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Abstract

A metagenomic study was conducted to investigate the impact of raw wastewater use for irrigation in
urban agriculture on the development of bacterial resistance in soil. Soil samples were collected in two African
countries, from three different cities (each with irrigated and non-irrigated plots). Basic physical and chemical
analysis were conducted, and the presence of selected antibiotic residues was assessed. Microbial DNA was
extracted, quantified and sequenced. Microbial population structure and function, presence of horizontally
transferable antibiotic resistance genes and Enterobacteriaceae plasmids replicons were analysed using
bioinformatics. The relative prevalence of Proteobacteria and Bacteroidetes and sequence reads coding for
microbial adaptation and growth were higher in irrigated fields; 33 and 26 transferable ARGs were found in

irrigated and non-irrigated fields sequence reads, respectively. Extended spectrum B-lactam genes identified in

N blagy a5 and P"@rm3. Concentration of sulfamethoxazole,

irrigated fields included PPcars-3, "Poxa-347,
ciprofloxacin and enrofloxacin in soils influenced the selection of antibiotic resistance genes encoding resistance
against amphenicol, p-lactams, and tetracyclines. Ten Enterobacteriaceae plasmid amplicon groups were
identified in the fields, five were common to both, two (IncW and IncP1) and three (IncY, IncFIB and IncFIA)
were found in irrigated and non-irrigated fields, respectively.

In conclusion, wastewater irrigation affected both soil microbial diversity and functions. Irrigated fields
have more diverse transferable antibiotic resistance genes, including ESBL genes that encode resistance to f3-
lactams antibiotics, except cephamycins and carbapenems. Even more, critical concentrations of antibiotic
residues select for multiple and cross resistance. The findings from African cities show that wastewater
irrigation in urban agriculture presents a serious public health risk for farmworkers and consumers by spread of

bacterial resistance.
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1. Introduction

Antibiotic-resistant bacteria (ARB) are a serious health problem even at the world’s most advanced medical
centres (Piddock, 2012). In 2011 an epidemic of Escherichia coli infections caused by contaminated bean sprouts
affected up to 5,000 people in Europe, with over 48 deaths (Buchholz et al., 2011). These two examples emphasize
that morbidity, mortality, and the associated economic burden owing to bacterial resistance which cost $20 billion
in health care costs annually in the US, are likely to vastly increase during the next decade. To efficiently tackle
the increasing bacterial resistance, environmental, agricultural, and medical aspects need to be handled at a global
scale (Wellington et al. 2013).

Arable lands reported to be irrigated with wastewaters worldwide cover approximately 20 million
hectares; which equates to 10% of the total global irrigated land (Mateo-Sagasta et al. 2011). Wastewaters can
contain high concentrations of antibiotics originating from slaughterhouses, private use and applications in
hospitals along with numerous bacterial species, some of which are pathogenic or resistant to antibiotic agents or
both, and thus may have a pronounced effect in that sense on soil microbial communities subsequent to soil
irrigation with wastewater (Dickin et al. 2016). Whereas in the past, several research teams have addressed
questions related to the application of manure which is contaminated with antibiotics used in husbandry, much
less is known on the effect of raw wastewater irrigation on the development of ARB in irrigated fields, although
raw wastewater irrigation is often applied in low and middle income countries ( LMIC) as a cheap alternative in
case of water scarcity and to costly commercial fertilizers. Wastewater irrigation in urban agriculture has been a
common practice for decades in many cities in LMICs (Adegoke et al. 2018).

The release of pharmaceuticals in the environment selects for drug resistant bacteria (Andersson and
Hughes, 2010). To combat antibiotics in ecosystems, bacteria have evolved a plethora of different antibiotic
resistance genes (ARGS) of which many are mobile and can easily spread between species including human and
animal pathogens. Resistant telluric bacteria can transfer ARGs to pathogenic bacteria by horizontal genes transfer
(Forsberg et al. 2012). There is a crucial need to identify the principal reservoirs of ARGs in humans, animals and
environment, since there is insufficient information about the conditions and factors that lead to the mobilization,
selection and movement of resistant drug bacteria into and between environment, human and animal populations
(Wellington et al. 2013).

Metagenomics allow to understand the factors driving ARGs and the different antibiotic resistance
mechanisms (Amos et al. 2014). The use of a metagenomic approach gives us a realistic opportunity to alternative
strategies for prevention against present and future clinically relevant cases. It will also aid in the design of
inhibitors preventing ARGs transfer between bacteria, discovery and production of new compounds less
susceptible to existing resistance mechanisms (Alves et al. 2018).

In this study, we assess the impact of raw wastewater use in urban agriculture on microbial communities
and development of bacterial drug resistance in agricultural fields. It is postulated that in agricultural field irrigated
with raw wastewater, there are bacteria adapted to survive antibiotics exposure by vertical and horizontal gene

transfer, with a high number containing clinically relevant ARGs.

2. Material and methods

2.1. Experimental design and soil sampling
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The experiment was conducted in three cities, in two African countries, namely Ouagadougou (46°38’ N,
11°29') in Burkina Faso, Ngaoundere (46°38' N, 11°29") and Yaounde (46°38’ N, 11°29’) in Cameroon (Figure
S1). Their respective annual mean of temperature and precipitations are for: Ouagadougou (30°C; 867 mm);
Ngaoundere (22°C; 1497mm) and Yaounde (24°C; 1628 mm), respectively. At each city two blocks were
investigated, comprising three agricultural fields that were irrigated (IRI) with raw wastewater, and as control
soils, 500 m away, three non-irrigated agricultural fields (NIR), with comparable soil properties. We had
Ouagadougou (IRI1 and NIR1); Ngaoundere (IR12 and NIR2), and Yaounde (IR13 and NIR3). The agricultural
fields were approximately 0.2 ha each and watered manually with watering cans. In each field, 100 g of soil
were sampled from 0-20 cm depth, using soil cores. This was repeated at 10 randomly distributed places within
each field. Replicate samples were pooled together, receiving 1 kg-composite samples. The samples were

transported on ice and stored at -80°C until further analysis.

2.1. Soil physical and chemical analysis

Soil pH was measured in a 1:2.5 (soil: demineralised water) ratio using a glass electrode. Total C and N
were analysed using a TOC-Vcen-analyzer (Shimadzu, Duisburg, Germany).

Soil antibiotic residues were determined according to Blackwell et al. (2004). Briefly, 4 g of air-dried
soil were weighed into 10 ml centrifuge tubes, and 5 ml of extraction buffer (0.1 M Mcllvaine buffer (Na;HPO,4
and citric acid at pH 7)/0.1 M EDTA/MeOH 25:25:50 v/v) were added. The tubes were vortexed for 30 s and
placed in an ultrasonic bath for 10 min, and then centrifuged at 1160 g for 15 min. The supernatant was
collected, and the operation was repeated twice. The collected supernatants were pooled together and diluted to
400 mL with distilled water and acidified to pH 2.9 with phosphoric acid prior to solid phase extraction (SPE).
SAX and HLB SPE cartridges (Thermofisher, Massachusetts, USA) were set up in tandem for SPE. The
cartridges were conditioned with 5ml methanol then conditioned with 5ml buffer (2.5 ml 0.1M NaOAc, 5ml
distilled water and 2 ml 20% methanol) at a rate of 2 ml min-*. Thereafter, the supernatants were loaded at a
flow rate of 10 ml min. Then, the SAX cartridges were removed and the HLB cartridges were washed with 5ml
conditioning buffer, Thereafter, the HLB cartridges were air dried for 10 min and antibiotic residues were eluted
with 2 x 1 ml of methanol. The eluates were evaporated using a rotavapor rotor, introduced in 1 ml vial tubes
for further analysis. Antibiotic concentrations in the extracts were determined according to Michelini et al.
(2012), using a Shimadzu LC-20 HPLC (Shimadzu, Duisburg, Germany) coupled to an APl 3200 LC-ESI-
MS/MS (Applied Biosystems/MDS Sciex Instruments, Toronto, Canada). The analysed antibiotic compounds
included sulfadimidine, sulfadiazine, sulfamethoxazole, ciprofloxacin, enrofloxacin, chlortetracycline,
oxytetracycline, tetracycline, trimethoprim and tylosin.

2.2. Microbiological analysis
2.2.1.  Soil Biomass Purification
To collect mainly the bacterial cells from the different soils, soil biomass purification was conducted
according to Sentchilo et al. (2013). Briefly, 15g soil samples were homogenized by magnetic stirring for
15min, in ice-cold poly (beta-amino) esters (PBAE) buffer (PBAE buffer is 10mM Na-phosphate, 10mM
ascorbate, 5mM EDTA, pH 7.0), at 10 ml g of soil. Low speed centrifugation in 50-ml conical tubes at 160 g
for 6 min was used to remove coarse particles, big eukaryotic cells and bacterial flocks. The collected

supernatants were centrifuged at 10000 g for 5 min to pellet the microbial biomass for further analysis.
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2.2.2.  DNA extraction and quantification, and high-throughput sequencing

Soil DNA was extracted using the DNeasy PowerSoil Kit (Qiagen, Germany) according to the
manufacturer’s instructions. DNA concentration was determined by using the Quant-iT PicoGreen dsDNA
Assay Kit, and the Qubit™ 3.0 Fluorometer (Qubit, Life Technologies, USA)The three DNA samples extracted
from each block were pooled together in equal nanogram quantities. Six DNA samples representative of the
three cities were sent to Edinburgh Genomics for high-throughput sequencing. Sequencing was conducted using
Illumina Hiseq4000 (Illumina, Inc, USA), TruSeq DNA Nano gel free library (350 bp insert) was used to
prepare the libraries. Raw data consisted of 190.5 Gb sequences. The metagenomic data have been deposited at
the National Center for Biotechnology Information (NCBI), Sequence Read Archive (SRA) under project
accession number PRINA358310.

2.2.3. Taxonomic and functional annotations

The raw metagenomic sequences were uploaded to the metagenomics RAST server (MG- RAST) version
4.0.3 (Glass et al., 2010). Microbial community profiling was conducted using the SEED database, and
metabolic profiles assignments were annotated against SEED subsystems database. The microbial functional
profiles were annotated against SEED subsystems (collections of functionally related protein families). Both
microbial and metabolic profiles were generated using E-value cut-off 107, at a minimum identity of 80%, and
a minimum alignment length of 20 amino acids (Glass et al., 2010).

2.2.4. ldentification and quantification of antibiotic resistance gene markers.
Short Better Representative Extract Dataset (ShortBRED, Kaminski et al., 2015) was used to identify and
quantify antibiotic resistance genes (ARGSs) from the metagenome. ShortBRED profiles protein family
abundance in metagenomes in two-steps: (i) ShortBRED-Identify isolates representative peptide sequences
(markers) for the protein families, and (ii) ShortBRED-Quantify maps metagenomic reads against these markers
to determine the relative abundance of their corresponding families based on reads per kilobase million
(RPKM). Fragment length > 30 amino acids and > 95% identity was considered positive. The Comprehensive
Antibiotic Resistance Database (CARD, McArthur et al., 2013) was used to generate ARG markers, using
UniRef50 as a reference protein database. Antibiotic resistance ontology (ARO) numbers in CARD was used to

aggregate, annotated and associate the ARGs to the corresponding resistance family.

2.2.5. ldentification of plasmid amplicons of clinical relevance
Enterobacteriaceae plasmid replicon sequences were downloaded from the PlasmidFinder database 1.3

(https://cge.cbs.dtu.dk/services/PlasmidFinder). The nucleotides sequences were aligned against the

metagenomic reads using BLAT. The parameters were BLAT hit with a sequence identity > 80% and E-value
cut-off of 10°° (Carattoli et al., 2014).

2.3. Data Analysis
The relative abundance of the different bacterial phyla and families of interest, the functional categories present

in the metagenomic reads, ARGs, and Enterobacteriaceae plasmid replicon groups detected in the raw
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wastewater samples in each town were compared using the Student’s t-test, results were statistically significant
at P <0.05.

3. Results
3.1. Antibiotic residues in soil
The values of soil pH and organic C of the soil samples are reported in Table 1. These parameters were slightly
higher in irrigated fields, but the difference was not significant between the two farming systems. Concentrations
of sulfamethoxazole, enrofloxacin and oxytetracycline were significantly higher in irrigated fields. Enrofloxacin
(1.10 ng. g'*) and sulfadimidine (0.81 ng. g*) were the most prevalent antibiotic compounds in irrigated and non-
irrigated fields, respectively. Soil contents of the other investigated antibiotics ranged from 0.09 to 0.92 and 0.04
to 0.44 ng g-1 in irrigated and non-irrigated fields, respectively (Table 1). Sulfadiazine, chlortetracycline,
tetracycline and tylosin residues, however, were not detected in soils of both farming systems. Oxytetracycline

was not discovered in non-irrigated fields.

3.2. Effects of urban agriculture and wastewater irrigation on soil microorganisms
3.2.1. Microbial diversity and functionality

DNA sequence read metrics of the six metagenomic samples are reported in Table S1. The taxonomic analysis of
the microbial communities at kingdom level in irrigated and non-irrigated fields showed that highest proportion
of metagenomic reads mapped to Bacteria (99.1% and 99.2%), followed by Archaea (0.48% and 0.42%),
Eukaryota (0.26% and 0.34%), and unassigned (0.05% and 0.06%). In samples of both farming systems, 0.01%
of the metagenomics reads were assigned to viruses. Ten and nine bacterial phyla with a relative prevalence >
0.5% of the reads were identified in irrigated and non-irrigated fields, respectively (Figure 1a). The dominant
bacteria phyla were in both farming systems Proteobacteria, Actinobacteria and Bacteroidetes (> 89.6% of all
bacterial phyla). Phyla abundance was different and not in the same order in the different blocks. Relative
prevalence of Proteobacteria and Bacteroidetes was greater in irrigated soils. The phylum Gemmatinodetes was
not among the most prevalent phyla in irrigated fields. The Figure 1b reports the top 22 bacterial families found
in the different farming systems. Bacterial family’s relative abundance and order were also somewhat different in
the farming systems. The 10 most abundant bacterial families in irrigated fields were 1. Xanthomonadaceae, 2.
Caulobacteraceae, 3. Comamonadaceae, 4. Sphingomonadaceae, 5. Flavobacteriaceae, 6. Mycobacteriaceae, 7.
Pseudomonadaceae, 8. Planctomycetaceae, 9. Bradyrhizobiaceae, and 10. Nocardioidaceae. The top 10 in non-
irrigated fields were (deviating numbers from irrigated fields are added in brackets) 1. (2) Caulobacteraceae, 2.
(1) Xanthomonadaceae, 3. Comamonadaceae, 4. (7) Pseudomonadaceae, 5. Flavobacteriaceae, 6. (-)
Conexibacteraceae, 7. (6) Mycobacteriaceae, 8. (9) Bradyrhizobiaceae, 9. (8) Planctomycetaceae and 10.
Nocardioidaceae.

Functional metabolic diversity analysis of the six metagenome reads from the soil samples using the
SEED database revealed that 14 subsystems were most frequent in the soil microbial communities (Table 2). The
most prevalent functional categories were in both farming systems “Carbohydrates”, “Clustering-based
subsystems” and “Amino acids and derivatives”. Comparative analysis using the Student’s t-test showed that
sequence reads coding for functional subsystems ¢’ Clustering-based subsystems’’, °DNA metabolism’’,

“’Nucleosides and nucleotides’” and “’Stress response’” were significantly higher in irrigated fields (P < 0.05).
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3.2.2. Antibiotic resistance genes and plasmid replicons

ARGs commonly associated with mobile genetic elements accounted for 33 and 26 out of the 45 and 39
detected ARGs in irrigated and non-irrigated fields sequence reads, respectively (Table 3). The transferable ARGs
confer resistance to trimethoprim (2) and nine major classes of antibiotics. They encode resistance to
aminoglycosides (10), pB-lactams (7), amphenicols (6), tetracyclines (5), sulphonamides (3), macrolides (2),
quinolones (1), phosphonic antibiotics (1) and nucleoside antibiotics (1). Twenty-one were common to both
farming systems, twelve (aac(6')-1b7, ant(9)-la, catlll, catQ, "CARB-3, "ROXA-347, "ROXA-5, A Rm3, fosB,
sul3, tetC and tetX) and five (mphG, PRLCR-1, ereA2, qnrVC1, and tetB(P)) were found in irrigated and non-
irrigated fields, respectively. The relative prevalence of ARGs common to both farming systems did not show
significant difference (P<0.05). Bivariate correlation analysis between prevalence of both ARGs and antibiotic
residues showed positive correlations between concentration of sulfamethoxazole, ciprofloxacin, enrofloxacin,
trimethoprim and some ARGs (Table 4). Concentration of sulfamethoxazole and ciprofloxacin had the greatest
number of positive relationships (nine), followed by enrofloxacin (eight), and trimethoprim (one). Trimethoprim
was positively correlated to dfrAl. Sulfamethoxazole and ciprofloxacin were positively correlated to catlll, floR,
blaQX A-347, P2OXA-5, PRCARB-3, Parm3, sul3, tetC, and tetX; enrofloxacin was positively correlated to the same
ARGs, except floR.

The mechanisms of resistance encoded by the identified ARGs were dominated by antibiotic inactivation
enzymes (64.7% and 71.9%), followed by antibiotic target replacement (14.7% and 12.5%), antibiotic target
protection (11.8% and 9.4%) and efflux pumps (6.3% and 8.8%) in irrigated and non-irrigated fields, respectively
(Figure S1). ARGs encoding resistance by antibiotic inactivation enzymes was 6% lower in non-irrigated fields,
those encoding the other mechanisms of resistance were 2% higher in irrigated fields.

Ten Enterobacteriaceae plasmid amplicon incompatibility (Inc) groups were identified in the
agricultural fields (Figure 2). Five (IncQ2 ColE IncFIC IncQ1, and IncFIl) were common to both, two (IncW

IncP1) and three (IncY IncFIB IncFIA) were found in irrigated and non-irrigated fields, respectively.

4. Discussion

The 20 years irrigation of soils with raw wastewater containing substantial amounts of organic matter
resulted in higher pH and increased contents of organic carbon and nitrogen compared to non-irrigated soils. The
wastewater derived organic matter is subsequently degraded and transformed to soil organic matter (SOM),
respectively (Bougnom et al. 2009). Concomitantly increased the residual contents of antibiotics in the irrigated
soils. This coincided with previous studies that reported the accumulation of pharmaceuticals in agricultural fields
irrigated with treated or raw wastewater (Calderon-Preciado et al., 2011; Grossberger et al. 2014; Wang et al.
2014). The dominant factors influencing the retardation of antibiotics in soil include soil pH, SOM content, and
soil texture (Thiele-Bruhn et al., 2004; Du and Liu, 2012). Antibiotic residues are less bioavailable, and thus less
biodegradable in soils with high SOM and clay content, owing to stronger sorption to SOM and the formation of
non-extractable residues (Luo et al., 2011; Miller et al., 2013; Cheng et al., 2016). Both higher SOM content and
higher contents of enrofloxacin, oxytetracycline and sulfamethoxazole residues coincided in irrigated fields. The
prevalence of fluoroquinolones and of sulfamethoxazole likely depends on the input but may be also related to

the stronger retardation of these antibiotics in acidic and iron oxide-rich tropical soils (Essington et al. 2010) as
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were investigated in this study. Antibiotic residues were also determined in non-irrigated farms but at lower
contents, though. This contamination could be due to previous (not reported to us) use of animal manure as
fertilizer, deposition of wastewater aerosol and soil dust, respectively, derived from nearest by irrigated sites by
wind erosion, and human transport of agricultural materials between fields (Dalkmann et al. 2012).

Soil microbial communities’ diversity and functions are influenced by abiotic and biotic factors, such as

soil texture, pH, carbon content, nutrients, pollutants, and agricultural management (Jangid et al. 2011; Kuramae
etal. 2011). In this context it is noted that irrigation wastewater contains nutrient elements and degradable organic
material as well as chemical, physical and biological pollutants originating from human activities (Deblonde et
al. 2011). Since many pollutants have stimulating or inhibiting effect on microbial cells, it was not surprising to
find changes in both soil microbial composition and function following irrigation with wastewater.
The identified bacterial phyla in both irrigated and non-irrigated fields are generally encountered in soil (Fierer
et al. 2012; Nacke et al. 2014). Previous field and mesocosm-scale studies have shown the transfer of
Bacteroidetes and Proteobacteria phyla members into the soil following wastewater irrigation (Broszat et al.,
2014; Frenk et al., 2018). The increased number of these phyla is explained by their copiotrophic activity and high
grow rates in the presence of nutrients, moisture and labile organic C found in wastewater (Broszat et al. 2014).
This elucidates their greater prevalence in irrigated fields. Acidobacteria, Chloroflexi, Verrucomicrobia and
Planctomycetes have been reported to follow oligotrophic strategies with limited growth rates and thriving
capacity in nutrient-poor ecosystems (Lauber et al. 2013; Kielak et al. 2016). The members of Xanthomonadaceae
family exhibit higher abundance in wastewater irrigated fields, and those of the Caulobacteraceae family are
primarily known as oligotrophic microorganisms (Poindexter et al., 1981). Tropical soils have high mineralisation
rate and are poor in nutrients. This could explain why these bacterial phyla and families are prevalent in non-
irrigated fields.

The analysis of metagenome reads using SEED provided insights into the functional metagenomic
profiling of microorganisms living in the investigated fields. Considering changes in the microbial diversity
structure observed between the two farming systems, some differences in the metabolic potential of the soil
microbiota were expected. The functions ‘clustering-based subsystems’ (functional coupling evidence but
unknown function), ‘DNA metabolism’ (DNA repair, bacterial), ‘nucleosides and nucleotides and stress response’
translate a higher bacterial and enzymatic activity in irrigated fields owing to the introduction of wastewater that
is rich in nutrients, organic matter, and contains several pollutants. The soil microbiota must develop functional
redundancy and adopt mechanisms to adapt, survive and grow. Therefore, wastewater irrigation affects microbial
community structure and functions.

Antibiotic resistance is an ancient phenomenon and soil is the potentially largest reservoir of genes coding for
antibiotic resistance owing to its complex microbial community able to produce antibiotic compounds (Nesme
and Simonet, 2015). Relevant quantity and diversity of the genes coding for bacterial resistance have been already
uncovered from soils (Heuer et al., 2011, Dalkmann et al. 2012). The determination of transferable ARGs in the
investigated soils is in accordance with previous studies (Nesme et al. 2014; D'Costa et al. 2011). Furthermore,
an additional effect of wastewater irrigation on the soil resistome was found. Studies of Chen et al. (2016); Broszat
et al. (2014); Dungan et al. 2018 in China, Mexico, in US, have reported that wastewater irrigation enhanced the
occurrence of ARGs in soils. Some pathways likely to induce bacterial resistance in soil include, influx of

antibiotic residues which can induce a selective pressure; transfer and survival of ARB; and influx of transferable
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plasmids harbouring ARGs (Von Wintersdorff et al. 2016). The wastewaters used to irrigate the investigated fields
were previously reported to be strong vector of bacterial resistance (Bougnom et al. 2019a; 2019b); thus, a more
diverse ARB community and ARGs in irrigated fields was anticipated. All the ARGs present in the fields were
already reported in the wastewaters. However, the diversity of ARGs found in the soil was lower. This is most
likely a consequence of the death of many ARB when transferred from wastewater to soil where they must develop
mechanisms to adapt, survive and growth. The surviving bacterial resistome can disseminate drug-resistance in
the environment. Among the ARGs found in irrigated fields, four out of 12 were genes encoding extended
spectrum B-lactamase. Extended-spectrum p-lactamases (ESBLs) are primarily carried by Gram-negative
bacteria, and manure application to soil sustains the survival and growth of pathogens, ARB and ARGs (Rawat
and Nair, 2010; Sharma and Reynnells, 2016). Enterobacteriaceae producing ESBLS can therefore live for longer
times in irrigated fields and contaminate humans and animals via direct contact or the food chain. ESBLs
producers pose critical issues on clinical settings since they are able to inactivate B-lactams, thus requiring the
administration of more expensive antibiotics. Urban farmworkers and consumers feeding with crops coming from
these fields might be exposed to serious health risks. The modification of the different percentages of antibiotic
resistance mechanisms in the irrigated field was consequent to the modification of the soil resistome following
wastewater irrigation. Soils are important reservoirs of diverse ARGs and application of manure, sludge and
irrigation by groundwater could introduce ARB and ARGs in soils (Binh et al. 2008; Negreanu et al. 2012; Nesme
and Simonet, 2015). This could explain the presence of transferable ARGs in non-irrigated fields. The relative
prevalence of Enterobacteriaceae family was greater in non-irrigated farms, which suggests the use of animal
manure for soil fertilization.

Concentrations of sulfamethoxazole and trimethoprim were positively correlated to relative prevalence
of sul3 and dfrAl, respectively, suggesting their influence on the selection of these genes. Concentration of
antibiotics residue in the environment exerting a selective pressure on the acquisition of ARGs coding resistance
against them are in accordance with studies of Cheng et al. (2016) and Pan and Chu (2018). We found that
sulfamethoxazole, ciprofloxacin and enrofloxacin selected for multiple and cross resistance. Their presence at a
critical level could foster the maintenance of foreign resistance genes not oriented against their action and/or select
for multidrug resistance plasmids (Levy, 2002; Blanco et al., 2016). Studies by Botts et al. (2017) in the US have
reported multidrug resistant plasmids encoding resistance genes for tetracyclines, sulfonamides, B-lactams,
fluoroquinolones, aminoglycosides, and amphenicols in coastal wetland impacted by urban stormwater runoff and
wastewater. Therefore, if the concentration of one of these antibiotics is high enough in the environment, it can
exert a selective pressure on plasmid carrying genes conferring resistance to those antibiotics. This shows the
complex nature of factors selecting ARB and ARGs in the environment.

Considering the wide and diverse ARGs in the wastewaters used to irrigate these fields (Bougnom et al.
2019b), Enterobacteriaceae plasmid replicons were expected. However, the different amplicon groups found in
the fields were less diverse that the ones found in the wastewater. This confirms the death of many ARB following
their transfer from wastewater to soil or loss of some ARGs considering the fitness cost for their maintenance.
IncFIB has been reported to be predominant in cattle faeces in Nigeria (Inwezerua et al. 2014); thus, fertilisation
with animal manure could explain plasmid replicons in non-irrigated fields. Considering the epidemiological

aspects, Enterobacteriaceae plasmids replicons found in irrigated farms represent a greater public health issue.
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IncP and IncW type plasmids can transfer and maintain themselves in all Gram-negative bacteria (Droge et al.,
2000), while IncF and incY have a “narrow” host range (Boyd et al. 1996; Mshana et al. 2009).

Conclusion

This is the first study using metagenomics to investigate the impact of raw wastewater use for urban
agriculture on bacterial resistance in soil on example of sites in three major cities in Africa. Our data revealed that
raw wastewater irrigation impacts both soil microbial communities and functional abilities. Microbial
communities living in irrigated fields must develop mechanisms to adapt, survive and grow. Critical
concentrations of sulfamethoxazole, ciprofloxacin and enrofloxacin antibiotic residues may select for ARGs not
oriented against their action. Wastewater irrigation favours the presence of more diverse ARGs of clinical
relevance in soil. The diversity of ARGs present in irrigated fields is lower than the one found in the wastewaters.
Enterobacteriaceae plasmid replicon groups found in irrigated fields present a significant public health concern.
The collected information suggests that raw wastewater irrigated soils in Africa could represent a vector for the
spread of antibiotic resistance, thus, threatening human and animal health. Additional studies are needed to

investigate the consequence of exposure for farmworkers and food consumers.
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Figure 1. Relative abundances (%) of soil a) bacterial phyla and b) families derived from the metagenomic reads in irrigated
fields (IRI) and non-irrigated fields. Bacterial phyla and families with average relative abundance > 0.5% are visualized. (n=3)
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Figure 2: Venn diagram showing the identified Enterobacteriaceae plasmid replicons in the irrigated and non-
irrigated agricultural fields. (n=3)
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Table 1. pH, carbon, nitrogen content and concentration of antibiotic residues (ng. g*) in the samples collected
in irrigated and non-irrigated fields

Irrigated fields Non-irrigated fields
Parameters IRI1  IRI2 IRI3 Mean (£SD) NIR1 NIR2 NIR3 Mean (£SD)
pH 726 649 7.00  6.92 (+0.39) 700 529 578  6.02(+0.88)
C (% dw) 216 454 238 3.03(x1.31) 214 277 122  2.04(x0.78)
N (% dw) 0.15 0.33 0.19 0.22 (+0.09) 0.17 0.22 0.11 0.17 (£0.05)
Sulfadimidine n.d. 2.64 0.07 0.90 (£1.50) n.d. 242 n.d. 0.81 (+£1.40)
Sulfadiazine n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sulfamethoxazole n.d. n.d. 054  0.18 (x0.31)* n.d. 011 nd. 0.04 (+0.06)
Trimethoprim 004 033 038 0.25(0.18) 025 025 044  0.31(x0.11)
Ciprofloxacin 044 nd. 233  0.92(+1.24) 0.19 095 0.18  0.44 (+0.44)
Enrofloxacin 0.76 0.57 1.98 1.10 (x0.77)* 0.47 0.31 0.43 0.40 (£0.08)
Oxytetracycline n.d. 0.26 n.d. 0.09 (x0.15)*  n.d. n.d. n.d. n.d.
Chlortetracycline n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Tetracycline n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Tylosin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

* The distribution is significantly different between the two agricultural systems (Student’s t-test, P < 0.05).
dw dry weight; SD Standard deviation; n.d. not detected; IRI irrigated; NIR non-irrigated
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Table 2. Relative distribution of sequencing reads (RPKM units) in major level 1 subsystems in irrigated and non-irrigated fields. Metagenomic data were annotated against SEED
subsystems in MG-RAST at a cut off of E-value < 107,

Agricultural fields

Irrigated Non-irrigated
Functional subsystems IRI1 IRI2 IRI3 Mean (xSD) NIR1 NIR2 NIR3 Mean (xSD)

Carbohydrates 2.62x 105 2.35x 105 2.35x 10° 2.44x 10°(x1.56x 10%) 2.51x 108 2.11x 108 2.59x 106 2.40x 108 (x2.57x10%)
Clustering-based subsystems* 2.55x 105 2.46x 105 2.48x 10° 2.50x 10°(+4.59x 10%)  2.63x 108 1.90x 106 2.82x 106 2.45x 105 (+4.88x 10°)
Amino acids and derivatives 2.12x 105 2.08x 105 2.08x 10° 2.09x 10°(+2.49x 10%)  2.14x 108 1.65x 106 2.38x 106 2.06x 108 (£3.74x 10°)
Miscellaneous 1.34x 10° 1.33x 105 1.38x10° 1.35x 10°(+2.58x 10%) 1.41x 106 9.85x 10° 1.61x 106 1.33x 108 (%3.19x 10°)
Protein metabolism 1.31x 106 1.21x 105 1.23x10% 1.25x 10%(+5.10x 10%) 1.32x 10°  9.68x 10°  1.40x 105  1.23x 105(%2.27x 10°)
Cofactors, vitamins, prosthetic groups, pigments ~ 1.24x 108 1.19x 10 1.20x 10® 1.21x 108(#2.33x 10%) 1.25x 10  9.46x 105  1.39x 10°  1.20x 10°(+2.27x 10%)
RNA metabolism 8.85x 10° 9.30x 105 9.76x 10° 9.30x 10°(+4.58x 10%)  9.84x 10° 6.15x 10° 1.14x 10° 9.13x 10° (+2.70x 10%)
Fatty acids, lipids and isoprenoids 8.01x 10° 8.19x 105 7.60x 10° 7.93x 10°(+3.01x 10%) 8.26x 105  6.38x 105  8.54x 10°  7.73x 10°(+1.17x 10%)
DNA metabolism* 7.20x 10° 7.23x 10° 7.39x10° 7.27x 10°(x1x 10%) 7.60x 10° 5.06x 10° 8.48x 10° 7.05x 10° (+1.78x 10%)
Cell wall and capsule 6.69x 10° 7.23x 10° 7.61x10° 7.18x 10°(+4.62x 10%) 7.38x 10° 4.86x 10° 8.76x 10° 7.00x 10° (+1.98x 10°)
Respiration 4.84x 10° 4.42x 105 4.34x10° 4.53x 10%(£2.72x 10%)  4.70x 10° 3.81x 10° 4.94x 10° 4.48x 10° (+5.93x 10%)
Nucleosides and nucleotides* 454x10° 4.37x10° 4.46x 10° 4.45x 105(8.73x 10%)  4.63x 10° 3.45x 10° 5.04x 10° 4.37x 10°(8.25x 10%)

Virulence, disease and defense 4.36x 10° 5.13x 105 5.85x 10° 5.11x 10°(%7.48x 10%) 5.24x 105  3.12x 105  7.46x 10°  5.27x 10°(+2.17x 10%)
Stress response* 4.06x 10° 4.20x 105 4.23x 10° 4.16x 10°(9.04x 10%) 4.44x 105  2.93x 105  4.99x 10°  4.12x 10°(x1.07x 10%)

* The distribution is significantly different between the two agricultural systems (Student’s t-test, P < 0.05). SD Standard Deviation. IRI Irrigated; NIR Non-irrigated.
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Table 3. Relative abundance (RPKM units) of the transmissible antibiotic resistance genes and their corresponding

families identified in irrigated and non-irrigated fields.

Agricultural fields

Irrigated Non-irrigated
Gene IRIL  IRI2  IRI3 Mean (+SD)  NIR1 NIR2 NIR3  Mean (+SD)
Aminoglycosides
aac(3)-la 0.00 000 069 0.23(x0.40) 0.00 000 176 0.59(x1.02)
aac(6")-1b7 000 087 086 0.58(x050)* 0.00 000 0.00 0.00(+0.00)
aadA 079 349 687  3.72(%3.05) 1.70 0.00 3.64 1.78(x1.82)
aadAl13 0.00 000 430 1.43(x2.48) 0.00 000 510 1.70(x2.94)
aadAl5 0.00 087 086 0.58(x0.50) 0.00 000 364 1.21(%2.10)
aadAl6 0.00 057 113 0.57(x0.57) 252 000 0.00 0.84(x1.45)
ant(3")-li-aac(6) Ild  0.00 1.09 0.00 0.36(x0.63) 053 018 046  0.39(x0.18)
ant(9)-la 0.00 042 000 0.14(x0.24)* 0.00 0.00 0.00 0.00(x0.00)
aph(3")-1b 018 061 134 0.71(x0.59) 045 000 085 0.43(x0.43)
aph(6)-1d 015 016 134  0.55(x0.69) 1.09 0.00 0.20 0.43(x0.58)
Amphenicol
catB3 0.00 000 020 0.07(x0.12) 0.37 000 000 0.12(x0.21)
catlll 000 000 005 0.02(x0.03)* 000 000 0.00 0.00(x0.00)
catQ 000 024 000 0.08(x0.14)* 0.00 000 0.00 0.00(x0.00)
floR 000 018 041 0.20(x0.200 0.00 0.00 0.00 0.00(x0.00)
mphA 0.00 000 005 0.02(x0.03) 0.00 000 004 0.01(x0.02)
mphG 0.00 000 0.06 0.02(x0.03) 085 000 0.05 0.30(x0.48)*
Beta-lactams
blac \rp-3 000 000 070 0.23(x0.41)* 0.00 0.00 0.00 0.00(%0.00)
bla) ~p 4 0.00 000 0.00 0.00(%0.00) 0.00 000 193 0.64(x1.11)*
blaqy a206 0.00 000 020 0.07(x0.12) 0.00 000 017 0.06(x0.10)
blayy 036 000 035 069 0.35(x0.34) 034 000 000 0.11(%0.20)
blaqy a 347 0.00 000 123 041(x0.71)* 0.00 0.00 0.00 0.00(0.00)
blayy a5 000 000 043 0.14(x0.25* 0.00 0.00 0.00 0.00(%0.00)
blag 3 0.00 000 063 0.21(x0.36)* 0.00 0.00 0.00 0.00(+0.00)
Macrolides
ereA2 0.00 000 0.00 0.00(%0.00) 023 000 000 0.08(+0.13)*
mefC 0.00 006 050 0.19(x0.28) 117 0.00 014 0.44(x0.64)
Nucleoside ATB
sat-1 0.00 000 0.00 0.00(%0.00) 0.00 000 0.13 0.04(x0.07)
Phosphonic ATB
fosB 0.00 012 000 0.04(x0.07)* 0.00 0.00 0.00 0.00(+0.00)
Quinolones
gnrVvCl 0.00 0.00 0.00 0.00(x0.00) 000 000 030 0.10(x0.17)*
Sulphonamides
dfrAl 0.00 077 076  0.51(x1.11) 0.38 000 097 0.45(x0.49)
dfrB3 032 087 052 0.57(x0.28) 0.00 055 0.00 0.18(0.32)
sull 191 370 16.02 7.21(%7.68) 577 0.00 1234 6.04(+6.17)
sul2 046 213 943  4.01(x4.77) 560 0.00 594  3.85(%3.33)
sul3 0.00 000 028 0.09(x0.16)* 0.00 0.00 0.00 0.00(%0.00)
Tetracyclines
tet39 0.00 000 061 0.20(x0.35) 038 000 000 0.13(x0.22)
tetB(P) 0.00 0.00 0.00 0.00(x0.00) 0.06 000 000 0.02(x0.04)*
tetC 0.00 000 047 0.16(x0.27)* 0.00 0.00 0.00 0.00 (+0.00)
tetWw 0.00 000 034 0.11(x0.20) 034 037 087 0.53(x0.30)
tetX 000 000 239 0.80(+1.38* 018 0.00 047 0.22(+0.24)

* The distribution is significantly different between the two agricultural systems (Student’s t-test, P < 0.05). SD Standard
deviation; IRI irrigated; NIR non-irrigated
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Table 4. Positive correlations between relative abundances of antibiotic resistant genes and antibiotics concentrations. In each cell, the value represents Spearman's
coefficient (r).

bIaCARB_3 catlll dfrAl floR bIaOXA_347 bIaOXA_5 blarm3 sul3 tetC tetX
Sulfamethoxazole 0.979**  0.979** - 0.864* 0.979** 0.979**  0.979**  0.979**  0.979**  0.946**
Ciprofloxacin 0.926**  0.926** - 0.899* 0.926** 0.926**  0.926** 0.926** 0.926** 0.881*
Enrofloxacin 0.970**  0.970** - - 0.970** 0.970**  0.970**  0.970** 0.970** 0.936**
Trimethoprim - - 0.869* - - - - - - -

*Asterisk denoted significant correlation at p< 0.05 level (2- tailed).
**Double asterisk denoted significant correlation at p< 0.01 level (2- tailed).
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