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The complexity of antibiotic resistance dynamics in scarce surface water resources in 

northern Botswana  

Lipa Gutani Terrence Nkwalale 

ABSTRACT 
 

Antibiotic resistance (AR) is widely associated with intensive agricultural systems, pharmaceutical 

production, wastewater, and health facilities. However, little research has been conducted on AR 

gene (ARG) dynamics in natural environments lacking large-scale human inputs. In particular, we 

have limited understanding of the complex dynamics influencing environmental AR in resource-

limited dryland systems threatened by climate change.  In northern Botswana, Escherichia coli 

isolates were obtained from river surface water (n = 426 samples; September 2017 – May 2018), 

sediments (n = 194; November 2017 – May 2018), and human fecal samples (n = 43 September 

2017 and April 2018). A multiplex PCR assay was used to assess gene frequencies for sulfonamide 

(sul1 and sul2), tetracycline (tetA and tetB), and class 1 integron (intl1) resistance genes. The 

weighted frequency of sul1 in sediment E. coli isolates (µ= 0.07; SD = 0.39) was significantly 

higher than that observed in isolates obtained from surface water (µ= 0.03; SD = 0.15; p = 0.01). 

Weighted gene frequencies for sul1 and sul2 in human E. coli isolates from April 2018 were 

significantly higher than those in water (sul1 p = 0.01; sul2 p = 0.00) and sediment isolates (sul1 

p = 0.01; sul2 p = 0.00) from the same time period. Significant differences for the five genes’ 

weighted frequencies were observed between sampling months in water isolates (intl1 p = 3.318e-

05; sul1 p = 3.217e-06; sul2 p = 4.392e-06; and tetA p = 2.477e-05), while only intl1 frequency differed 

significantly between months in sediment isolates (p = 0.05). While no significant spatial patterns 

of ARG frequencies were observed in E. coli isolates from water samples (p = 0.16), higher ARGs 



 
 

were observed in E. coli isolated from human-dominated land areas for intl1 (µ = 0.10; SD = 0.31) 

than in protected landscapes intl1 (µ = 0.03; SD = 0.13; p = 0.02). Land use also was associated 

with higher weighted frequencies for tetA in E. coli isolates from water in human-dominated land 

areas (µ = 0.10; SD = 0.30) compared to protected areas (µ = 0.04; SD = 0.23, p = 0.03). These 

results indicate that the interactions between land use and season-dependent hydrometeorological 

factors drive frequencies of some ARGs across this system, but do not fully explain the 

complexities observed. However, the lack of higher weighted gene frequencies for riverbed 

sediments suggest that they do not act as a reservoir for ARGs in the system, implicating humans 

as significant contributors to ARG persistence in the aquatic system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

The complexity of antibiotic resistance dynamics in scarce surface water resources in 

northern Botswana  

Lipa Gutani Terrence Nkwalale 

ABSTRACT (PUBLIC) 
 

Microbial antibiotic resistance (AR) is widespread and an increasingly important public and 

animal health threat, especially in developing nations. Our understanding of the influence of 

environmental factors, such as seasonality and river flow characteristics, and landscape features 

on AR distributions is limited. For this project, I analyzed the presence of genes associated with 

resistance to five different types of antibiotics, called antibiotic resistance genes (ARGs), in 

Escherichia coli isolates obtained from Chobe River surface water and sediment samples across 

varying land uses (park, town, and mixed) and from feces of humans living in the region. The 

differences in land use are such that the park acts as a protected management area for a large variety 

of wildlife species with little human development and is therefore ‘pristine’, while the town and 

mixed land uses have varying degrees of human modification. Land use and month were both 

significantly associated with differences in AR gene frequencies in isolates from both water and 

sediment samples. For some genes, most detections were in sediment isolates and only infrequently 

in water isolates. However, with the onset of the rainy season, frequencies of some genes were 

higher in water isolates than in sediment isolates, indicating the role of rainfall and river flow 

dynamics in ARG dissemination.  As was expected, AR genes were more frequently detected in 

human fecal sample isolates than in water and sediment isolates, which was consistent with views 

that humans are the primary source of environmental ARG contaminants. I discuss these results 



 
 

and explore the implications to management of antibiotic resistance across the human-

environmental interface.  
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INTRODUCTION 

The growing threat of antibiotic resistance (AR) in human-transformed landscapes 

The complexity of health challenges is increasing globally alongside advancing human- 

mediated transformation of landscapes, impacting all aspects of the biota on the planet [1]. This 

human footprint has been linked to the elevation of antibiotic resistance (AR), a result of increased 

use and misuse of antibiotics in dealing with microbes [2], especially with bacteria. Widespread 

antimicrobial use by humans in applications such as medicine, animal husbandry, industrial and 

household cleaning increase the frequency of resistance, as these uses select for resistant strains 

over susceptible ones [3, 4]. This use has driven bacterial communities to adapt to the effects of 

antibiotics, thereby rendering them less effective in health-related remedial actions, resulting in 

declines of antibiotic capabilities in treating microbially mediated ailments [5]. Aggravated health 

problems stemming from poor drinking water and sanitation infrastructure and economic 

constraints in accessing effective antibiotics are on the rise [6-8].  

Mechanics of resistance in microbes 

Antibiotic resistance genes (ARGs) are characteristic of a wide range of microbes and 

multicellular organisms, including bacteria, viruses, and fungi [9, 10]. It has been established that 

AR has occurred throughout history [7], with resistance-genes dating back to ancient times. These 

genes have allowed expression of resistant phenotypes in microbes through their ancestral 

lineages. However, the impacts of human activities upon the environment have exacerbated the 

expression of resistance to antibiotics in the bacterial community. The environment facilitates 

transfer of resistance across the bacterial community by harboring antibiotics shed into aquatic 

systems from human activities, such as in agricultural production via animal manure [11]. AR 
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mechanisms come into play through the interactions between a susceptible bacterium and an AR-

resistant microbe, increasing the likelihood of resistance gene transmission to the susceptible host 

bacterium and subsequent dispersal to novel geographic settings. Genetic mutations allow the 

creation and accumulation of resistance genes in bacterial cells. Bacteria also can gain resistance 

to antibiotics by acquiring genes encoding production of specialized enzymes that alter or detoxify 

antibiotics, thereby inactivating them [12]. Genetic mutations may alter the target-cell sites upon 

which the antibiotic attacks [13]. Other forms of resistance can be expressed through processes of 

ejecting antibiotics from the cell interior through the development of intricate transport systems, 

leading to a membrane efflux pump that diverts antibiotics from their target site [14]. Reductions 

in cell membrane permeability, ultimately resulting in the closure of the antibiotics’ points of entry 

into the bacterial cell, provide yet another mechanism through which resistance can arise [15].  

The environment can contribute to the dissemination as well as the evolution of resistance 

[16]. These processes are varied and complex. For example, horizontal gene transfer (HGT) allows 

microbial acquisition of resistance through the direct sharing or exchanging of genetic material 

between individual microbes [17]. HGT can occur within a host species and across species, 

especially in habitats where microorganisms belonging to different species or genera occur [18, 

19]. AR movement between organisms of different kingdoms also can occur through conjugative 

transfer of mobile genetic elements, transduction by bacteriophage, and transformation by “naked” 

DNA [20]. In the latter case, DNA occurring in the environment freely, i.e., not associated with a 

microbe and thus ‘naked’, enters and allows transformable and competent microbes to attain 

resistance. Integrating conjugative elements (ICEs) play a pivotal role in the HGT of resistance 

genes in the natural environment [21, 22]. This process occurs through mechanisms in which the 

ICE self-transmits via conjugation, and is integrated into the host-cell chromosome, where it then 
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replicates. Also important in HGT are genomic islands, i.e., large DNA assemblages which contain 

genes encoding complex biological functions that offer selective advantage to microbial hosts. 

Resistance also occurs through means of viral invasion of microbes. This process is mediated by 

the virus infecting microbial cells and replicating in them, thus allowing the horizontal transfer of 

resistance genes through transduction from one microbe to another [23]. Resistance to antibiotics 

also can occur through the metabolic action of the assemblage of different microbes on biofilms, 

termed collective resistance [24, 25]. Resistance also can manifest itself in the form of indirect 

resistance, in which microbes with resistance genes act as a protective barrier for those that are 

susceptible to antibiotic activity [26], which is facilitated by high cell densities [27].  

AR in the environment 

Environmental factors such as precipitation, drainage, and overland surface runoff play a 

significant role in facilitating the occurrence and distribution of resistance genes in surface-water 

systems. Resistance genes present in freshwater resources are a mixture of those occurring 

naturally in the environment and those stemming from human and animal activities [16] - 

influenced by their geographic distributions across various landscapes [28]. The role of aquatic 

systems in influencing the ecology and evolution of microbial populations and ultimately on 

occurrences of resistance genes is as important in tropical climates as is in dryland systems [29]. 

Nearly two-fifths of the landmasses are characterized as dryland systems, subject to volatile 

hydrological cycles. Especially in regions affected by climate change, hydrological conditions, 

affecting fluctuations in sedimentation and total suspended solids (TSS) concentrations in the 

water column during flow, are of interest with regards to their role in dissemination of resistance 

genes. The resuspension of sediments, potentially with adsorbed microbes containing resistance 
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genes, sets the stage for HGT of ARGs, which has direct implications regarding increase of 

multidrug resistance –i.e., bacterial resistance to three or more classes of antibiotics [30]. 

Focusing on the Chobe district of northern Botswana, I explored ARG frequencies across 

three land uses and seasons in aquatic environments and in human feces obtained from seasonal 

diarrheal disease peaks. These data are intended to provide information that will contribute to our 

understanding of the spatial and temporal dynamics of distribution of AR in aquatic environments 

in dryland regions, refining our understanding of AR evaluation and transmission dynamics in 

these settings and the implications with regard to associated vulnerable human populations. Such 

studies contribute important knowledge to our understanding of AR persistence and movement in 

watersheds and can support a data-driven approach to more effective environmental monitoring 

and public health planning. 
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THE COMPLEXITY OF ANTIBIOTIC RESISTANCE DYNAMICS IN 

FLOOD-PULSE AFFECTED AQUATIC E. COLI ISOLATES OF 

NORTHERN BOTSWANA  
 

INTRODUCTION 

In the Anthropocene era, global health challenges are escalating, as is their complexity. 

Human modification of the planet and its biota is occurring at accelerated rates, with uncertain 

outcomes [1]. The use of antibiotics is on the rise, as is antibiotic resistance (AR) among bacteria, 

stemming from overuse and misuse of antibiotics in human-modified settings [2]. Currently, AR 

is increasing in frequency and spatial distribution, especially  in middle-to-low income countries 

[3]. Antibiotic use includes their applications in human health and animal husbandry, either as 

remedial treatment or means of preventing health ailments, and increasingly as factors for 

maximizing outputs in agricultural production. Contributions to AR are also thought to occur due 

to the use of antimicrobial ingredients in the production of cleaning aids for industrial, laboratory 

and household settings [4]. The indiscrete use of antibiotics has played a role in bacterial 

communities adapting and ultimately becoming resistant to their effects. Consequently, growth in 

the frequency of AR bacterial populations is becoming evident, whereby susceptible bacteria 

populations treatable by antibiotics are declining [5]. That is, the use of large quantities of 

antibiotics has contributed to increased resistance through selection for resistant strains of bacteria 

and decline of susceptible strains [6]. Furthermore, rises in occurrences of bacteria with resistance 

to three or more antibiotics (termed multidrug resistance; MDR) [7, 8] and their implications for 

disease emergence are of major concern [9]. Of particular interest is the assemblage of AR genes 

(ARGs) associated with both pathogenic and non-pathogenic bacteria that is referred to 

collectively as the antibiotic resistome. The resistome is a result of co-evolution of molecules and 
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microbial genomes within natural environments [10]. Given the increase of the resistome, MDR 

is predicted to become even more widespread than single-drug resistance [11]. The growing 

problem of AR is now considered a public health threat, undermining the utility of antibiotics in 

the health sector [12-14]. The associated socioeconomic implications for the developing world 

regarding access to antibiotics [15], especially those antibiotics capable of circumventing 

resistance, aggravate health problems resulting from poor sanitation infrastructure and budgetary 

constraints in developing new, effective antibiotics [16, 17].   

ARGs are in essence environmental contaminants, having been described as ‘easy-to-get, 

hard to-lose’ pollutants [18]. Freshwater, biofilm and soil environments support the persistence of 

ARGs in natural settings. [8, 19-21]. These natural settings provide an ideal environment for 

bacterial species to undergo selective antibiotic pressures, thereby contributing to bacterial genome 

evolution [22]. Further, bacterial exposure to heavy metals in the environment is known to have 

contributed to processes of cross-resistance (physiological resistance) and co-resistance (genetic 

resistance) of bacteria to both antibiotics and heavy metals [23]. Therefore, heavy metals play a 

pivotal role in amplifying emergence, maintenance and transmission of resistance genes in bacteria 

[24, 25]. AR is attained by and transferred among bacteria through environments such as aquatic 

and soil systems, including human and animal digestive tracts, which have been shown to be 

significant reservoirs of ARGs [26-28]. Resistance genes have arisen in human-modified 

environments, such as septic tanks and pit  latrines [29], cemeteries [30], non-engineered landfills 

with biological waste from health facilities [31], household waste [32], intensive agricultural 

production and wastewater treatment plants [33-36].  The use of antibiotics by any individual has 

implications for the wider community sharing the environment [37]. Selective pressure on 

resistance traits in microbial communities also is impacted by the natural occurrence of AR and 
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by ARGs that arise from human pollution [38]. Further, the historical use of heavy metals to treat 

human ailments prior to the discovery of antibiotics may have resulted in co-selection of ARGs 

encoding heavy metal resistance [39]. The processes of co-selection are mostly attributed to 

integrons (intl), genetic elements allowing for gene cassette transfers [23]. Class 1 integrons are 

the most-observed category of integrons and moslty have been described in clinical bacteria [40], 

with their occurrence in environmental samples considered a proxy of anthropogenic activity [41, 

42]. However, conflicting approaches and inconsistent monitoring methods for characterizing 

ARGs in the natural environment have hampered clear descriptions of ecological dynamics. 

Aquatic systems are known to influence the ecology and evolution of microbial populations 

and ultimately ARG occurrence [18]. ARG emergence and environmental distribution are driven 

by hydrological processes such as precipitation, drainage, and overland surface runoff [43-45]. As 

such, ARGs present in freshwater resources are a mixture of those occurring naturally in the 

environment and those stemming from human and animal activities [15], influenced by their 

respective distributions across landscapes [46]. In dryland systems characterized by volatility in 

hydrological cycles, such as fluctuations in precipitation and river flows typified by flood-pulse 

dynamics, the inundations of riverbanks allow ARG-trading processes to occur between the 

surface water and sediment systems [19, 46-49].  Flood-pulse inundations and their impact on 

sediment-nutrient exchange, suspension, and transport influence the spatial distribution of bacteria 

with AR capabilities, particularly those persisting in dry environments  [49-52].   

In surface-water systems, riverbed sediments also can act as an important reservoir for 

ARGs [53], with studies showing that soil physiochemical characteristics, such as soil texture or 

pH, can play a significant role in microbial AR dynamics [54-57]. Influenced by climatic factors 

[58], observations of high levels of ARGs in the water column have been attributed to increased 
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sediment input by surface runoff [20] and from riverbed sediment microbial resuspension [59, 60]. 

These dynamics facilitate ARG movement between microbial communities in aquatic and soil 

environments through mechanisms such as horizontal gene transfer (HGT, both interspecies and 

intraspecies), and vertical gene transfer (VGT, parent-to-offspring) [61], accelerating MDR 

emergence [19]. Integrons have been shown to play a role not only in MDR dynamics, but also in 

the HGT of ARGs in bacterial species [62, 63]. While studies have shown links between upstream 

human-impacted landscapes and AR presence in sediments [64, 65], ARGs also have been found 

in pristine sedimentary environments [7, 66-68]. However, a study assessing ARG profiles in the 

Jiulongjiang River, China, found that urban landscapes had twice the concentrations of ARGs than 

did the pristine source of the river [69].  

Given the significance to both human and animal health [65-67], increasing attention has 

been directed towards studying ARG movement across the human – environmental interface [70-

72] and to developing sentinel surveillance systems to detect ARG emergence and movement 

before they move into human and animal populations. Our previous work in the Chobe District, 

northern Botswana identified significant levels of phenotypic AR across six antibiotic classes 

(penicillin, cephalosporin, fluoroquinolone, aminoglycoside,  tetracycline, and sulfonamide) in 

Escherichia coli isolates from wildlife, human, and surface-water samples [46, 73, 74]. Subsequent 

sequencing of a subset of these isolates revealed that genes encoding resistance to tetracycline, 

tetA and tetB, and sulfonamide, sul1 and sul2, had the highest prevalence (unpublished data). 

While we found similar levels of phenotypic resistance to tetracyclines and sulfonamides in Chobe 

River water E. coli isolates collected across pristine and urban landscapes [46], land use was a 

significant factor associated with tetracycline and sulfonamide resistance in E. coli of wildlife 

species [74]. We found no significant links between consumption of river water by wildlife and 
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AR dynamics, but species life-history strategy, particularly habitat use and foraging behavior, 

appeared to influence AR levels [74]. Furthermore, E. coli isolated from feces of urbanized water-

associated wildlife, such as hippopotamus and otters, had higher occurrence of tetracycline and 

sulfonamide resistance [46]. More than half of the isolates obtained from human feces were 

resistant to tetracycline (doxycycline and tetracycline) and sulfonamide (sulfamethoxazole-

trimethoprim) [46]. These data suggest that ARG movement and retention in aquatic systems is 

complex and likely associated with multiple drivers, both human and environmental. 

Our study site in the Chobe District of Botswana presents a useful model system for 

studying drivers of ARGs given that commercial agricultural and livestock production are absent 

and that pharmaceutical inputs into the environment are minimal. Additionally, this dryland river- 

floodplain system is characterized by important seasonal water quality declines that are associated 

with flood-pulse dynamics and other hydrometeorological drivers that occur across a unique land-

use mosaic [49, 75, 76]. This system provides a suitable model system for assessing the role of 

environmental factors in AR distribution dynamics in the absence of significant agricultural and 

pharmaceutical inputs. Escherichia coli provides an important indicator of environmental fecal 

contamination and is an important species for water quality monitoring [77]. As such, E. coli has 

played an important role in studies assessing AR dynamics between and within various 

environmental and clinical settings. Here, we evaluate the frequencies of ARGs from two antibiotic 

classes, sulfonamides (sul1, sul2) and tetracyclines (tetA, and tetB), as well as the class one 

integron (intl1) in E. coli isolated from water and sediment from the Chobe River, and evaluate 

these data with regard to land use, season, and frequencies observed in the local human population.  

METHODS 
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Study Area 

The Chobe River lies on the northern border of Botswana and represents the international 

boundary between Botswana and Namibia. Rainfall in this dryland system is highly variable, with 

recurrent droughts commonplace [75, 78]. The Chobe River’s flow is characterized by flood-pulse 

dynamics [49]. Kalahari Desert sands dominate the surrounding landscape, with clay soils found 

in river sediments and flood-plain environments [79]. Urban and peri-urban centers occur along 

the banks of the Chobe River within Botswana (Kasane, pop. 9008; and Kazungula, pop. 4133), 

with both their economies heavily reliant on tourism activities centered around the river and the 

wildlife-rich Chobe National Park (CNP) [80]. Due to the differing built landscapes of the two 

towns, we considered Kazungula a ‘mixed’ land use given its mixture of buildings and some small-

scale subsistence farming activities. We characterized Kasane as ‘town’ given that its environment 

is mostly composed of commercial and residential buildings. We classified CNP as ‘park’, 

reflecting its protected status and prohibition of built structures, except for one hotel. Both human 

and water-dependent wildlife populations rely on the river, as it is the only source of permanent 

surface water in the region. Concentrations of wildlife along riparian edges have previously been 

associated with water quality declines [76].  

Sampling design  

We collected water and sediment samples bi-monthly from September 2017 - May 2018 

and November 2017 - May 2018. Both wet and dry seasons were covered in the sampling period, 

and river water flow was highest in May and lowest in November. The transect points were 

established in 2011 at 1-km intervals and span the river longitudinally as it courses through the 

different land types ( ‘mixed’, ‘town’ and ‘park’,  Figure 1), starting from the confluence of the 

Zambezi and Chobe Rivers. The river flows from the park through the town and into the mixed 
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land-use section, and thus the park is upstream from all human activity in the region. Anonymized 

human fecal samples were obtained from the primary hospital in the region (September 2017 and 

April 2018), for time periods that match diarrhea outbreaks that occur annually in the region in 

both the wet and dry seasons [75].  

 

 

Figure 1: Sampling transect points across land uses (Park = orange, Town = blue, and Mixed 

use = yellow). A water and a sediment sample were simultaneously collected at each numbered 

point at each sampling event. The river flows to the east. 
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E. coli  

 Methods for obtaining  E. coli isolates from the water samples followed those described 

in [46, 76]. Briefly, water samples were collected aseptically just below the water surface in sterile 

500-mL glass jars, approximately 10m from the river’s south bank. A sterile, gridded nitrocellulose 

membrane filter (0.45-µm pore size; 47-mm diameter; Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) was used to vacuum filter each water grab sample collected at study transect 

points, in line with United States Environmental Protection Agency (USEPA) methods 1103.1 and 

1604 [81, 82]. Each filter was aseptically transferred onto Rapid E. coli 2 agar plates (BioRad, 

Hercules, California, USA), which were then incubated for 24 hrs at 37 oC and enumerated 

thereafter.  Sediment samples were taken aseptically on the south bank of the river, at locations 

corresponding with the water transect points in 20-mL tubes. Raw human fecal samples were 

obtained directly from the primary hospital’s laboratory. Processing for sediment and fecal E. coli 

isolates followed the methods described in [74]. Briefly, we homogenized one gram of each 

sediment or fecal sample in 9 mL of buffered peptone water (BPW) (Becton-Dickinson and 

Company, Franklin Lakes, New Jersey, USA), which was then sequentially diluted to 1:103 and 

1:104 in BPW. 100 mL of the dilutions were plated onto MacConkey agar plates (Thermo Fisher 

Scientific, Inc., Lenexa, Kansas, USA) and incubated for 18 hrs at 37 oC.  Where possible, we 

obtained up to three individual E. coli colonies with pink to rose-red morphology for each of the 

water, sediment, and human fecal samples. 

E. coli isolates from water, sediment, and human fecal samples were subjected to multiple 

isolation steps to obtain single, well-spaced E. coli colonies. First, we incubated pink to rose-red 

colonies obtained from the initial MacConkey plates in 5 mL Brilliant Green Bile Broth (Neogen 

Corporation, Lansing, MI) for 18-24 hrs at 42oC. We then inoculated MacConkey agar (Neogen 
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Corporation) plates with 50-100µL of the homogeneous solution and incubated the plates for a 

further 17-24 hrs at 42oC. A single pink colony from the MacConkey agar plates was then picked 

and streaked onto xylose lysine deoxycholate (XLD) agar (Sigma-Aldrich, St. Louis, Missouri) 

and incubated for 18-24 hrs at 42oC. This was done to confirm that the colonies were not 

Klebsiella, Enterobacter, or Proteus, which may have a similar appearance on MacConkey agar 

and Rapid E. coli 2 agar [83]. Once uniform flat, yellow colony morphologies consistent with 

those of E. coli colonies were observed on either the XLD plates, single colonies were picked and 

individually grown in tryptic soy broth (TSB) (EMD Millipore, Billerica, Massachusetts, USA) 

for 18 hrs at 42oC. 

Molecular analysis of E. coli isolates 

DNA from the water, sediment and human E. coli isolates was extracted using the EZ-10 

Spin Column Bacterial Genomic DNA Mini-Preps Kit (Bio Basic, Inc., Markham, Ontario) 

according to the manufacturer's instructions. The concentration and purity of each DNA sample 

were determined using a NanoDrop ND-1000 UV spectrophotometer (NanoDrop Technologies, 

Wilmington, Delaware), and stored at -20 oC. DNA from the E. coli isolates was tested for the 

presence of intl1, sul1, sul2, tetA, and tetB resistance genes using primers developed in other 

studies (Table 1) [84, 85]. A multiplex PCR was performed in a 25-µL reaction containing: 1µL 

of template DNA (<100ng); 12.5 µL PCRBIO HS Taq Mix (Genesee Scientific, San Diego, 

California); 1µL of each primer; and 1.5 µL of molecular grade water (Genesee Scientific). The 

conditions for amplification were: initial heat activation for 15 min at 95oC; followed by 30 cycles 

of 15 sec denaturation at 94oC, 30 sec annealing at 69oC, 1 min extension at 72oC; and 7 min final 

extension at 72oC. We used a previously sequenced E. coli isolate known to possess all five AR 

genes from our study site as the positive control for our multiplex PCR (unpublished data). The 
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PCR products were separated by agarose gel electrophoresis (2%) for 2 hours at 100V. 

Visualization of the DNA fragments was performed using a BioRad (Hercules, California) GelDoc 

imaging system. PCR products were sequenced to verify the gene targets, with sizes of single 

bands obtained from primers confirming their specificity to genes of interest. 

Table 1: Primers used in multiplex PCR to assess the presence of target genes 

 

Gene Sequence Primer 

concentration 

(µM) 

Size 

(bp) 

Reference 

Intl1 - F GCCACTGCGCCGTTACCACC 2 898 [84] 

Intl1 - R GGCCGAGCAGATCCTGCACG 2 

tetA - F TGTCCGACAAGTTGCATGAT 1 178 [85] 

 

[85] 

 

[85] 

 

[85] 

tetA - R CCTTGAACGGCCTCAATTT 1 

tetB - F CTCCTTGGCTTGGAAAAATG 1 229 

tetB - R AACCAACCGAACCACTTCAC 1 

sul1 - F GACGAGATTGTGCGGTTCTT 1 350 

sul1 - R AGGGTTTCCGAGAAGGTGAT 1 

sul2 - F CCGTCTCGCTCGACAGTTAT 1 399 

sul2 - R ATTTGCGCGAAACAGACAG 1 

 

Statistical Analysis 

As the number of isolates per sample ranged from 1-3, we calculated the weighted frequency of 

each gene in water and sediment samples, and for each individual human host, to account for the 

variation of sample effort. Counts for ARGs present in isolates per sample were adjusted using the 
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formula below, where Xw represents the weighted gene frequency per sample, x represents the sum 

of positive gene observations in E. coli isolates within a sample collected for water, sediment, and 

humans, N represents the number of isolates obtained within a water, sediment, or human sample, 

and ne the expected three isolates per sample. 

𝑿𝒘 = 𝒙 ∗ 𝑵 𝒏𝒆⁄  

We used Moran’s I test to assess spatial autocorrelation among E. coli isolates in the water 

samples categorized according to their transect points, using the ‘ape’ package in R [86]. As the 

data were non-normally distributed, we applied non-parametric tests. We used the Kruskal-Wallis 

tests in the R package ‘stats’ [87] to compare weighted gene frequencies of our target genes in E. 

coli isolates within sample types by month and land use. Post-hoc evaluations were performed 

using Dunn's test [88] and the ‘dunns.test’ package in R. To compare the overall weighted gene 

frequencies of ARGs among water and sediment samples, and by month and land use, we applied 

the Wilcoxon test [89] using the ‘coin’ package in R. Comparisons for differences in weighted 

frequencies of ARGs between human fecal samples and water samples (September 2017) were 

performed using the Wilcoxon test with the R package ‘coin’. All analyses and figure generation 

were done in R (version 4.0.0, R Institute). 

Ethics Statement 

Human fecal samples were collected with approval granted by a Ministry of Health and 

Wellness (MOHW) permit (HPSME:13/18/1 Vol. X (878)), and the Virginia Tech Institutional 

Review Board (#11–573). Environmental samples were collected under permit from the 

Government of Botswana Ministry of Environment, Natural Resources Conservation and Tourism 

(EWT8/36/4). 
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RESULTS  

We detected all five AR genes targeted - (intl1, sul1, sul2, tetA, and tetB) - in E. coli 

isolates obtained from river water, sediment, and human fecal samples. 

ARG in water isolates 

Using weighted gene frequencies for each transect point, we tested for spatial 

autocorrelation in water samples (September 2017 – May 2018) using the Moran’s I. We found 

that the weighted gene frequencies for E. coli isolates obtained from water samples were randomly 

distributed, with no significant spatial patterns (p = 0.16).  

Overall, the sul2 gene had the highest mean frequency across isolates (µ = 0.12; SD = 0.34), 

while sul1 was infrequently detected (µ= 0.03; SD = 0.15) (Table 2). Weighted gene frequencies 

for months are shown in Figure 2. Significant differences were identified by month for intl1 (p 

=3.318e-05), sul1 (p = 3.217e-06), sul2 (p = 4.392e-06), and tetA (p = 2.477e-05), as shown in 

Table 3. September had the highest mean gene frequencies for sul1 (µ = 0.15; SD = 0.40) and sul2 

(µ = 0.28; SD = 0.55), while frequencies of intl1 (µ = 0.13; SD = 0.27) and tetA (µ = 0.15; SD = 

0.39) where highest in April (Table 2).  

Table 2: Monthly weighted gene frequency means and standard deviations for water isolates. 

 intl1 sul1 sul2 tetA tetB 

  mean SD mean SD mean SD mean SD mean SD 

January 0.03 0.25 0.01 0.06 0.06 0.30 0.02 0.09 0.00 0.00 

February 0.01 0.05 0.00 0.00 0.04 0.16 0.02 0.14 0.01 0.07 

March 0.12 0.32 0.02 0.09 0.24 0.50 0.09 0.44 0.09 0.30 

April 0.13 0.27 0.03 0.10 0.18 0.37 0.15 0.37 0.02 0.14 



18 
 

May 0.02 0.08 0.00 0.00 0.10 0.25 0.03 0.10 0.03 0.15 

September 0.05 0.13 0.15 0.40 0.28 0.55 0.12 0.35 0.04 0.21 

October 0.02 0.15 0.00 0.00 0.04 0.17 0.00 0.00 0.02 0.09 

November 0.00 0.00 0.00 0.00 0.02 0.09 0.00 0.00 0.03 0.18 

December 0.11 0.27 0.03 0.12 0.10 0.22 0.13 0.38 0.01 0.08 

  0.05 0.21 0.03 0.15 0.12 0.34 0.06 0.27 0.03 0.16 

 

 

Figure 2: Monthly water-sample E. coli weighted gene frequencies for AR genes intl1, sul1, 

sul2, tetA, and tetB, with standard error bars. Stars represent months with significantly lower 

frequencies than a month with the highest frequency (shown by rectangle), for each antibiotic gene. 
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Table 3: Significant P-value results from Dunn’s test comparisons between monthly 

weighted ARG frequencies. 

gene Months with SD p-value 

intl1 April-October 0.00 

April-November 0.00 

April-January 0.00 

April-February 0.00 

April-May 0.01 

sul1 September-October 0.00 

September-November 0.00 

September-December 0.02 

September-January 0.00 

September-February 0.00 

September-March 0.00 

September-May 0.00 

sul2 September-October 0.00 

September-November 0.00 

September-January 0.00 

September-February 0.00 

tetA April-October 0.00 

April-November 0.00 

April-January 0.00 

April-February 0.00 
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Weighted mean gene frequencies across the three land uses are reported in Table 4. 

Frequencies of only intl1 (p = 0.02) and tetA (p = 0.03) differed by land use (Figure 3). Post-hoc 

analysis indicated that frequencies at park sites where significantly lower than those at town sites 

for intl1 and tetA genes (p = 0.01 and p = 0.01, respectively).  

 

Figure 3: Weighted gene frequencies for class 1 integron (intl1), sulfonamide (sul1 and sul2) 

and tetracycline (tetA and tetB) resistance genes in water E. coli isolates with standard error 

bars indicated.  Stars represent significantly lower gene frequencies observed in a land-use type 

when compared with a land use with a higher frequency (shown by rectangle), for each antibiotic 

gene. 
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Table 4: Summary of weighted AR gene frequencies for water and sediment E. coli isolates 

as a function of land use. 

  

Water Sediment 

  

park 

(N=190) 

town 

(N=99) 

mixed 

(N=137) 

park 

(N=93) 

town 

(N=41) 

mixed 

(N=60) 

intl1 

mean 0.03 0.10 0.06 0.06 0.11 0.12 

SD 0.13 0.31 0.20 0.37 0.51 0.44 

SE 0.01 0.03 0.02 0.04 0.08 0.06 

CI 0.02 0.06 0.03 0.08 0.16 0.11 

sul1 

mean 0.01 0.04 0.05 0.06 0.09 0.08 

SD 0.05 0.16 0.22 0.34 0.47 0.39 

SE 0.00 0.02 0.02 0.04 0.07 0.05 

CI 0.01 0.03 0.04 0.07 0.15 0.10 

sul2 

mean 0.08 0.14 0.16 0.12 0.11 0.22 

SD 0.27 0.37 0.41 0.40 0.30 0.52 

SE 0.02 0.04 0.03 0.04 0.05 0.07 

CI 0.04 0.07 0.07 0.08 0.10 0.14 

tetA 

mean 0.04 0.10 0.07 0.06 0.02 0.12 

SD 0.23 0.30 0.29 0.34 0.07 0.45 

SE 0.02 0.03 0.02 0.04 0.01 0.06 

CI 0.03 0.06 0.05 0.07 0.02 0.12 

tetB 

mean 0.01 0.03 0.05 0.00 0.01 0.08 

SD 0.09 0.17 0.21 0.00 0.05 0.42 
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SE 0.01 0.02 0.02 0.00 0.01 0.05 

CI 0.01 0.03 0.04 0.00 0.02 0.11 

 

ARG in sediment isolates 

In E. coli isolates from sediment samples, we found that sul2 was frequently detected (µ = 

0.15; SD = 0.42), while tetB was infrequently detected (µ = 0.03; SD = 0.24) (Table 5). Figure 4 

shows the weighted gene frequencies for the sediment isolates according to month. Weighted gene 

frequencies for intl1 in isolates were significantly influenced by month (p = 0.05). Specifically, 

intl1 was more frequently observed in November than in February (p = 0.02). None of the weighted 

frequencies for the genes in E. coli isolated from different land-use categories were significantly 

different. Means of the respective gene frequencies in sediment isolates with relation to land use 

are reported in Table 4 and Figure 5. 

Table 5: Monthly weighted mean gene frequencies and standard deviations for sediment 

isolates. 

 intl1 sul1 sul2 tetA tetB 

  mean SD mean SD mean SD mean SD mean SD 

January 0.02 0.08 0.01 0.06 0.14 0.32 0.02 0.08 0.01 0.49 

February 0.00 0.00 0.04 0.11 0.13 0.32 0.02 0.08 0.00 0.00 

March 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

April 0.10 0.54 0.02 0.08 0.03 0.10 0.11 0.54 0.01 0.06 

May 0.03 0.09 0.00 0.00 0.21 0.50 0.13 0.37 0.00 0.00 

November 0.22 0.61 0.16 0.54 0.19 0.38 0.19 0.58 0.05 0.23 

December 0.17 0.58 0.18 0.73 0.26 0.75 0.00 0.00 0.00 0.00 

  0.09 0.42 0.07 0.39 0.15 0.42 0.07 0.35 0.03 0.24 
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Figure 4: E. coli in sediment-samples’ weighted gene frequencies for: intl1, sul1, sul2, tetA, 

and tetB, with standard errors represented by error bars. Months with significantly higher 

frequencies are shown in rectangles, and stars denote significantly lower gene frequencies for 

given months. 
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Figure 5: Weighted mean gene frequencies for intl1, sul1, sul2, tetA, and tetB resistance genes 

in E. coli of sediment samples across land use with standard error bars.  

Comparison between water and sediment isolates 

Summary mean weighted gene frequency statistics for water and sediment E. coli isolates 

as a function of land use are reported in Table 4. Weighted mean sul1 gene frequencies observed 

in sediment isolates were significantly higher than those detected in the water isolates (p = 0.01), 

across the sampling period (Figure 6). Comparing monthly E. coli isolates between the water and 

sediment samples, we found that frequencies of intl1 (p = 0.01), sul1 (p = 0.02), sul2 (p = 0.00), 

and tetA (p = 0.01) were higher in sediment isolates than in water isolates in November.  

Furthermore, sul2 (p = 0.01, January), sul1 (p = 0.02, February), and sul2 (p = 0.04, February) 

were more frequently detected in sediment isolates than in water isolates. E. coli isolates from 
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water samples had higher gene frequencies for tetA (p = 0.02, December), intl1 (p = 0.02, April), 

and tetA (p = 0.05, April) than in sediment samples (Table 6).  Weighted sul1 gene frequencies 

were higher in sediment isolates than in water isolates in park-associated sites (p = 0.03).  

 

Figure 6: Comparisons of weighted mean frequencies of antibiotic resistance genes in water 

and sediment E. coli isolates, with error bars representing standard error. 
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Table 6: Significant P – value results of weighted mean gene frequencies for environmental 

sample comparisons by month. 

Aquatic environment with 

higher frequency Month gene p - value 

sediment 

November 

intl1 0.01 

sul1 0.02 

sul2 0.00 

tetA 0.01 

January sul2 0.01 

February 
sul1 0.02 

sul2 0.04 

water 

December tetA 0.02 

April intl1 0.02 

April tetA 0.05 

 

ARG in human fecal isolates 

Sul2 was the most frequently observed AR gene within the human E. coli isolates tested (µ 

= 0.50; SD = 0.43) (Table 7). We found no statistically significant differences in weighted gene 

frequencies in isolates between the two months for which human fecal samples were analyzed (N 

= 43) (Figure 7).  

Table 7: Summary weighted mean AR gene frequency statistics for human E. coli isolates. 

  April September  

intl1 

mean 0.11 0.23 0.19 

SD 0.30 0.38 0.36 

sul1 

mean 0.25 0.23 0.23 

SD 0.41 0.39 0.39 

sul2 

mean 0.58 0.46 0.50 

SD 0.43 0.43 0.43 

tetA 

mean 0.25 0.24 0.24 

SD 0.41 0.38 0.38 

tetB 

mean 0.08 0.03 0.05 

SD 0.29 0.13 0.19 
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Figure 7: Weighted mean frequencies for intl1, sul1, sul2, tetA, and tetB AR genes in human 

fecal E. coli samples across September 2017 and April 2018.  

Comparison of mean ARG frequencies between the environment and human fecal isolates 

Weighted mean gene frequencies from water, sediment, and human fecal sample isolates 

collected in April 2018 were compared using the Kruskal-Wallis test. We found significant 

differences for sul1 (p = 0.09) and sul2 (p = 3.854e-06). Here, observed weighted mean sul1 and 

sul2 frequencies for human feces were significantly higher than those in the water (p = 0.01; p = 

0.00) and sediment (p = 0.01; p = 0.00) samples. While sediment data are lacking for September 

2017, weighted mean gene frequencies for this month were compared between water and human 

fecal samples E. coli isolates using the Wilcoxon test. There were statistically significant 

differences in the weighted frequencies of intl1 (p = 0.03), sul2 (p = 7.7e-05), and tetA (p = 0.04) 
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between the two sample types, as weighted mean frequencies in human isolates were higher than 

those in water isolates.  

DISCUSSION 

We found widespread presence of tetracycline (tetA and tetB), sulfonamide (sul1 and sul2), 

and class 1 integron (intl1) genes within E. coli isolates from human, water and sediment samples 

collected in the Chobe District of Botswana. Moreover, the frequencies of these genes were 

influenced by spatial and temporal factors. TetA and tetB previously have been identified across 

aquatic environments [90-93], with tetB increasingly linked with anthropogenic impacts on aquatic 

environments [94]. Likewise, sulfonamide resistance [95] and intl1 [96-99] genes have been found 

in various environmental aquatic samples, notably surface waters and sediments. Previous studies 

[96] have attributed the widespread distribution of tetracycline and sulfonamide gene classes in 

the environment to dumping of medical waste into the environment, poor absorption of antibiotic 

compounds within the animal gut and subsequent shedding into the environment, and application 

of excreta as fertilizer in crop production. However, in our study site, despite the availability of 

over-the-counter antibiotics, large-scale medical facilities and confined animal feed lot agricultural 

production are absent.  

Previous work in our study site [46] suggested that phenotypic AR prevalence was higher 

in the water column, and that sediment may not be the primary environmental reservoir of ARGs. 

In our study, however, mean ARG frequencies did not differ between E. coli from water and 

sediment samples except for sul1, suggesting that there may be variation in these dynamics. 

However, our study solely focused on ARG presence in E. coli, while studies which reported 

significant differences of genes in overall sediment and water samples encompassed the whole 

bacterial community in the samples. In our study site, sul1 gene frequency was higher in the 
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sediment than in water E. coli isolates. This finding is consistent with those of previous studies 

where differences in frequencies of ARGs among environmental samples appeared to be 

influenced by the resistance class [100]. These findings could be explained by the differences in 

ARG soil affinity. Sulfonamide and tetracycline movement within sediments can be influenced by 

soil physicochemical properties, with the respective gene classes having differing attachment 

interactions with sands and clays [101-104]. In a study from the Liuxi River in Guangzhou, China, 

sediment samples which are mostly silt loam were found to have lower accumulated concentrations 

of sulfonamide-class antibiotics, compared to water samples [105]. In our study site, where 

sediment soil types are mostly clay, the opposite was true, perhaps influenced by our focus on 

presence in isolates compared to that of overall gene presence in the sample. 

Of all the resistance genes screened, those against sulfonamides were the most frequently 

detected across water, sediment, and human fecal E. coli isolates, signifying the widespread 

occurrence of this AR class across the system.  Sulfonamides are widely used in treating human 

ailments, such as urinary tract and gastrointestinal infections [106]. Sulfonamides also are used in 

animal health settings across the world, most importantly for treatment of animals used for human 

consumption [107-109]. To our knowledge, there has been no research to determine the 

implications of sulfonamide use in food-chain processes in the study area [110]. Additionally, no 

large-scale agricultural production occurs within the study site, activity which we infer as an 

influence on sulfonamide gene occurrence reported in other studies [111-113]. However, our 

previous work in the area found phenotypic sulfonamide resistance in water isolates, and this was 

the most prevalent class of resistance observed in human E. coli isolates [46]. Moreover, we found 

that sulfonamide resistance occurred even in fecal E. coli isolates from wildlife [46, 74].  
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Land use was significantly associated with the spatial distribution of ARGs in E. coli 

isolates within water and sediment samples. In aquatic E. coli isolates, weighted frequencies of 

intl1 and tetA were significantly higher in town- than in park-associated sites. Furthermore, we 

found that sul1 was most frequently detected in sediment isolates in the park, in comparison to 

water park isolates. In previous studies, the distribution of both intl1 [41] and tetA [94, 114-116] 

genes in the environment has been largely attributed to anthropogenic impacts, with tetA also 

identified in wastewater treatment plants [117-119]. In our study site, ARG occurrence may have 

been influenced by the concentration of human developments near the riverbank, as well as by 

lack of sanitation infrastructure. Given Botswana’s low level of economic development, 

addressing the growing urban population’s needs has been constrained by inefficient management 

and poor financing of sanitation projects. Specifically, we found that a greater proportion of the 

human population in the town used pit latrines than in the mixed land use [120]. 

Widespread pit latrine use in the town [120, 121], given the perceived benefits in mitigating 

public health concerns posed by open defecation [122, 123], provides a potential negative impact 

on the quality of domestic water supplies [124-127]. Given the ideal environment that pit latrines 

present for ARG exchange among bacteria, few to no empirical studies have examined the 

implications of pit latrines occurring near open waterbodies in the dissemination of AR in the 

environment. In the absence of regulatory oversight of their construction, pit latrines are often 

unlined [128], thus not providing a protective barrier between their contents and environmental 

leaching. Leaching presents an opportunity for latrine effluents laden with pathogens and bacteria 

to enter groundwater aquifers, ultimately leading to fecal contamination of water sources [129]. 

Soil characteristics in the study site are similar to those described as aiding sulfonamide gene 

proliferation across subsurface environments [130, 131]. Thus, interactions between the water 
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table and adjacent pit latrines may provide a critical mechanism not only for sulfonamide genes, 

but more generally for ARGs to be easily exchanged among environmental bacteria across ground 

and surface-water environments. 

It is interesting, however, that ARGs were observed in E. coli isolates from water and 

sediment samples collected in the park, as it occurs upstream of the town and mixed land uses 

(Figure 1). In our previous work [111], we observed similar trends in occurrence of phenotypic 

AR in water as a function of land use [46]. The unregulated movement of wildlife across the three 

landscapes could be a driver for occurrence of resistance genes in the ‘pristine’ land use area. 

Given that the Chobe River is a transboundary water source, anthropogenic activities occurring 

upstream in Namibia may be contributing to the presence of ARGs in this land use. Indeed, 

internationally shared water sources have been thought to play a potentially important role in the 

persistence and dissemination of environmental pollutants, including ARGs [132]. Studies 

conducted on transboundary waters have shown both similar distributions of AR genes across 

various sampling sites within the water body [133] and higher resistance in sampling sites 

downstream [134]. In river networks connecting pristine and human-modified landscapes of 

varying degrees, studies have linked human activities to downstream ARG occurrences, with 

transportation of genes mediated by hydrological factors including rainfall and river flow rates 

[114, 135, 136].  

Temporal effects mediated by variations in hydrometeorological processes, affect AR gene 

frequencies observed in the respective environmental samples. Here, we found that except for tetB, 

season was significantly associated with weighted mean gene frequencies. In the E. coli isolated 

from water samples, we found that mean sul1 and sul2 frequencies were significantly higher in 

September than in the other months studied (Table 3). In our study site, September occurs during 
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the dry season, with no rainfall, low river discharge, and peak dry-season human diarrheal cases . 

April’s weighted gene frequencies were significantly different for intl1 from those in five other 

months, and from four other months for tetA (Table 3). Rainfall occurs in April, with that month 

experiencing higher flood height, peak wet-season human diarrheal cases and higher weighted 

frequencies of some ARGs in water isolates than in sediment isolates (Table 4). This dynamic is 

particularly interesting, given the seasonal hydrological differences between the two months. We 

have previously established a seasonal link to phenotypic AR dynamics and water-quality 

parameters [46], in line with those in other studies which found that seasonal rainfall increased AR 

frequencies within the environment above those observed in the dry season [137, 138]. Further, 

we associated water-quality declines with seasonal variables [75, 76], providing evidence of a 

potential influencer of ARG occurrences in the river system. Rainfall intensities have been found 

to increase levels of ARGs and total suspended solids (TSS) [139], a water quality parameter 

indicative of soil erosion [140].  

In the sediment samples, we found that weighted mean intl1 gene frequencies differed 

significantly between November and February. November occurred at the onset of the wet season, 

with the lowest recorded value for the river’s elevation, while February had the highest rainfall for 

the wet season. Comparing across months, November isolates had a greater weighted mean 

frequency for the intlI gene than April isolates (Figure 4; Table 5). Higher weighted mean intl1 

frequency in November indicates the influence of flood-pulse characteristics upon AR dynamics. 

The influence of the floods and the subsequent reduction in discharge of the river may play an 

important role in the frequencies of ARGs, given that we found higher frequencies of AR genes in 

sediment isolates than in water isolates during low-flow months (Table 4). River-flow dynamics 

have been identified as an important determinant of sulfonamide and tetracycline gene 
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accumulation in the water column [141].  With the impact of rainfall in February, the intl1 loading 

is diluted, particularly given that no significant overland contributors are present in the study area. 

These interactions between river discharge and ARG loadings further show the complexities in the 

transfer of genes between the environmental samples.  

CONCLUSION 

The results presented here indicate the importance of cross-sample-type monitoring of 

ARG dynamics. Not only did we find that the five ARGs monitored were frequently observed in 

this unique landscape, but that complex hydrometeorological factors played an important role in 

their levels and persistence.  More statistically robust analysis is needed to understand ARG 

occurrence in relation to hydrometeorological dynamics in the system. Given that we have found 

season as an important influence upon relative prevalence of ARGs, water quality and rainfall data 

need to be incorporated into our modeling of the system to provide a clearer understanding of their 

roles. More work is needed to understand the role of pit latrines in the exchange and dissemination 

of ARGs in this system.  
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CONCLUSION 

The results of this work provide insight into the dynamic nature of ARGs in river water 

and sediment across landscapes and seasons in the Chobe River of northern Botswana. My research 

was limited in scope by explicitly focusing on determining the linkages of landscape features and 

temporal changes in gene frequencies for a select group of ARGs. Going forward, complex 

statistical analysis, in the form of models, will be needed to assess the role of hydrometeorological 

factors upon ARG dynamics in the environment. These approaches have the potential to provide 

predictive capacities as well as knowledge of how environmental drivers influence ARGs over 

space and time. This information will be important for policymakers as they look to improve their 

abilities to manage AR, thereby improving human and animal health.   

This study was focused only on evaluating ARG dynamics in cultured E. coli. Given the 

limitations of culture-based methods in representing AR interactions within microbial 

communities, using culture-independent assays, including molecular approaches such as 

quantitative PCR, can provide further insight into resistance gene dynamics within environmental 

microbiota.  Furthermore, future studies should integrate groundwater AR testing in conjunction 

with the aquatic sample types that I studied, in order to assess the significance of pit latrines as a 

potential pathway for transmitting antibiotic resistance genes to groundwater and the river. Results 

from such a study would support informed decisions regarding installation of pit latrines in the 

study site and in other similar systems.  


