genetic resistance determi-
nants were most commonly detected in eflamycin, tetracy-
cline, macrolide, and rifampin antibiotic classes. Samples
from 2019 produced resistance determinants to a greater
number of antibiotic classes compared with earlier years.
Figure 2A and B display normalized read number of genetic

determinants of resistance to different antibiotic classes by
calendar time and by season, respectively. Figure 2A
suggests decreasing resistance to phenicols over time (–3.3
reads per million per year, 95% CI: –8.7 to –0.1, P 5 0.029)
and increasing resistance to aminocoumarins (3.8 reads per
million per year, 95% CI: 0.0–11.4, P 5 0.043), fluoroquino-
lones (6.8 reads per million per year, 95% CI: 0.0–20.5,
P5 0.048), and beta-lactams (0.85 reads per million per year,
95% CI: 0.1–1.7, P 5 0.006). Sulfonamide resistance was
higher in the post–rainy season compared with the dry sea-
son (Figure 2B; 5.2-fold change, 95%CI: 3.4–7.9, P, 0.001).

No other differences were detected when comparing
by season. No differences were detected by site for any anti-
biotic class (Supplemental Table 1). No differences were
detected in overall resistome structure or diversity by season
or site (Supplemental Figures 1 and 2).
Figure 3 shows the correlation among genetic determi-

nants of resistance to different antibiotic classes. Of note,
correlations . 0.7 were seen between both rifampin and
sulfonamides with aminocoumarins and fluoroquinolones.
Correlations . 0.55 were also demonstrated between beta-
lactams and aminocoumarins, fluoroquinolones, and sulfona-
mides, as well as between tetracylines and aminoglycosides,
macrolides, and phenicols.

DISCUSSION

Wastewater is increasingly recognized as an important
reservoir of resistance genes that enables conditions condu-
cive to selection pressure and resistance gene transfer.
Here, we aimed to explore the use of high-throughput
sequencing to monitor AMR in wastewater across multiple
sites in Niger, leveraging existing wastewater collection con-
ducted by the national polio program. Overall, we found rela-
tive stability in the resistome by time, season, and location,
consistent with similar genomic analyses of global sewage-
based surveillance of AMR.18 We did see changes in genetic

FIGURE 2. Forest plots of change in reads of genetic determinants
of resistance for each antibiotic class over time (A) and season (B) in
wastewater samples from Niger, 2016–2019. (A) Absolute change in
normalized reads per million per year as estimated with linear regres-
sion. (B) Relative change in normalized reads per million by season as
estimated using DESeq2. Arrows indicate confidence bounds that
extend beyond the axis presented.
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determinants of resistance to a few specific antimicrobial
classes over time that align with known shifts in antibiotic
consumption. Others have also found that patterns were
dependent on specific classes but not seen with overall
resistome structure or diversity.18 We found an overall lack
of seasonal relationships, similar to a prior study that found
limited impact of seasonality on resistome diversity.18 A
notable exception was sulfonamide resistance, for which our
results suggested a seasonal pattern consistent with mass
distribution of seasonal malaria chemoprevention (SMC) dur-
ing the late summer/early fall rainy season. Prior studies
have also documented positive correlations in resistance to
different antibiotic classes, which may be related to corre-
lated patterns of increasing antibiotic use across classes as
well as several potential epidemiological and genetic causes,
including biochemical mechanisms that confer resistance to
multiple classes, genetic linkage of resistance determinants,
and bystander selection, among others.19–23

Increased antibiotic consumption has been associated
with increased AMR in numerous settings.24–26 Evidence
suggests increasing antibiotic consumption in LMICs.27,28 In
sub-Saharan Africa, studies suggest the continued and even
increased use of penicillins and fluoroquinolones since
2000,28 consistent with the increases we saw here in beta-
lactam and fluoroquinolone resistance over time. Studies
have also noted a greater burden of sulfonamide resistance
in African countries relative to those in Europe and North
America.28 Although we were unable to detect an increase
over time, our results suggested a seasonal increase in sul-
fonamide resistance, which may correspond to the seasonal

distribution of sulfonamides as part of SMC.29 SMC
expanded in Niger during the study period, becoming wide-
spread in Niger by 2019.29,30 The decreases in phenicol
resistance seen in our study might be associated with global
reductions in its routine use associated with the risk of
aplastic anemia.31

Strengths of this study include the use of DNA-seq, an
agnostic approach that allows for the exploration of thou-
sands of antibiotic resistance genes simultaneously. In addi-
tion, wastewater is representative of the general population,
enabling a community-level understanding of AMR without
the biases inherent in healthcare-based sampling approaches
that focus on patients presenting with infection. Limitations of
this study include the small number of samples overall and the
lack of data on location- and time-specific antibiotic use pat-
terns for comparison. We did not detect resistance determi-
nants to all classes of interest from all samples by site or
time/season and we are not able to determine whether this is
due to the small sample size alone or true variation, though
this will be important for future research to inform surveillance
approaches. Yield tends to be low with low biomass samples
like the ones used in this study, and those reported here are in
line with those reported elsewhere for similar samples.18 In
addition, generalizability of these results will be limited to
urban areas in West Africa with wastewater available. In set-
tings like this in Niger, many rural areas will not havewastewa-
ter available for sampling.
Overall, this exploratory study demonstrated the potential

utility of leveraging existing wastewater collection in West
African setting to comprehensively monitor AMR.

FIGURE 3. Correlation between normalized number of reads of genetic determinants of resistance to different antibiotic classes from wastewater
samples in Niger, 2016–2019. Correlations estimated using Spearman’s correlation coefficient. Corr5 correlation.
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